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Our Motivation: 
•  Search for observable evidence today of Lorentz invariance 

violation near the Planck time in the neutrino sector 

Our Guiding Principle: 
•  extraordinary claims require extraordinary evidence	  
•  the claim that Lorentz invariance is violated at early times  
    in the Universe is extraordinary  
•  to assert that we have found evidence for Lorentz invariance 

violation requires that we must exclude the null result: 

Our analysis shows no evidence for Lorentz invariance violation 

in a statistically meaningful way 



Physics Beyond Standard Model

• SM is the expected low energy limit of theory that 
unifies quantum physics and gravity at Planck 
scale, mP = 1019 GeV

• Extensions of the Standard Model (SME) from 
Kostelecky, et. al  suggests that CPT and Lorentz 
Violation could provide a link to Planck scale 
physics

• According to SME, interactions neutrinos have 
with the field depends on the neutrino energy and 
direction of  travel with respect to the field

• Terrestrial neutrino beams would show variations 
on the scale of a sidereal day
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Standard Model Extension (SME)	


•  SME does not assume that neutrinos  
    have mass 
 

•  predicts unconventional phenomena, 
    including the dependence of the  
    neutrino oscillation probability on the 
    direction of neutrino propagation 
 

•  fixed NuMI beam on Earth gives a  
     neutrino signal in MINOS ND/FD 
     that oscillates with the sidereal  
     frequency 
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Neutrinos at the Main Injector Beam Neutrinos at the Main Injector Beam

• 120 GeV protons strike graphite target 

• Magnetic horns focus produced pions and 
kaons, pions and kaons decay into muons and 
neutrinos

• Target position adjusts to change beam energy

• 10 μs spills as fast as once every 2 seconds

• ~3 x 1020  POT/year - thanks to AD for 
delivering excellent beam 8

Friday, February 18, 2011
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•  120 GeV strike carbon target 
•  Magnetic horns focus pions/kaons, 
     pions/kaons decay to muons and neutrinos 
•  Target position is adjusted to change  
     beam energy 
•  10µs spills, as fast as every 2 seconds 
•  ~3x1020 POT/year 



MINOS Overview 

•  Main Injector Neutrino Oscillation Search –  
long baseline neutrino oscillation experiment 

•  Measure neutrinos on site with the Near 
Detector 

•  Measure them again using far detector 734 
km away in Soudan Mine and compare the 
two to get oscillation parameters 

•  MINOS main goal is to make a precision 
measurement of Δm232  

•  Also search for sterile neutrinos, νe 
appearance in the beam, and measure νµ 
oscillation parameters 

•  Other analyses done opportunistically 



MINOS beam trajectory	


The beam is aimed downward at 57 mrad and pointed toward 
Soudan, MN 



Neutrinos at the Main Injector Layout
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Neutrinos at the Main Injector Beam Line	




MINOS Detectors

• The MINOS detectors are made of 
alternating layers of 

• steel - 2.54 cm thick 

• scintillator - 1 cm thick

• air - 2.42 cm span

• Magnetic field of ~ 1.5 T 

• Scintillator alternates orientation 
to provide 2D position information

• Plane position provides the third 
dimension
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MINOS Detectors	


•  MINOS detectors made of  
      alternating layers 

–  steel, 2.54 cm thick 
–  plastic scintillator, 1 cm thick 
–  air, 2.42 cm span 

•  magnetic filed, ~1.5 T 

•  plastic scintillator planes in alternate 
      orientations to provide 2D position  
      information 
 

•  Plane position provides 3rd dimension 



• 980 tons 

• 4.8 m x 3.8 m squashed 
octagon

• Single-ended readout

• M64 PMTs

• Neutrino target region is first 
121 planes, all instrumented

• !-spectrometer is last 161 
planes, 1/5 instrumented, 
electronic summing

• Front end electronics designed 
for fast readout to handle high 
instantaneous neutrino rates

Near Detector

Magnetic Coil

Beam Fiducial 
Region

MINOS Near Detector	


•  980 tons 
 

•  4.8 m x 3.8 m squashed 
     octagon 
 

•  single-ended readout with 
     Hamamatsu M64 PMTs 
 

•  neutrino target region is first 
    121 planes, all instrumented 
 

•  µ-spectrometer is last 161 
     planes, 1/5 instrumented 
 

•  front end electronics designed 
     for fast readout to handle 
     high rates 



• 5.4 kT, 8 m octagon, 484 instrumented planes

• Double ended readout

• M16 PMTs

• Optical summing with 8 strips mapped to each PMT pixel

• Front end electronics capable of good timing resolution

Far Detector
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MINOS Far Detector	


Mufson boxes and connectors 

•  5.4 kt, 8 m octagon 
•  484 steel planes interleaved with plastic scintillator planes 
•  double-ended readout with Hamamatsu M16 PMTs 
•  optical summing with 8 strips mapped to each PMT pixel 
•  fast electronics 

• 5.4 kT, 8 m octagon, 484 instrumented planes

• Double ended readout

• M16 PMTs

• Optical summing with 8 strips mapped to each PMT pixel

• Front end electronics capable of good timing resolution
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Neutrino Interactions in MINOS

UZ

VZ

•MINOS can observe both neutral 
current (NC) and charged 
current (CC) interactions

•Reconstructed events are made 
of  tracks and showers

• EM Rad. length = 0.7 steel planes

•Hadronic Int. length = 7 planes

• 2 GeV muon range = 50 planes
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current (NC) and charged 
current (CC) interactions

•Reconstructed events are made 
of  tracks and showers

• EM Rad. length = 0.7 steel planes

•Hadronic Int. length = 7 planes
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MINOS Far Detector Event Topologies	


Neutrinos in the Far Detector

UZ

VZ

Face On Neutrinos in the Far Detector

UZ

VZ

Face On

CC event 
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29 institutions, 120 scientists, funded by DOE, NSF, STFC 



SME and MINOS 
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MINOS	  ND	  

MINOS	  FD	  

Kostelecky	  &	  Mewes,	  Phys.	  Rev.	  D	  69	  (2004)	  

•  ranges in L,E space where experiments are sensitive to CPT and  
     Lorentz violating terms in SME 

•  We used MINOS to explore 2 regions of parameter space 



Short Baseline Sidereal Oscillations in SME 

2

the data set was found, implying that there is no significant change in neutrino propagation that
depends on the direction of the neutrino beam in a sun-centered inertial frame. Upper limits on the
magnitudes of the Lorentz and CPT violating terms in the Standard-Model Extension lie between
0.01-1% of the maximum expected, assuming a suppression of these signatures by factor of 10−17.

PACS numbers: 11.30.Cp,14.60.Pq

At experimentally accessible energies, signals for
Lorentz and CPT violation can be described by a the-
ory based on the Standard Model and General Rela-
tivity, referred to as the Standard-Model Extension or
SME [1, 2]. The SME was developed following the sug-
gestion in string theory that extended quantum strings
introduce non-locality that could break Lorentz invari-
ance [3]. It is an observer-independent theoretical frame-
work that contains all the Lorentz violating (LV) terms
involving particle fields in the Standard Model of par-
ticle physics and gravitational fields in General Relativ-
ity (GR). SME is an effective field theory with quantum
field action applying to quantum fields and elementary
particles and classical action applying to gravitational
fields. Since the Standard Model is thought to be the
low-energy limit of a more fundamental theory that uni-
fies quantum physics and gravity at the Planck scale,
mP � 1019 GeV, it has been suggested [2] that the vi-
olations of Lorentz and CPT symmetries introduced by
SME provide a link to Planck scale physics. Although the
magnitude of LV signatures in the accessible energy limit
are suppressed by a factor of order the electroweak scale
divided by the Planck scale, mW /mP ∼ 10−17 [4], these
low-energy probes of new physics have been explored in
many ways with current experimental technologies [5].

The SME framework predicts several unconventional
phenomena, among which is one that arises from the de-
pendence of the neutrino oscillation probability on the
direction of neutrino propagation [4]. For experiments
like MINOS [6] with both beam neutrino source and de-
tector fixed on the Earth’s surface, the Earth’s sidereal
rotation causes the direction of neutrino propagation p̂ to
change with respect to the Sun-centered inertial frame in
which the SME is formulated [7]. The theory predicts
that this rotation introduces a sidereal variation in the
number of neutrinos detected from the beam. The LSND
collaboration [7] did not see this signal. In this paper we
use a sample of neutrinos identified in the MINOS near
detector (ND) in a search for this sidereal signal. The
neutrinos were generated by the Neutrinos at the Main
Injector (NuMI) neutrino beam at Fermilab [8], a beam
whose flavor composition is 98.7% νµ + ν̄µ [6].

According to the SME, the probability that one of
these νµ oscillates to flavor νx, where x is e or τ , over
a distance L from its production to detection due to

∗Deceased.

Lorentz and CPT violation is given by [4]

Pνµ→νx � L2[(C)µx + (Ac)µx cos (ω⊕T⊕)
+(As)µx sin (ω⊕T⊕) + (Bc)µx cos (2ω⊕T⊕)
+(Bs)µx sin (2ω⊕T⊕)]2, (1)

where ω⊕ = 2π/(23h 56m 04.0982s) is the Earth’s side-
real frequency and T⊕ is the local sidereal time of the
neutrino detection. For the MINOS ND, < L >∼ 750 m.
In this equation, the expressions for (Ac)µx, (As)µx, and
(C)µx include both CPT and Lorentz violating terms; the
expressions for (Bc)µx and (Bs)µx include only Lorentz
violating terms. Since CPT violation implies Lorentz vi-
olation in field theory [9], there are no terms that depend
on CPT violation alone. These parameters are combi-
nations of the SME coefficients (aL)µ and (cL)µν that
describe LV [4]. The magnitude of the coefficients in
eq. (1) also depend on the neutrino propagation direc-
tion. For the NuMI beam line, the direction vectors of
the beam are defined by colatitude χ = (90◦− latitude)
= 90.◦ − 41.84056333◦, θ = 93.346◦, and φ = 23.909◦.
Here θ and φ are the beam zenith and azimuthal angles;
θ is measured from the z-axis which points toward the
zenith; φ is defined from the x-axis which is along the
detector axis and increases away from the NuMI target.
The y-axis makes a right handed coordinate system. The
explicit relationships between the SME coefficients and
the beam direction are found in [4]. In eq.(1), the CPT
violating terms depend on L and the Lorentz violating
terms depend on L×Eν , where Eν is the neutrino energy.
This unconventional behavior arises because the SME is
a perturbation theory in which the expansion is in pow-
ers of the derivative of the field, and is to be compared
with the L/Eν dependence of the oscillation probability
resulting from non-zero neutrino masses [10]. The ex-
pansion introduces a factor of Eν into the coefficients for
each derivative, resulting in this behavior.

The MINOS ND [11] is a magnetized 0.98 kton steel
scintillator tracking calorimeter that lies 103 m under-
ground at Fermilab and it is made of 282 4 × 6 m2 oc-
tagonal planes. Each plane is comprised of a 2.54 cm
thick steel plate and a layer of scintillator strips with di-
mensions of 4.1 cm × 1 cm. Each scintillator strip is
coupled via wavelength-shifting fiber to one pixel of a
64-pixel Hamamatsu M64 PMT [12]. The ND readout
continuously integrates the PMT charges, while the data
acquisition accepts data above a threshold of 0.25 photo-
electrons.

Protons with mean energy of 120 GeV/c are extracted
from the Main Injector giving a beam spill of 10 µs du-
ration and period of approximately 2.4 s. The number
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Central to both the Standard Model (SM) and Gen-
eral Relativity are the principles of Lorentz and CPT in-
variance. The Standard Model Extension (SME) [1, 2]
provides a framework for potential Lorentz invariance
violation (LV) and CPT invariance violation (CPTV)
in the SM and suggests such violations could occur at
the Planck scale, 1019 GeV. These violations could man-
ifest themselves at observable energies through several
unconventional phenomena. One possibility is a poten-
tial dependence of the neutrino and antineutrino oscil-
lation probability on the direction of propagation with
respect to the Sun-centered inertial frame in which the
SME is formulated [3]. An experiment that has both its
antineutrino beam and detector fixed on the Earth’s sur-
face could then observe a sidereal variation in the number
of antineutrinos detected from the beam.

MINOS is such an experiment [4]. It uses Fermilab’s
NuMI neutrino beam [5] and two detectors. The MINOS
Near Detector (ND) is located 1.04 km from the beam
target and the Far Detector (FD) is located 735 km from
the beam target. The NuMI beam can be configured
to enhance the muon antineutrino component for high
statistics studies using antineutrinos. Both detectors are
magnetized to approximately 1.4 T, allowing for the dis-
crimination of µ+ produced in charged-current (CC) an-
tineutrino interactions from µ− produced in CC neutrino
interactions. Because of their different baselines, the ND
and FD are sensitive to different limits of the general
SME formulated for the neutrino sector. The predicted
SME effects for baselines of about 1 km are independent
of neutrino mass [6], while for long baselines the effects
are a perturbation on the standard mass oscillation sce-
nario [7]. MINOS has found no statistically significant
evidence for these effects with neutrinos observed in ei-
ther its ND [8] or FD [9]. The high data rate in the ND
allows us to expand our search to include antineutrinos
produced by the NuMI beam.

According to the SME, for short baselines the proba-
bility that a ν̄µ oscillates to flavor ν̄x, where x is e or τ ,
over a distance L from its production to its detection due
to LV and CPTV is given by [3]

Pν̄µ→ν̄x � L2[(C)x̄µ̄ + (Ac)x̄µ̄ cos (ω⊕T⊕)

+(As)x̄µ̄ sin (ω⊕T⊕) + (Bc)x̄µ̄ cos (2ω⊕T⊕)

+(Bs)x̄µ̄ sin (2ω⊕T⊕)]
2, (1)

where ω⊕ = 2π/(23h56m04.0982s) is the Earth’s sidereal
frequency, and T⊕ is the local sidereal time of the an-
tineutrino event. The average value of L is 750 m for
antineutrinos that are produced by hadron decays in the
NuMI beam and that interact in the ND. The magnitudes
of the parameters in Eq. (1) depend on the neutrino en-
ergy, the SME coefficients described below and the di-
rection of the neutrino propagation in the coordinate
system fixed on the rotating Earth. The direction vec-
tors are defined by the colatitude of the NuMI beam line
χ = (90◦− latitude) = 42.17973347◦, the beam zenith
angle θ = 93.2745◦ defined from the z-axis which points

up toward the local zenith, and the beam azimuthal angle
φ = 203.909◦ measured counterclockwise from the x-axis
chosen to lie along the detector’s long axis.
Equation (1) for antineutrinos in the ND is identical to

the oscillation probability equation for neutrinos in the
ND [8], with the parameters (Ac)x̄µ̄, . . . , (Bs)x̄µ̄ replac-
ing their counterparts (Ac)xµ, . . . , (Bs)xµ. The param-
eter (C)x̄µ̄ similarly replaces (C)xµ, but does not play a
role in the sidereal analysis and is not considered further.
In the SME theory the antineutrino oscillation param-

eters (Ac)x̄µ̄, . . . , (Bs)x̄µ̄ are functions of the coefficients

(aL)αab and (cL)
αβ
ab [3]. There are 36 of these coefficients:

the real and imaginary components of (aL)X , (aL)Y ,
(cL)TX , (cL)TY , (cL)XX , (cL)Y Y , (cL)XY , (cL)Y Z ,
(cL)XZ for ν̄µ → ν̄e and ν̄µ → ν̄τ . Further, these same 36
coefficients also describe the neutrino oscillation param-
eters (Ac)xµ, . . . , (Bs)xµ. However, the way in which the

real and imaginary components of the (aL)αab and (cL)
αβ
ab

coefficients participate in the (Ac)x̄µ̄, . . . , (Bs)x̄µ̄ parame-
ters is different from the way in which they participate in
(Ac)xµ, . . . , (Bs)xµ. The reason for the difference is the
decomposition of the (aL)α and (cL)αβ coefficients into
real and imaginary components. For neutrinos

(aL)
α
ab = Re(aL)

α
ab + i Im(aL)

α
ab

(cL)
αβ
ab = Re(cL)

αβ
ab + i Im(cL)

αβ
ab , (2)

and for antineutrinos

(aR)
α
āb̄ = −Re(aL)

α
ab + i Im(aL)

α
ab

(cR)
αβ
āb̄

= Re(cL)
αβ
ab − i Im(cL)

αβ
ab . (3)

The subscript “L” in Eq. (2) reflects the left-handed na-
ture of neutrinos while the subscript “R” in Eq. (3) re-
flects the right-handed nature of antineutrinos. There is
a possibility that fortuitous cancellations in the many
SME coefficients describing neutrino oscillations could
have masked the sidereal signal for which we were search-
ing. However, the different dependencies of the param-
eters for neutrinos and antineutrinos on the SME coef-
ficients suggest that it is unlikely that a second set of
fortuitous cancellations would also mask an LV sidereal
signal for antineutrinos.
Our primary motivation for this analysis is to explore

a new window into LV with antineutrinos. Furthermore
this analysis sheds light on whether cancellations among
the SME coefficients can affect the results. If MINOS
is sensitive to sidereal effects resulting from LV in the
neutrino sector and these effects are being masked by
accidental cancellations, then this antineutrino analysis
would find them. On the other hand, if we find no signif-
icant evidence for a sidereal signal in antineutrinos, we
can use our results to improve the MINOS upper limits
on the SME coefficients we previously found with neu-
trinos since the same coefficients describe both neutrino
and antineutrino oscillations.
We applied standard MINOS beam and data quality

selection [10] to select beam spills for the analysis. We

•  same oscillation equation for both neutrinos and antineutrinos 
-- neutrinos: 

-- antineutrinos: !! = 2"
23h56m( ),  T! =  sidereal time

•  oscillations between νµ/ν bar µ and all other flavors  
•  4 harmonics to search 
•  oscillation probability goes as L2 

•  no dependence on neutrino mass 

four harmonics 

four harmonics 



Short Baseline Oscillations in SME 

•                                           terms are combinations of the SME coefficients 

  

-  SME coefficients for both nu’s and antinu’s are THE SAME 

Explicit expressions for the LV and CPT violating coefficients in eq.(4) are given in [7]:

(C)x̄µ̄ = (aR)
T
x̄µ̄ − N̂Z(aR)

Z
x̄µ̄ −

1

2
(3− N̂ZN̂Z)E(cR)

TT
x̄µ̄

+ 2N̂ZE(cR)
TZ
x̄µ̄ +

1

2
(1− 3N̂ZN̂Z)E(cR)

ZZ
x̄µ̄ , (5)

(As)x̄µ̄ = N̂Y (aR)
X
x̄µ̄ − N̂X(aR)

Y
x̄µ̄ − 2N̂YE(cR)

TX
x̄µ̄ + 2N̂XE(cR)

TY
x̄µ̄

+ 2N̂Y N̂ZE(cR)
XZ
x̄µ̄ − 2N̂XN̂ZE(cR)

Y Z
x̄µ̄ , (6)

(Ac)x̄µ̄ = −N̂X(aR)
X
x̄µ̄ − N̂Y (aR)

Y
x̄µ̄ + 2N̂XE(cR)

TX
x̄µ̄ + 2N̂YE(cR)

TY
x̄µ̄

− 2N̂XN̂ZE(cR)
XZ
x̄µ̄ − 2N̂Y N̂ZE(cR)

Y Z
x̄µ̄ , (7)

(Bs)x̄µ̄ = N̂XN̂YE
�
(cR)

XX
x̄µ̄ − (cR)

Y Y
x̄µ̄

�

− (N̂XN̂X − N̂Y N̂Y )E(cR)
XY
x̄µ̄ , (8)

(Bc)x̄µ̄ = −2N̂XN̂YE(cR)
XY
x̄µ̄

− 1

2
(N̂XN̂X − N̂Y N̂Y )E

�
(cR)

XX
x̄µ̄ − (cR)

Y Y
x̄µ̄

�
. (9)

These coefficients for antineutrinos depend on (aR)αāb̄ and (cR)
αβ
āb̄

in the same way as the

coefficients for neutrinos, (C)xµ . . . (Bc)xµ, depend on (aL)αab and (cL)
αβ
ab . Couple that with

the fact that eq.(4) is identical in form to its counterpart for neutrinos and it should be

clear that the oscillation probabilities for neutrinos and antineutrinos behave differently

with respect to the SME coefficients (aL)αab and (cL)
αβ
ab when (aR)αāb̄ and (cR)

αβ
āb̄

are rewritten

with eq.(2). Consequently, fortuitous cancellations that lead to a null sidereal signal in both

neutrinos and antineutrinos are quite improbable. This conclusion argues favorably that

the way in which we determine the upper limits for the SME coefficients is a reasonable

approach.

The direction cosines describing the orientation of the experiment in a fixed coordinate

system on the rotating Earth are given by

N̂X = cosχ sin θ cosφ+ sinχ cos θ,

N̂Y = sin θ sinφ,

N̂Z = − sinχ sin θ cosφ+ cosχ cos θ, (10)

where χ, θ, and φ are defined above.
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The Search for Lorentz Invariance and CPT Violation with Antineutrinos in the

MINOS Near Detector

Stuart L. Mufson, Benton Pahlka, and Brian J. Rebel

(Dated: April 16, 2012)

We have extended our search for Lorentz invariance violation and CPT violation to antineutrinos
in the near detector. Like our previous analyses, this search looks for a statistically significant
sidereal signal in the rate of CC events based on the predictions of the Standard Model Extension
theory. The search was made by blind analysis.

I. INTRODUCTION

Central to both the Standard Model (SM) and General Relativity (GR) are the principles of Lorentz and CPT

invariance. Extensions to the Standard Model, known as the Standard Model Extension (SME) [1, 2], suggest that

Lorentz and CPT invariance could be violated at the Planck scale, mp = 1019 GeV. Consequently, the detection of

CPT or Lorentz invariance violation (LV) could provide a link to Planck scale physics. The SME is an observer-

independent theoretical framework that contains all the Lorentz violating (LV) terms involving particle fields in the

SM and gravitational fields in GR. With only mild assumptions, CPT violation also describes the general breaking of

CPT symmetry [3].

The SME framework predicts several unconventional phenomena, among which is one that arises from the de-

pendence of the neutrino oscillation probability on the direction of neutrino propagation [4] with respect to the

Sun-centered inertial frame in which the SME is formulated. With both beam neutrino source and detector fixed

on the Earth’s surface, the theory predicts that the Earth’s sidereal rotation introduces a sidereal variation in the

number of neutrinos detected from the beam. That is, the terrestrial NuMI neutrino beam would show variations in

the number of detected neutrinos at the MINOS detectors with the sidereal frequency of ω⊕ = 2π/(23h56m04.0982s).
Two of us (SLM, BJR) have written on LV before (Paper 1: 2008, “Testing Lorentz Invariance and CPT Conser-

vation with MINOS Near Detector Neutrinos”, Phys.Rev.Lett., 101, 151601; Paper 2: 2010, “A Search for Lorentz

Invariance and CPT Violation with the MINOS Far Detector”, Phys.Rev.Lett., 105, 151601). This paper advances

the work described in those papers in three important ways:

First, MINOS has not yet done a search for LV with antineutrinos; the search has only been made with neutrinos.

The discovery potential for LV is therefore raised because this antineutrino search opens a new window onto the

phenomenon. In addition, a MiniBooNE report [5] has suggested there is an LV signal in their antineutrino data. Al-

though the MiniBooNE signal is below the energy threshold for MINOS, there is every expectation as experimentalists

that this antineutrino LV signal, if real, would persist to higher energies. Otherwise, two of the most well-established

symmetries in nature (Lorentz invariance, CPT) would manifest violations only in antineutrinos in a particular energy

range. Possible, but somewhat implausible.

Second, we can resolve an issue first raised with regard to the analysis in Paper 1 (2008). In Paper 1 we used the

results of our negative search for a sidereal modulation in the near detector neutrino rate to determine upper limits to

the (aL)αab and (cL)
αβ
ab coefficients that characterize the SME theory. We determined these coefficients using the Monte

Carlo simulation. We first set all but one of the SME coefficients to zero in the equation for the survival probability.

We then increased the magnitude of the nonzero coefficient until we saw a 3σ signal. As became apparent, this

procedure – by which we vary one parameter at a time to determine the limits – could miss fortuitous cancellations

of SME coefficients and thereby mask an LV signal.

What we did not appreciate at the time was that we were not setting limits for 9 coefficients with our procedure:

aXL , aYL , c
TX
L , cTY

L , cXX
L , cY Y

L , cXY
L , cY Z

L , cXZ
L . Rather, we were setting limits on 36 coefficients. Each of the (aL)αab

and (cL)
αβ
ab coefficients is complex, so it has both real and imaginary parts. In addition, the equation for the oscillation

probability Pνµ→νx in Paper 1 does not identify which neutrino flavor the νµ oscillates to; it could be either νµ → νe
or νµ → ντ . So each of the upper limits on the SME coefficients actually represents 4 limits: (real part, imaginary

part) for either (νµ → νe or νµ → ντ ). That seems to exacerbate the issue of fortuitous cancellations, which was

contentious enough the first time around.

The LV search with antineutrinos that we present here sheds light on this issue. Although the equation for the

oscillation probability has the same form for neutrinos (eq.(1) in Paper 1) and antineutrinos (eq.(4)) and the (aL)α

and (cL)αβ coefficients are by definition the same for both neutrinos and antineutrinos, they come into the definitions

of the (Ac), (As), (Bc), (Bs) (c.f., eq. 5) in different, nonlinear ways. The reason is that the decomposition of the

(aL)α and (cL)αβ coefficients into real and imaginary components is different for neutrinos and antineutrinos. For
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We have extended our search for Lorentz invariance violation and CPT violation to antineutrinos
in the near detector. Like our previous analyses, this search looks for a statistically significant
sidereal signal in the rate of CC events based on the predictions of the Standard Model Extension
theory. The search was made by blind analysis.
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that this antineutrino LV signal, if real, would persist to higher energies. Otherwise, two of the most well-established

symmetries in nature (Lorentz invariance, CPT) would manifest violations only in antineutrinos in a particular energy

range. Possible, but somewhat implausible.

Second, we can resolve an issue first raised with regard to the analysis in Paper 1 (2008). In Paper 1 we used the

results of our negative search for a sidereal modulation in the near detector neutrino rate to determine upper limits to

the (aL)αab and (cL)
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ab coefficients that characterize the SME theory. We determined these coefficients using the Monte

Carlo simulation. We first set all but one of the SME coefficients to zero in the equation for the survival probability.

We then increased the magnitude of the nonzero coefficient until we saw a 3σ signal. As became apparent, this

procedure – by which we vary one parameter at a time to determine the limits – could miss fortuitous cancellations

of SME coefficients and thereby mask an LV signal.
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and (cL)
αβ
ab coefficients is complex, so it has both real and imaginary parts. In addition, the equation for the oscillation

probability Pνµ→νx in Paper 1 does not identify which neutrino flavor the νµ oscillates to; it could be either νµ → νe
or νµ → ντ . So each of the upper limits on the SME coefficients actually represents 4 limits: (real part, imaginary

part) for either (νµ → νe or νµ → ντ ). That seems to exacerbate the issue of fortuitous cancellations, which was

contentious enough the first time around.

The LV search with antineutrinos that we present here sheds light on this issue. Although the equation for the

oscillation probability has the same form for neutrinos (eq.(1) in Paper 1) and antineutrinos (eq.(4)) and the (aL)α

and (cL)αβ coefficients are by definition the same for both neutrinos and antineutrinos, they come into the definitions

of the (Ac), (As), (Bc), (Bs) (c.f., eq. 5) in different, nonlinear ways. The reason is that the decomposition of the
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The “R” on the lhs of eq.(2) replaces the “L” on the lhs of eq.(1) because antineutrinos are right-handed. This
difference in the behavior of neutrinos and antineutrinos in SME suggests that it is quite unlikely that fortuitous
cancellations would mask a sidereal LV signal in both the neutrino and antineutrino analyses. For this reason, the
search for LV with antineutrinos largely breaks the potential degeneracy inherent in our method in the determination
of the upper limits to the Re(aL)αab, Im(aL)αab, Re(cL)

αβ
ab , and Im(cL)

αβ
ab coefficients.

Third, we can improve the limits on several of the SME coefficients. We determined our most sensitive limits in
Paper 2 with neutrinos in the far detector, but that paper only determined limits on the real part of the coefficients
Re(aL)αab and Re(cL)

αβ
ab for the channel νµ → ντ , or only 9 of the 36 coefficients. The remaining 27 coefficients can

only be probed with the short-baseline near detector analysis, as in Paper 1. Since the antineutrino analysis presented
here has a statistical significance of the same order as the neutrino analysis in Paper 1, we can improve the limits on
these 27 coefficients. The limits for the remaining 9 coefficients determined in Paper 2 with the far detector are much
more sensitive than those determined in the near detector.

Let Lν be the limit on a SME coefficient determined in Paper 1 and Lν̄ the limit determined here. Assuming Lν

and Lν̄ are the 99.7% C.L. at which we can exclude a particular coefficient from being zero, we combine the two limits
as

1/L2 = 1/L2
ν + 1/L2

ν̄ . (3)

II. THEORY

According to the SME, the probability that a ν̄µ oscillates to flavor ν̄x, where x is e or τ , over a distance L from
its production to detection due to Lorentz and CPT violation is given by [4]

Pν̄µ→ν̄x � L2[(C)x̄µ̄ + (Ac)x̄µ̄ cos (ω⊕T⊕)

+(As)x̄µ̄ sin (ω⊕T⊕) + (Bc)x̄µ̄ cos (2ω⊕T⊕)

+(Bs)x̄µ̄ sin (2ω⊕T⊕)]
2, (4)

where ω⊕ is the Earth’s sidereal frequency and T⊕ is the local sidereal time of the neutrino detection. Eq.(4)
for antineutrinos is identical to the survival probability equation for neutrinos in Paper 1, with the coefficients
(C)x̄µ̄ . . . (Bc)x̄µ̄ replacing their counterparts (C)xµ . . . (Bc)xµ.

For the MINOS ND, < L >∼ 750 m. In this equation, the expressions for (Ac)µ̄x̄, (As)µ̄x̄, and (C)µ̄x̄ include both
CPT and Lorentz violating terms; the expressions for (Bc)µ̄x̄ and (Bs)µ̄x̄ include only Lorentz violating terms. Since
CPT violation implies Lorentz violation in field theory [3], there are no terms that depend on CPT violation alone.
These parameters are combinations of the Re and Im parts of the SME coefficients (aL)

αβ
ab and (cL)

αβ
ab that describe

LV [4]. The magnitude of the coefficients in eq. (4) also depend on the neutrino propagation direction. For the NuMI
beam line, the direction vectors of the beam are defined by colatitude χ = (90◦− latitude) = 90.◦ − 41.84056333◦,
θ = 93.346◦, and φ = 203.909◦. Here θ and φ are the beam zenith and azimuthal angles; θ is measured from the z-axis
which points toward the zenith; φ is defined from the x-axis which is along the detector axis and increases counter-
clockwise away from the NuMI target. The y-axis makes a right handed coordinate system. The explicit relationships
between the SME coefficients and the beam direction are found in [4]. In eq.(4), the CPT violating terms depend on
L and the Lorentz violating terms depend on L×Eν , where Eν is the neutrino energy. This unconventional behavior
arises because the SME is a perturbation theory in which the expansion is in powers of the derivative of the field, and
is to be compared with the L/Eν dependence of the oscillation probability resulting from non-zero neutrino masses [6].
The expansion introduces a factor of Eν into the coefficients for each derivative, resulting in this behavior.
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The “R” on the lhs of eq.(2) replaces the “L” on the lhs of eq.(1) because antineutrinos are right-handed. This
difference in the behavior of neutrinos and antineutrinos in SME suggests that it is quite unlikely that fortuitous
cancellations would mask a sidereal LV signal in both the neutrino and antineutrino analyses. For this reason, the
search for LV with antineutrinos largely breaks the potential degeneracy inherent in our method in the determination
of the upper limits to the Re(aL)αab, Im(aL)αab, Re(cL)

αβ
ab , and Im(cL)

αβ
ab coefficients.

Third, we can improve the limits on several of the SME coefficients. We determined our most sensitive limits in
Paper 2 with neutrinos in the far detector, but that paper only determined limits on the real part of the coefficients
Re(aL)αab and Re(cL)

αβ
ab for the channel νµ → ντ , or only 9 of the 36 coefficients. The remaining 27 coefficients can

only be probed with the short-baseline near detector analysis, as in Paper 1. Since the antineutrino analysis presented
here has a statistical significance of the same order as the neutrino analysis in Paper 1, we can improve the limits on
these 27 coefficients. The limits for the remaining 9 coefficients determined in Paper 2 with the far detector are much
more sensitive than those determined in the near detector.

Let Lν be the limit on a SME coefficient determined in Paper 1 and Lν̄ the limit determined here. Assuming Lν

and Lν̄ are the 99.7% C.L. at which we can exclude a particular coefficient from being zero, we combine the two limits
as

1/L2 = 1/L2
ν + 1/L2

ν̄ . (3)

II. THEORY

According to the SME, the probability that a ν̄µ oscillates to flavor ν̄x, where x is e or τ , over a distance L from
its production to detection due to Lorentz and CPT violation is given by [4]

Pν̄µ→ν̄x � L2[(C)x̄µ̄ + (Ac)x̄µ̄ cos (ω⊕T⊕)

+(As)x̄µ̄ sin (ω⊕T⊕) + (Bc)x̄µ̄ cos (2ω⊕T⊕)

+(Bs)x̄µ̄ sin (2ω⊕T⊕)]
2, (4)

where ω⊕ is the Earth’s sidereal frequency and T⊕ is the local sidereal time of the neutrino detection. Eq.(4)
for antineutrinos is identical to the survival probability equation for neutrinos in Paper 1, with the coefficients
(C)x̄µ̄ . . . (Bc)x̄µ̄ replacing their counterparts (C)xµ . . . (Bc)xµ.

For the MINOS ND, < L >∼ 750 m. In this equation, the expressions for (Ac)µ̄x̄, (As)µ̄x̄, and (C)µ̄x̄ include both
CPT and Lorentz violating terms; the expressions for (Bc)µ̄x̄ and (Bs)µ̄x̄ include only Lorentz violating terms. Since
CPT violation implies Lorentz violation in field theory [3], there are no terms that depend on CPT violation alone.
These parameters are combinations of the Re and Im parts of the SME coefficients (aL)

αβ
ab and (cL)

αβ
ab that describe

LV [4]. The magnitude of the coefficients in eq. (4) also depend on the neutrino propagation direction. For the NuMI
beam line, the direction vectors of the beam are defined by colatitude χ = (90◦− latitude) = 90.◦ − 41.84056333◦,
θ = 93.346◦, and φ = 203.909◦. Here θ and φ are the beam zenith and azimuthal angles; θ is measured from the z-axis
which points toward the zenith; φ is defined from the x-axis which is along the detector axis and increases counter-
clockwise away from the NuMI target. The y-axis makes a right handed coordinate system. The explicit relationships
between the SME coefficients and the beam direction are found in [4]. In eq.(4), the CPT violating terms depend on
L and the Lorentz violating terms depend on L×Eν , where Eν is the neutrino energy. This unconventional behavior
arises because the SME is a perturbation theory in which the expansion is in powers of the derivative of the field, and
is to be compared with the L/Eν dependence of the oscillation probability resulting from non-zero neutrino masses [6].
The expansion introduces a factor of Eν into the coefficients for each derivative, resulting in this behavior.

-  important for countering	  debate on determination of the limits	  
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TABLE I: Run Parameters

CC Events POT Run Dates

Run I 1.82× 10
6

1.25× 10
20

May05 – Feb06

Run II 1.62× 10
6

1.14× 10
20

Sept06 – Mar07

of protons delivered to the target for each spill (POT)

was measured using toroidal beam current transform-

ers. The uncertainty in the number of POT for each

spill is ±1.0% [6]. Neutrino events in the ND fiducial

volume were selected based on their timing and spatial

information [8, 13]. The neutrinos were separated into

charged current-like (CC) or neutral current-like (NC)

events, as described in [8]. CC νµ events, identified by a

µ− track [6], were selected for further analysis to maxi-

mize the νµ → νx oscillation signal in MINOS.

Standard beam quality cuts [6] were applied to select

spills for the analysis. In addition, data quality cuts were

applied to remove runs in which there were detector prob-

lems, including cooling system failures, magnetic coil fail-

ures, or an incorrectly configured readout trigger.

The data were taken during two run periods. The pa-

rameters for these two runs are given in Table I. The

numbers of events and POT given are the numbers re-

maining in the sample after all cuts have been made.

Since the sidereal phase histograms in this analysis re-

quire accurate event timing, we describe how time stamps

are generated. The spill time is determined by the Global

Positioning System (GPS) receiver located in the ND

hall that reads out absolute Universal Coordinated Time

(UTC) and is accurate to 200 ns [14]. The Main Injec-

tor accelerates protons to 120 GeV/c and the spills are

extracted to NuMI using a pulsed dipole magnet. The

GPS time of the extraction magnet signal is recorded

and defines the spill time [14].

Each neutrino event was tagged with the local sidereal

time (LST) of its spill – the GPS spill time converted

to sidereal time. The local sidereal phase of an event is

given by LST×(ω⊕/2π) and has a range of 0-1. Event

times were not corrected for their time within a spill, an

approximation that introduces no significant systematic

error into the analysis.

The events in each spill were placed into a single bin in

a histogram spanning 0-1 in local sidereal phase (LSP).

The POT in the spill were binned into a second LSP

histogram. By dividing these two histograms, we get the

number of νµ events/POT as a function of LSP. This

final histogram gives the normalized neutrino event rate

in which we search for sidereal variations.

We used 32 bins for the LSP histograms. This binning

was chosen to search for sidereal variations with a Fast

Fourier Transform (FFT) [15] and the algorithm works

most efficiently for 2N bins. Since eq.(1) puts power into

harmonic frequencies associated with Fourier terms to

nω⊕, and for this analysis n = 1-4, we chose N = 5 as

the minimal binning that retains these harmonic terms.

Each bin spans 0.031 in LSP or 45 min in sidereal time.
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FIG. 1: The local sidereal phase histograms for Run I and

Run II. Superposed are fits to a constant sidereal rate.

TABLE II: Weighted mean of Run I and Run II FFT powers

in first four even/odd harmonic coefficients; PF is the proba-

bility that the mean power is a noise fluctuation.

cos () p̄(FFT) PF sin () p̄(FFT) PF

(ω⊕T⊕) -0.002 0.91 (ω⊕T⊕) 0.024 0.18

(2ω⊕T⊕) 0.011 0.54 (2ω⊕T⊕) 0.011 0.54

(3ω⊕T⊕) -0.006 0.74 (3ω⊕T⊕) -0.004 0.83

(4ω⊕T⊕) -0.016 0.37 (4ω⊕T⊕) 0.023 0.20

The histograms of the νµ events/POT as a function of

LSP for Run I and Run II are given in Fig. 1. The dif-

ferences in the average event rates are due primarily to

different relative positions of the target and magnetic fo-

cusing horns for the two runs.

We performed an FFT analysis on the Run I and Run

II sidereal phase histograms in Fig. 1 and we computed

the weighted mean of the powers returned for the even

(cos ) and odd (sin ) powers for harmonic frequencies out

to 4ω⊕T⊕. The weighting factors were the mean event

rates for each run. The resulting mean powers, p̄(FFT ),

are listed in Table II.

These results were tested for several possible system-

atic effects. We found that systematic increases or de-

creases in the event rate of 5% in 6 months do not affect

these results. We also searched for systematic changes

in the rates from day to night and found no variations

> 0.1%. In addition, we searched and found no sidereal

modulation in the CC/NC ratio for these data. This test

shows that there are no systematic effects associated with

neutrino production in the beam that affect this sidereal

analysis.

We constructed 1,000 simulated experiments for both

runs without a sidereal signal to test the significance of

the powers given in Table II. We used the data them-

selves to construct these experiments. We first generated

1,000 sets of sidereal phases for Run I and Run II, with
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also applied data quality cuts to remove data where there

were cooling system problems, magnetic coil problems, or

an incorrectly configured readout trigger.

Two independent periods of muon antineutrino data

taking are combined to comprise the data set for this

analysis. Table I gives the run dates, number of protons

incident on the target (POT), and the number of CC

events remaining in the sample after all selections have

been made, NCC . The events were selected following the

prescription of a previous MINOS analysis [11]. Our pre-

vious analysis used 3.54 × 106 muon neutrinos observed

in the ND [8].

TABLE I: Antineutrino Data Sample.

Run Dates POT NCC

Sep09 – Mar10 1.67× 10
20

637,805

Nov10 – Jan11 0.98× 10
20

379,877

Total 2.65× 10
20

1,017,682

We used the ratio of the events observed to the num-

ber of POT recorded as a function of sidereal time as

the normalized quantity in which to search for sidereal

variations. Studies have shown that the mean number of

antineutrinos per POT in the ND has remained stable to

about 1% throughout the data taking. We implemented

the search for a sidereal signal as a blind analysis where

we only examined the event rate for the data once the

analysis procedures were determined. We used the side-

real time distribution of the beam spills and the total

number of antineutrino events in the data set as inputs

to generate 104 numerical experiments that simulated the

data set without a sidereal signal. We then performed a

Fourier analysis on these simulated experiments to estab-

lish the search criteria needed to find a sidereal signal.

We constructed our simulated experiments based on

the local sidereal time (LST) distribution, T⊕, of the

beam spills converted to local sidereal phase (LSP),

where LSP = mod (T⊕ω⊕/2π). To generate this his-

togram, we converted the time of the extraction magnet

signal that initiates each spill, as recorded by a GPS unit,

into LST in standard ways [12]. The GPS time is accu-

rate to 200 ns [13] and event times were not corrected for

the time within the 10 µs spill. We then computed the

LSP for each beam spill and entered it into a histogram

with 32 bins ranging from 0 − 1 in LSP. We chose this

binning because the Fast Fourier Transform (FFT) al-

gorithm used to look for sidereal variations works most

efficiently for 2N bins [14]. Since Eq. (1) only puts

power into the four harmonic terms ω⊕T⊕, . . . , 4ω⊕T⊕,
we adopted N = 5 as the binning that retains these har-

monic terms while still providing sufficient resolution in

sidereal time to detect a signal. Each phase bin spans

0.031 in LSP or 45 minutes in sidereal time.

To construct the simulated experiments we took each

spill in the data set one at a time and randomly assigned

a new LSP for the spill from the LSP distribution of all

spills. We assigned the number of POT in the spill to

one histogram in LSP using the newly assigned phase

and then checked whether any antineutrino events were

recorded for the spill. If so, we put those events in a

second histogram using the same LSP. This procedure

ensured that the correlation between POT and events

observed in the ND for each spill was retained. By the

end of the simulation, we have two histograms: one with

POT as a function of LSP and one with the events as a

function of LSP. By picking spill times out of the LSP

distribution for the data, we are assured that both his-

tograms have their entries distributed properly in LSP. In

addition, we guaranteed that no sidereal signal is present

in the simulated experiments since any correlation be-

tween the data spills is removed. We took the ratio of

these two histograms to obtain the rate histogram for the

simulated experiment.

We next performed an FFT on each simulated rate his-

togram and computed the power in the four harmonic

terms (ω⊕T⊕, . . . , 4ω⊕T⊕) appearing in the oscillation

probability, Eq.(1). Let S1 be the power returned by

the FFT for the first harmonic term sin (ω⊕T⊕) and

C1 be the power returned for the first harmonic term

cos (ω⊕T⊕); similarly define (S2, C2), . . . ,( S4, C4). Then

the statistics we used in our search are

p1 =

�
S2
1 + C2

1 , . . . , p4 =

�
S2
4 + C2

4 . (4)

We added the powers in quadrature to eliminate the effect
of the arbitrary choice of a zero point in phase at 0h LST.

Fig. 1 shows the distribution of p1, . . . , p4 for the 104

simulated experiments. The distributions for p1, . . . , p4
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FIG. 1: The distributions for the quadratic sum of powers

p1, . . . , p4 from the FFT analysis of 10
4
simulated experiments

without a sidereal signal. The inset shows the distribution

for p1 with a fit to a Rayleigh distribution having σ = 0.09
superposed.

are quite similar. These distributions are well described

by a Rayleigh distribution with σ = 0.09, showing that

the powers for the sine and cosine terms of the various

•  used charged-current (CC) interactions  
   to look for disappearance 
• 	  tracks in CC events, large showers  
   and no tracks in NC events 
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We searched for a sidereal modulation in the MINOS far detector neutrino rate. Such a signal

would be a consequence of Lorentz and CPT violation as described by the Standard-Model Extension

framework. It also would be the first detection of a perturbative effect to conventional neutrino mass

oscillations. We found no evidence for this sidereal signature and the upper limits placed on the

magnitudes of the Lorentz and CPT violating coefficients describing the theory are an improvement

by factors of 20− 510 over the current best limits found using the MINOS near detector.

PACS numbers: 11.30.Cp,14.60.Pq

Neutrinos have provided many crucial insights into

particle physics, including the existence of physics be-

yond the minimal Standard Model (SM) with the detec-

tion of neutrino oscillations [1, 2]. Because oscillations

are interferometric in nature, they are sensitive to other

indicators of new physics. Such indicators include po-

tential small amplitude signals persisting to the current

epoch whose origin is a fundamental theory that uni-

fies quantum physics and gravity at the Planck scale,

mp
∼= 1019 GeV. One promising category of Planck-scale

signals is the violation of the Lorentz and CPT symme-

tries that are central to the SM and General Relativity.

The Standard Model Extension (SME) is the comprehen-

sive effective field theory that describes Lorentz (LV) and

CPT violation (CPTV) at attainable energies [3].

The SME predicts behaviors for neutrino flavor change

that are different from conventional neutrino oscillation

theory. The probability of flavor change in the SME de-

pends on combinations of L, the distance traveled by the

neutrino, and the product of distance and the neutrino

energy, L × Eν . For conventional oscillation theory the

transition probability depends only on L/Eν . The SME

also predicts that the neutrino flavor change probabil-

ity depends on the angle between the direction of the

neutrino and the LV/CPTV field in the sun-centered in-

ertial frame in which the SME is formulated [4]. Ex-

periments like MINOS [5], whose neutrino beam is fixed

on the Earth, are well-suited to search for this behavior,

which would appear as a periodic variation in the de-

tected neutrino rate as the beam swings around the field

with the sidereal frequency ω⊕ = 2π/(23h56m04.09053s).

MINOS has a near detector (ND) located 1 km from

the neutrino beam source and a far detector (FD) lo-

cated 735 km from the neutrino source. Because of their

different baselines, the ND and FD are sensitive to two

separate limits of the general SME formulated for the

neutrino sector. The predicted SME effects for baselines
less than 1 km are independent of neutrino mass [4], and

both MINOS [6] and LSND [7] reported searches for these

effects. Recent theoretical work has shown that SME ef-

fects are a perturbation to the dominant mass oscillations

for neutrinos having the appropriate L/Eν to experience

oscillations [8]. Since the probability for transitions due

to LV increases with baseline, experiments with baselines

greater than ≈ 100 km are especially sensitive to LV and

CPTV. The following analysis using MINOS FD data is

the first search for perturbative LV and CPTV effects in

admixture with neutrino oscillations.

According to the SME, the transition probabil-

ity for νµ → ντ transitions over long baselines is

Pµτ � P (0)
µτ + P (1)

µτ , where P (0)
µτ is the conventional mass

oscillation probability for transitions between two flavors

and P (1)
µτ is the perturbation due to LV and CPTV, with

P (1)
µτ /P (0)

µτ << 1. In the SME, P (1)
µτ is given by [8]
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where L = 735 km is the distance from neutrino produc-

tion in the NuMI beam to the MINOS FD [2], T⊕ is the

local sidereal time (LST) at neutrino detection, and the

coefficients (P (1)
C )τµ, (P (1)

As
)τµ, (P (1)

Ac
)τµ, (P (1)

Bs
)τµ, and

(P (1)
Bc

)τµ contain the LV and CPTV information. These

coefficients depend on the SME coefficients that explic-

itly describe LV and CPTV, (aL)ατµ and (cL)αβτµ , as well as
the neutrino mass-squared splitting, ∆m2

32 [8]. For two-

flavor transitions, only the real components of the (aL)ατµ
and (cL)αβτµ contribute to the transition probability.

The magnitudes of the functions in eq. (1) depend on

the direction of the neutrino propagation in a fixed coor-

dinate system on the rotating Earth. The direction vec-

tors are defined by the colatitude of the NuMI beam line

χ = (90◦− latitude) = 42.17973347◦, the beam zenith

angle θ = 86.7255◦ defined from the z-axis which points

up toward the local zenith, and the beam azimuthal angle

φ = 203.909◦ measured counterclockwise from the x-axis
chosen to lie along the detector’s long axis.

This analysis selected data using standard MINOS

beam quality requirements and data quality selections [2,

9]. The neutrino events used must interact in the 4.0 kilo-

ton FD fiducial volume [9] and be charged-current (CC)

in nature. The selection method described in [9] allowed

the identification of the outgoing muon in a CC interac-

tion. As in [6], we focused on these events to maximize

the νµ disappearance signal.

The data used come from the run periods listed in

Table I; also shown are the number of protons incident

on the neutrino production target (POT) for each period

and the total number of events observed. To avoid biases,

we performed the analysis blindly with the procedures de-

•  probability for muon neutrinos to oscillate to tau neutrinos 

-  assumed 2 flavor oscillations, maximal mixing, MINOS 
parameters 

•  Oscillation probability goes as L and LE 

•  at long baselines, LV and CPT violating parameters are 
perturbations on mass oscillations, e.g. 

the explicit expressions for the LV and CPT violating parameters are given by [9]
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In these equations we have made use of the fact that (aL)αab = (aL)
α†
ba and (cL)

αβ
ab = (cL)

αβ†
ba

along with eqs. (7) and (8) to write the equations only in terms of the real parts of (aL)ατµ

and (cL)αβτµ .

The direction cosines describing the orientation of the experiment in a fixed coordinate

system on the rotating Earth are given by

N̂X = cosχ sin θ cosφ+ sinχ cos θ,

N̂Y = sin θ sinφ,

N̂Z = − sinχ sin θ cosφ+ cosχ cos θ, (17)

where χ = (90◦− latitude) is the colatitude of the NuMI beam line, θ is the beam zenith

angle defined from the z-axis which points up toward the local zenith, and φ is the beam

azimuthal angle measured counterclockwise from the x-axis chosen to lie along the detector’s

long axis. The y-axis is defined to make a right handed coordinate system. For the NuMI

beam line, χ = 90.◦ − 47.82026653◦, θ = 86.7255◦, and φ = 203.909◦.

These equations show that the perturbation to the standard neutrino mass oscillation

probability described by the SME depends on the product of the real components of the

SME coefficients along with factors that vary as a function sidereal time and factors that
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termined using only the Runs I and II data. The Run III

data, comprising more than 50% of the total, were in-

cluded only after finalizing the analysis procedures.

TABLE I: Run Parameters

Run Dates POT CC Events

Run I May05 – Feb06 1.24× 10
20

281

Run II Sep06 – Jul07 1.94× 10
20

453

Run III Sep07 – Jun09 3.88× 10
20

954

We tagged each neutrino event with the time deter-

mined by the Global Positioning System (GPS) receiver

located at the FD site that reads out absolute Universal

Coordinated Time (UTC) and is accurate to 200 ns [10].

The GPS time of the accelerator extraction magnet signal

defined the time of each 10 µs beam spill. We converted

the time of each neutrino event and spill to local sidereal

time T⊕ (LST) in standard ways [11]. The uncertainty in

the GPS time stamps introduced no significant system-

atic error into the analysis [6]. We placed each detected

CC event into a histogram that ranged from 0-1 in local

sidereal phase (LSP), the LST of the event divided by the

length of a sidereal day. We used the LSP for each spill

to place the number of POT for that spill, whether or

not there was a neutrino event associated with it, into a

second histogram. By dividing these two histograms, we

obtained the normalized neutrino event rate as a function

of LSP, in which we searched for sidereal variations.

Since the search for sidereal variations used a Fast

Fourier Transform (FFT) algorithm that works most ef-

ficiently for N = 2n bins [12] and eq. (1) only puts

power into the Fourier terms ω⊕T⊕ and 2ω⊕T⊕, we chose
N = 24 = 16 bins to retain these harmonic terms while

still providing sufficient resolution in sidereal phase to de-

tect a sidereal signal. With this choice, each bin spanned

0.063 in LSP or 1.5 hours in sidereal time.

The statistical similarity of the event rates for all runs

was tested by comparing the rate for run i in LSP phase

bin j, Rij , with the weighted mean rate for that bin, R̄j .

The distribution of r = (Rij − R̄j)/σij , where σij is the

statistical uncertainty in Rij for all i, j, is Gaussian with

r̄ = 0 and σ = 1, as expected for statistically consistent

runs. Given this result, we combined the runs into a

single data set whose rate as a function of LSP is shown in

Fig. 1. The mean rate is 2.36±0.06 events per 1018 POT

and the uncertainties shown in the figure are statistical.

We searched for a sidereal signal by looking for ex-

cess power in the FFT of the data in Fig. 1 at the

frequency corresponding to exactly 1 sidereal day. We

used two statistics in our search, p1 =
�
S2
1 + C2

1 and

p2 =
�

S2
2 + C2

2 , where S2
1 is the power returned by

the FFT for sin (ω⊕T⊕), C2
1 is the power returned for

cos (ω⊕T⊕), and S2
2 and C2

2 are the analogous powers for

the second harmonics. We used the quadratic sum of

powers to minimize the effect of the arbitrary choice of

zero point in phase at 0h LST. Table II gives the p1 and
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FIG. 1: Event rate as a function of LSP for the total data set.

p2 values returned by the FFT for the total data set.

TABLE II: Results for the p1 and p2 statistics from an FFT

of the data in Fig. 1. The third column gives the probability,

PF , the measured value is due to a statistical fluctuation.

statistic p(FFT ) PF
p1 1.09 0.26

p2 1.13 0.24

We determined the significance of our measurements

of p1 and p2 by simulating 104 experiments without a

sidereal signal. To construct these experiments we used

the data themselves by randomizing the LSP of each CC

event 104 times and placing each instance into a different
phase histogram. We next randomized the LSP of each

spill 104 times and placed the POT for each instance into

another set of histograms. We drew the phases for each

event and spill randomly from the LSP histogram of the

start times for all spills. Dividing an event histogram by

a POT histogram produced one simulated experiment.

The randomization of both the spill and event LSP re-

moved any potential sidereal variation from the data.

We performed the FFT on the simulated experiments

and computed the p1 and p2 statistics for each. The

resulting distributions of p1 and p2 are nearly identical

as shown in Fig. 2. The third column of Table II gives the

probability, PF , that the harmonic powers we found were

due to statistical fluctuations. PF is the probability of

drawing a value of p1 or p2 from the parent distribution

in Fig. 2 at least as large as found in the data.

The solid line at p(FFT ) = 2.26 in Fig. 2 divides

the p2 histogram at the point where 99.7% of the en-

tries have lower values of the statistic. Consequently we

took p(FFT ) = 2.26 as the 99.7% confidence limit that a

measured p(FFT ) for either harmonic indicates the dis-

tribution had no sidereal signal. That is, we adopted

p(FFT ) ≥ 2.26 as our signal detection threshold. Based

on this threshold, the p1 and p2 statistics in Table II show

no evidence for a sidereal signal. Thus, the normalized

neutrino event rate exhibits no statistically significant

POT: 7.06 x 1020 

events:  1688 

•  used charged-current (CC) interactions  
   to look for disappearance 
• 	  tracks in CC events, large showers  
   and no tracks in NC events 



Blind Analysis 

•  Used a blinding scheme in  papers 2 & 3 
-  if an effect found, bound 
    by blinding rules to publish, right? 

•  Near Detector antineutrino analysis: 
-  before opening the box, generate  
     numerical experiments that simulate the data without  
     a sidereal signal 
-  use sidereal time distribution of the spills and the total  
     number of CC events in the data as inputs 
-  use numerical experiments to determine power that would  
     signify a detection at the 99.7% CL  
-  use the statistics  
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FIG. 6: The LSP distribution of the antineutrino event rate for a typical simulated experiment.

The average rate is superposed.

mean rate has been superposed.

3. Sidereal Analysis

In the second part of our analysis, we perform an FFT analysis on each of the simulated

rate histograms and compute the power in the 4 harmonic terms (ω⊕T⊕, . . . , 4ω⊕T⊕) appear-

ing in the oscillation probability, eq.(4). As in Papers 1 and 2, we search for a sidereal signal

by looking for excess power in the harmonic terms in the oscillation probability, assuming

ω⊕ = 2π/(23h56m04.0982s). We use different statistics to search for each harmonic term.

Let S1 be the power returned by the FFT for the first harmonic term sin (ω⊕T⊕) and

C1 be the power returned for the first harmonic term cos (ω⊕T⊕); similarly define (S2, C2),

. . . ,( S4, C4). Then the statistics we use in our search are

p1 =
�
S2
1 + C2

1 , . . . , p4 =
�
S2
4 + C2

4 . (11)

We use the quadratic sum of powers to minimize the effect of the arbitrary choice of a

zero point in phase at 0h LST. Fig. 7 shows the distribution of p1, . . . , p4 for 104 simulated

experiments. The distributions for p1, . . . , p4 are virtually identical.

Our threshold for signal detection in any harmonic is the quadratic power p(FFT ) that is

greater than 99.7% of the entries in its p1, . . . , p4 histogram. We take these signal detection

thresholds as the 99.7% confidence limits for the probability that a measured quadratic sum

12

Sn =  power in harmonic sin n!!T!( )
Cn =  power in harmonic cos n!!T!( )
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FIG. 2: Distributions of the p1 and p2 statistics from the
FFT analysis of 104 simulated experiments without a sidereal
signal. The adopted signal detection limit is p(FFT ) = 2.26.

variation that depends on the direction of the earth-based
neutrino beam in the sun-centered inertial frame. In the
context of the SME, this result is inconsistent with the
detection of LV and CPTV.

We next determined the minimum detectable sidereal
signal strength we could have found in this experiment
by injecting a sidereal signal of the form A sin (ω⊕T⊕),
where A is a fraction of the mean event rate, into a new
set of 104 simulated experiments and repeating the FFT
analysis. We found 68% of the experiments gave p1 ≥
2.26 for A = 9%. These simulations indicated there was
a 68% probability of detecting a sidereal modulation if
the signal amplitude had been 9% of the mean event rate.

We tested the sensitivity of our results to several
sources of systematic uncertainty. First we confirmed
through simulated experiments that the analysis was in-
sensitive to our choice of zero point in phase, 0h LST,
due to the definition of p1 and p2. Next we tested sources
that could introduce false sidereal signals into the data
and mask an LV detection. Degradation of the NuMI
target caused secular drifts of ∼5% in the neutrino pro-
duction rate on a time scale of ∼6 months. Doubling
this trend introduced no detectable signal for either sec-
ular decreases or increases. The daily variation in the
detector response is on the order of 1% [2] and would not
introduce a detectable sidereal variation into this analy-
sis. The known ±1.0% uncertainty in the number of POT
per spill [2] was too small to affect this analysis. Because
of the non-uniformity of the data taking throughout the
solar year, diurnal effects, like temperature variations on
the POT counting devices, could have introduced a false
signal. However, systematic differences between the day
and night event rates were smaller than the statistical
errors in the rates themselves and could not introduce
a false signal. Atmospheric effects could also have im-
printed a sidereal signal on the data if there were a solar
diurnal modulation in the event rate that beats with a
yearly modulation [13]. Using methods described in [14],

we found that this false sidereal signal is < 0.2% of the
mean event rate and well below the detection threshold.
Since we found no sidereal signal, we determined upper

limits on the (aL)αµτ and (cL)αβµτ coefficients that describe
LV and CPTV in the SME. Coefficients where both α and
β are either T or Z cannot introduce a sidereal variation
and as such this experiment is not sensitive to them.
Neutrinos are simulated using the standard MINOS

Monte Carlo simulation [2] that models the NuMI beam
line, including the hadron production and subsequent
propagation through the focusing elements, hadron de-
cay in the 675 m decay pipe, and the probability that any
neutrinos produced will intersect the FD 735 km away.
These neutrinos along with weights determined by decay
kinematics, are used in the detailed simulation of the FD.
We chose |∆m2

32| = 2.43× 10−3 eV2 and sin2(2θ23) = 1,
the values measured by MINOS [2], for the simulation.
Our tests show that changing these values within the al-
lowed uncertainty does not alter the limits we found.
We determined the limits for each SME coefficient in-

dividually. We constructed a set of experiments in which
one coefficient was set to be small but non-zero and the
remaining coefficients were set to zero. We simulated
a high statistics event histogram by picking events with
a random sidereal phase drawn from the distribution of
start times for the data spills and weighted these sim-
ulated events by both their survival probability and a
factor to account for the different exposures between the
data and the simulation. Simultaneously we simulated a
spill histogram by entering the average number of POT
required to produce one event in the FD, as determined
from the data, at the sidereal phase of each simulated
event. The division of these two histograms resulted in
the LSP histogram we used to compute the p1 and p2
statistics. We then increased the magnitude of the non-
zero SME coefficient and repeated the process until either
p1 or p2 was greater than the 2.26 detection threshold.
To reduce fluctuations we computed the limit 100 times
and averaged the results. Table III gives the mean magni-
tude of the coefficient required to produce a signal above
threshold. This procedure could miss fortuitous cancel-
lations of SME coefficients. We did not consider these
cases. We cross-checked these limits by simulating 750
low statistics experiments for each coefficient limit given
in Table III. Each experiment had the same total number
of neutrinos as the data and thus represent the statistical
fluctuations in the data. The distributions of the p1 and
p2 statistics for all the experiments were used to deter-
mine the confidence level at which the measured values
in Table II are excluded by each limit. The exclusion
using this method is > 99.7% C.L. for all coefficients.
In summary we found no evidence for sidereal varia-

tions in the neutrino rate in the MINOS FD. This result,
when framed in the SME [4, 8], leads to the conclusion
that we have detected no evidence for the violation of
Lorentz or CPT invariance described by this framework

Far Detector Neutrino 

•  Distribution of harmonic powers for the Near Detector and 
     the Far Detector 

•  Threshold for a detection: pi > 99.7% of the powers for the signal-
free numerical experiments 
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also applied data quality cuts to remove data where there

were cooling system problems, magnetic coil problems, or

an incorrectly configured readout trigger.

Two independent periods of muon antineutrino data

taking are combined to comprise the data set for this

analysis. Table I gives the run dates, number of protons

incident on the target (POT), and the number of CC

events remaining in the sample after all selections have

been made, NCC . The events were selected following the

prescription of a previous MINOS analysis [11]. Our pre-

vious analysis used 3.54 × 106 muon neutrinos observed

in the ND [8].

TABLE I: Antineutrino Data Sample.

Run Dates POT NCC

Sep09 – Mar10 1.67× 10
20

637,805

Nov10 – Jan11 0.98× 10
20

379,877

Total 2.65× 10
20

1,017,682

We used the ratio of the events observed to the num-

ber of POT recorded as a function of sidereal time as

the normalized quantity in which to search for sidereal

variations. Studies have shown that the mean number of

antineutrinos per POT in the ND has remained stable to

about 1% throughout the data taking. We implemented

the search for a sidereal signal as a blind analysis where

we only examined the event rate for the data once the

analysis procedures were determined. We used the side-

real time distribution of the beam spills and the total

number of antineutrino events in the data set as inputs

to generate 104 numerical experiments that simulated the

data set without a sidereal signal. We then performed a

Fourier analysis on these simulated experiments to estab-

lish the search criteria needed to find a sidereal signal.

We constructed our simulated experiments based on

the local sidereal time (LST) distribution, T⊕, of the

beam spills converted to local sidereal phase (LSP),

where LSP = mod (T⊕ω⊕/2π). To generate this his-

togram, we converted the time of the extraction magnet

signal that initiates each spill, as recorded by a GPS unit,

into LST in standard ways [12]. The GPS time is accu-

rate to 200 ns [13] and event times were not corrected for

the time within the 10 µs spill. We then computed the

LSP for each beam spill and entered it into a histogram

with 32 bins ranging from 0 − 1 in LSP. We chose this

binning because the Fast Fourier Transform (FFT) al-

gorithm used to look for sidereal variations works most

efficiently for 2N bins [14]. Since Eq. (1) only puts

power into the four harmonic terms ω⊕T⊕, . . . , 4ω⊕T⊕,
we adopted N = 5 as the binning that retains these har-

monic terms while still providing sufficient resolution in

sidereal time to detect a signal. Each phase bin spans

0.031 in LSP or 45 minutes in sidereal time.

To construct the simulated experiments we took each

spill in the data set one at a time and randomly assigned

a new LSP for the spill from the LSP distribution of all

spills. We assigned the number of POT in the spill to

one histogram in LSP using the newly assigned phase

and then checked whether any antineutrino events were

recorded for the spill. If so, we put those events in a

second histogram using the same LSP. This procedure

ensured that the correlation between POT and events

observed in the ND for each spill was retained. By the

end of the simulation, we have two histograms: one with

POT as a function of LSP and one with the events as a

function of LSP. By picking spill times out of the LSP

distribution for the data, we are assured that both his-

tograms have their entries distributed properly in LSP. In

addition, we guaranteed that no sidereal signal is present

in the simulated experiments since any correlation be-

tween the data spills is removed. We took the ratio of

these two histograms to obtain the rate histogram for the

simulated experiment.

We next performed an FFT on each simulated rate his-

togram and computed the power in the four harmonic

terms (ω⊕T⊕, . . . , 4ω⊕T⊕) appearing in the oscillation

probability, Eq.(1). Let S1 be the power returned by

the FFT for the first harmonic term sin (ω⊕T⊕) and

C1 be the power returned for the first harmonic term

cos (ω⊕T⊕); similarly define (S2, C2), . . . ,( S4, C4). Then

the statistics we used in our search are

p1 =

�
S2
1 + C2

1 , . . . , p4 =

�
S2
4 + C2

4 . (4)

We added the powers in quadrature to eliminate the effect
of the arbitrary choice of a zero point in phase at 0h LST.

Fig. 1 shows the distribution of p1, . . . , p4 for the 104

simulated experiments. The distributions for p1, . . . , p4
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FIG. 1: The distributions for the quadratic sum of powers

p1, . . . , p4 from the FFT analysis of 10
4
simulated experiments

without a sidereal signal. The inset shows the distribution

for p1 with a fit to a Rayleigh distribution having σ = 0.09
superposed.

are quite similar. These distributions are well described

by a Rayleigh distribution with σ = 0.09, showing that

the powers for the sine and cosine terms of the various

Near Detector Antineutrino 

inset: Rayleigh distribution 

Distributions of harmonic powers in numerical experiments  
constructed to have no sidereal signal 



Analysis Strategy 

Near Detector 

POT 

Near Detector 

Events 

•  Plot number of events and POT as a 
function of local sidereal phase (LSP) 

•  Number of POT delivered varies 
throughout the diurnal day and lack of a 
complete yearly cycle introduces the 
variation seen 

•  Use events/POT as the normalized  
     quantity in which to search for variations 
-  assume: neutrino production/POT  
     remains constant 

•  Fast Fourier Transform (FFT) of the  
     events/POT  rate vs LSP to search for 
     power in relevant harmonics    



 

•  Systematics investigated: 

2.  day/night effects (POT variations, detector variations) 
–  compared rates from 6:00-18:00 to rates 
       rates from 18:00-6:00  X   

3.  Faux sidereal modulation – beating of yearly with diurnal 
       variations  X 
4.  known secular changes in event rate  X 
5.  POT counting uncertainties  X 
6.  choice of detection criterion  X 
7.  variations of average event/POT rate from Run to Run  X 
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harmonics are uncorrelated and normally distributed in

the experiments.

Using the Neyman construction [? ], our threshold

for signal detection in any harmonic is the quadratic

power p(FFT) that is greater than 99.7% of the entries in

its p1, . . . , p4 histogram. We take these signal detection

thresholds as the 99.7% confidence level (C.L.) for the

probability that a measured quadratic sum of powers for

any harmonic was not drawn from a distribution having a

sidereal signal. These thresholds are 0.30, 0.30, 0.29, and

0.31 for p1, . . . , p4, respectively and we adopt pth = 0.31
as the overall detection threshold.

We determined the minimum detectable sidereal mod-

ulation for this analysis by injecting a sidereal signal of

the form A sin(ω⊕T ), where A is a fraction of the mean

event rate, into a new set of 104 simulated experiments

and repeating the FFT analysis. We found that every

experiment gave p1 ≥ 0.31 when A = 0.8% of the mean

rate. Thus, this analysis is sensitive to sub-percent level

sidereal variations in the mean event rate.

Once the threshold for the signal detection was deter-

mined we performed the FFT analysis using the actual

data event rate as a function of LSP shown in Fig. 2. The

LSP
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FIG. 2: The phase diagram of the CC antineutrino event rate

for the ND data. The mean rate of 3.84 events per 10
15

POT

is superposed and has χ2/ndf = 21.7/31.

results for p1, . . . , p4 are given in Table II. This table also

shows the probability, PF , that the measured power is

due to a noise fluctuation. PF is the probability of draw-

ing a value of p1, . . . , p4 from the parent distribution in

Fig. 1 at least as large as found in the data. As none of

TABLE II: Results for the p1, . . . , p4 statistics for the data

shown in Fig. 2. The third column gives the probability, PF ,

that the measured power is due to a noise fluctuation.

Statistic p(FFT) PF
p1 0.12 0.42

p2 0.17 0.16

p3 0.13 0.35

p4 0.10 0.54

the values p1, . . . , p4 exceed our detection threshold, we

find no evidence for a sidereal signal in the antineutrino

data set.

We investigated the sensitivity of our results to sev-

eral sources of systematic uncertainties. In the previous

MINOS analyses [8, 9], the NuMI target was observed to

have degraded, causing a drop in the event rate through-

out the exposure. Because of this degradation, we ex-

amined how linear changes in the event rate over time

would affect the determination of the detection thresh-

olds and found such changes had no effect. The NuMI

target was replaced between the data taking period of

the previous analyses and this analysis. The new target

did not show evidence of degradation during the course

of its exposure. Given that systematic changes in the

event rate were shown not to affect the previous results

and that there is no evidence for such changes in these

data, this source of systematic uncertainty is negligible.

Potential differences in the event rate for data taken

during the solar day compared to the solar night are

another possible source of systematic uncertainty. We

looked for these effects by looking at the event rate for

data taken during the solar day versus the solar night.

These rates are consistent with no diurnal variations and

we conclude that diurnal effects are not masking a true

sidereal signal in the data.

There is a known ±1% uncertainty in the recorded

number of POT per spill [10]. We verified this uncer-

tainty could not introduce a modulation that would mask

a sidereal signal by introducing random variations of this

scale in the number of POT recorded from each spill and

repeating the FFT analysis. We observed no change in

the detection threshold due to these variations. We also

checked whether long term drifts in the calibration of the

POT recording toroids of the size ±5% over six months

could change the detection threshold. We injected artifi-

cial changes in the event rate of this magnitude into the

data and repeated the analysis. No changes in the de-

tection threshold were observed. Thus we conclude that

the POT counting uncertainties cannot mask a sidereal

signal.

As first pointed out by Compton and Getting [15],

atmospheric effects can mimic a sidereal modulation if

there were a solar diurnal modulation in the event rate

that beats with a yearly modulation. Following the meth-

ods described in [16], we found the amplitude of the po-

tential faux sidereal modulation would be only 0.5% of

our minimum detectable modulation and therefore would

not mask a sidereal signal that MINOS could detect.

In the absence of a sidereal signal, we can determine

the 99.7% C.L. upper limits on the SME coefficients

Re(aL)αab, Im(aL)αab, Re(cL)
αβ
ab , and Im(cL)

αβ
ab using the

MINOS Monte Carlo simulation [10]. In this simulation,

events are generated by modeling the NuMI beam line,

including hadron production by the 120 GeV/c protons,

propagation of the hadrons through the focusing elements

and 675 m decay pipe to the beam absorber, and the

calculation of the probability that any neutrinos gener-

3

termined using only the Runs I and II data. The Run III

data, comprising more than 50% of the total, were in-

cluded only after finalizing the analysis procedures.

TABLE I: Run Parameters

Run Dates POT CC Events

Run I May05 – Feb06 1.24× 10
20

281

Run II Sep06 – Jul07 1.94× 10
20

453

Run III Sep07 – Jun09 3.88× 10
20

954

We tagged each neutrino event with the time deter-

mined by the Global Positioning System (GPS) receiver

located at the FD site that reads out absolute Universal

Coordinated Time (UTC) and is accurate to 200 ns [10].

The GPS time of the accelerator extraction magnet signal

defined the time of each 10 µs beam spill. We converted

the time of each neutrino event and spill to local sidereal

time T⊕ (LST) in standard ways [11]. The uncertainty in

the GPS time stamps introduced no significant system-

atic error into the analysis [6]. We placed each detected

CC event into a histogram that ranged from 0-1 in local

sidereal phase (LSP), the LST of the event divided by the

length of a sidereal day. We used the LSP for each spill

to place the number of POT for that spill, whether or

not there was a neutrino event associated with it, into a

second histogram. By dividing these two histograms, we

obtained the normalized neutrino event rate as a function

of LSP, in which we searched for sidereal variations.

Since the search for sidereal variations used a Fast

Fourier Transform (FFT) algorithm that works most ef-

ficiently for N = 2n bins [12] and eq. (1) only puts

power into the Fourier terms ω⊕T⊕ and 2ω⊕T⊕, we chose
N = 24 = 16 bins to retain these harmonic terms while

still providing sufficient resolution in sidereal phase to de-

tect a sidereal signal. With this choice, each bin spanned

0.063 in LSP or 1.5 hours in sidereal time.

The statistical similarity of the event rates for all runs

was tested by comparing the rate for run i in LSP phase

bin j, Rij , with the weighted mean rate for that bin, R̄j .

The distribution of r = (Rij − R̄j)/σij , where σij is the

statistical uncertainty in Rij for all i, j, is Gaussian with

r̄ = 0 and σ = 1, as expected for statistically consistent

runs. Given this result, we combined the runs into a

single data set whose rate as a function of LSP is shown in

Fig. 1. The mean rate is 2.36±0.06 events per 1018 POT

and the uncertainties shown in the figure are statistical.

We searched for a sidereal signal by looking for ex-

cess power in the FFT of the data in Fig. 1 at the

frequency corresponding to exactly 1 sidereal day. We

used two statistics in our search, p1 =
�
S2
1 + C2

1 and

p2 =
�

S2
2 + C2

2 , where S2
1 is the power returned by

the FFT for sin (ω⊕T⊕), C2
1 is the power returned for

cos (ω⊕T⊕), and S2
2 and C2

2 are the analogous powers for

the second harmonics. We used the quadratic sum of

powers to minimize the effect of the arbitrary choice of

zero point in phase at 0h LST. Table II gives the p1 and
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FIG. 1: Event rate as a function of LSP for the total data set.

p2 values returned by the FFT for the total data set.

TABLE II: Results for the p1 and p2 statistics from an FFT

of the data in Fig. 1. The third column gives the probability,

PF , the measured value is due to a statistical fluctuation.

statistic p(FFT ) PF
p1 1.09 0.26

p2 1.13 0.24

We determined the significance of our measurements

of p1 and p2 by simulating 104 experiments without a

sidereal signal. To construct these experiments we used

the data themselves by randomizing the LSP of each CC

event 104 times and placing each instance into a different
phase histogram. We next randomized the LSP of each

spill 104 times and placed the POT for each instance into

another set of histograms. We drew the phases for each

event and spill randomly from the LSP histogram of the

start times for all spills. Dividing an event histogram by

a POT histogram produced one simulated experiment.

The randomization of both the spill and event LSP re-

moved any potential sidereal variation from the data.

We performed the FFT on the simulated experiments

and computed the p1 and p2 statistics for each. The

resulting distributions of p1 and p2 are nearly identical

as shown in Fig. 2. The third column of Table II gives the

probability, PF , that the harmonic powers we found were

due to statistical fluctuations. PF is the probability of

drawing a value of p1 or p2 from the parent distribution

in Fig. 2 at least as large as found in the data.

The solid line at p(FFT ) = 2.26 in Fig. 2 divides

the p2 histogram at the point where 99.7% of the en-

tries have lower values of the statistic. Consequently we

took p(FFT ) = 2.26 as the 99.7% confidence limit that a

measured p(FFT ) for either harmonic indicates the dis-

tribution had no sidereal signal. That is, we adopted

p(FFT ) ≥ 2.26 as our signal detection threshold. Based

on this threshold, the p1 and p2 statistics in Table II show

no evidence for a sidereal signal. Thus, the normalized

neutrino event rate exhibits no statistically significant

3

TABLE I: Run Parameters

CC Events POT Run Dates

Run I 1.82× 10
6

1.25× 10
20

May05 – Feb06

Run II 1.62× 10
6

1.14× 10
20

Sept06 – Mar07

of protons delivered to the target for each spill (POT)

was measured using toroidal beam current transform-

ers. The uncertainty in the number of POT for each

spill is ±1.0% [6]. Neutrino events in the ND fiducial

volume were selected based on their timing and spatial

information [8, 13]. The neutrinos were separated into

charged current-like (CC) or neutral current-like (NC)

events, as described in [8]. CC νµ events, identified by a

µ− track [6], were selected for further analysis to maxi-

mize the νµ → νx oscillation signal in MINOS.

Standard beam quality cuts [6] were applied to select

spills for the analysis. In addition, data quality cuts were

applied to remove runs in which there were detector prob-

lems, including cooling system failures, magnetic coil fail-

ures, or an incorrectly configured readout trigger.

The data were taken during two run periods. The pa-

rameters for these two runs are given in Table I. The

numbers of events and POT given are the numbers re-

maining in the sample after all cuts have been made.

Since the sidereal phase histograms in this analysis re-

quire accurate event timing, we describe how time stamps

are generated. The spill time is determined by the Global

Positioning System (GPS) receiver located in the ND

hall that reads out absolute Universal Coordinated Time

(UTC) and is accurate to 200 ns [14]. The Main Injec-

tor accelerates protons to 120 GeV/c and the spills are

extracted to NuMI using a pulsed dipole magnet. The

GPS time of the extraction magnet signal is recorded

and defines the spill time [14].

Each neutrino event was tagged with the local sidereal

time (LST) of its spill – the GPS spill time converted

to sidereal time. The local sidereal phase of an event is

given by LST×(ω⊕/2π) and has a range of 0-1. Event

times were not corrected for their time within a spill, an

approximation that introduces no significant systematic

error into the analysis.

The events in each spill were placed into a single bin in

a histogram spanning 0-1 in local sidereal phase (LSP).

The POT in the spill were binned into a second LSP

histogram. By dividing these two histograms, we get the

number of νµ events/POT as a function of LSP. This

final histogram gives the normalized neutrino event rate

in which we search for sidereal variations.

We used 32 bins for the LSP histograms. This binning

was chosen to search for sidereal variations with a Fast

Fourier Transform (FFT) [15] and the algorithm works

most efficiently for 2N bins. Since eq.(1) puts power into

harmonic frequencies associated with Fourier terms to

nω⊕, and for this analysis n = 1-4, we chose N = 5 as

the minimal binning that retains these harmonic terms.

Each bin spans 0.031 in LSP or 45 min in sidereal time.
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FIG. 1: The local sidereal phase histograms for Run I and

Run II. Superposed are fits to a constant sidereal rate.

TABLE II: Weighted mean of Run I and Run II FFT powers

in first four even/odd harmonic coefficients; PF is the proba-

bility that the mean power is a noise fluctuation.

cos () p̄(FFT) PF sin () p̄(FFT) PF

(ω⊕T⊕) -0.002 0.91 (ω⊕T⊕) 0.024 0.18

(2ω⊕T⊕) 0.011 0.54 (2ω⊕T⊕) 0.011 0.54

(3ω⊕T⊕) -0.006 0.74 (3ω⊕T⊕) -0.004 0.83

(4ω⊕T⊕) -0.016 0.37 (4ω⊕T⊕) 0.023 0.20

The histograms of the νµ events/POT as a function of

LSP for Run I and Run II are given in Fig. 1. The dif-

ferences in the average event rates are due primarily to

different relative positions of the target and magnetic fo-

cusing horns for the two runs.

We performed an FFT analysis on the Run I and Run

II sidereal phase histograms in Fig. 1 and we computed

the weighted mean of the powers returned for the even

(cos ) and odd (sin ) powers for harmonic frequencies out

to 4ω⊕T⊕. The weighting factors were the mean event

rates for each run. The resulting mean powers, p̄(FFT ),

are listed in Table II.

These results were tested for several possible system-

atic effects. We found that systematic increases or de-

creases in the event rate of 5% in 6 months do not affect

these results. We also searched for systematic changes

in the rates from day to night and found no variations

> 0.1%. In addition, we searched and found no sidereal

modulation in the CC/NC ratio for these data. This test

shows that there are no systematic effects associated with

neutrino production in the beam that affect this sidereal

analysis.

We constructed 1,000 simulated experiments for both

runs without a sidereal signal to test the significance of

the powers given in Table II. We used the data them-

selves to construct these experiments. We first generated

1,000 sets of sidereal phases for Run I and Run II, with

Phase Histograms Results: Search for a Sidereal Signal  
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TABLE I: Run Parameters

CC Events POT Run Dates

Run I 1.82× 10
6

1.25× 10
20

May05 – Feb06

Run II 1.62× 10
6

1.14× 10
20

Sept06 – Mar07

of protons delivered to the target for each spill (POT)

was measured using toroidal beam current transform-

ers. The uncertainty in the number of POT for each

spill is ±1.0% [6]. Neutrino events in the ND fiducial

volume were selected based on their timing and spatial

information [8, 13]. The neutrinos were separated into

charged current-like (CC) or neutral current-like (NC)

events, as described in [8]. CC νµ events, identified by a

µ− track [6], were selected for further analysis to maxi-

mize the νµ → νx oscillation signal in MINOS.

Standard beam quality cuts [6] were applied to select

spills for the analysis. In addition, data quality cuts were

applied to remove runs in which there were detector prob-

lems, including cooling system failures, magnetic coil fail-

ures, or an incorrectly configured readout trigger.

The data were taken during two run periods. The pa-

rameters for these two runs are given in Table I. The

numbers of events and POT given are the numbers re-

maining in the sample after all cuts have been made.

Since the sidereal phase histograms in this analysis re-

quire accurate event timing, we describe how time stamps

are generated. The spill time is determined by the Global

Positioning System (GPS) receiver located in the ND

hall that reads out absolute Universal Coordinated Time

(UTC) and is accurate to 200 ns [14]. The Main Injec-

tor accelerates protons to 120 GeV/c and the spills are

extracted to NuMI using a pulsed dipole magnet. The

GPS time of the extraction magnet signal is recorded

and defines the spill time [14].

Each neutrino event was tagged with the local sidereal

time (LST) of its spill – the GPS spill time converted

to sidereal time. The local sidereal phase of an event is

given by LST×(ω⊕/2π) and has a range of 0-1. Event

times were not corrected for their time within a spill, an

approximation that introduces no significant systematic

error into the analysis.

The events in each spill were placed into a single bin in

a histogram spanning 0-1 in local sidereal phase (LSP).

The POT in the spill were binned into a second LSP

histogram. By dividing these two histograms, we get the

number of νµ events/POT as a function of LSP. This

final histogram gives the normalized neutrino event rate

in which we search for sidereal variations.

We used 32 bins for the LSP histograms. This binning

was chosen to search for sidereal variations with a Fast

Fourier Transform (FFT) [15] and the algorithm works

most efficiently for 2N bins. Since eq.(1) puts power into

harmonic frequencies associated with Fourier terms to

nω⊕, and for this analysis n = 1-4, we chose N = 5 as

the minimal binning that retains these harmonic terms.

Each bin spans 0.031 in LSP or 45 min in sidereal time.
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FIG. 1: The local sidereal phase histograms for Run I and

Run II. Superposed are fits to a constant sidereal rate.

TABLE II: Weighted mean of Run I and Run II FFT powers

in first four even/odd harmonic coefficients; PF is the proba-

bility that the mean power is a noise fluctuation.

cos () p̄(FFT) PF sin () p̄(FFT) PF

(ω⊕T⊕) -0.002 0.91 (ω⊕T⊕) 0.024 0.18

(2ω⊕T⊕) 0.011 0.54 (2ω⊕T⊕) 0.011 0.54

(3ω⊕T⊕) -0.006 0.74 (3ω⊕T⊕) -0.004 0.83

(4ω⊕T⊕) -0.016 0.37 (4ω⊕T⊕) 0.023 0.20

The histograms of the νµ events/POT as a function of

LSP for Run I and Run II are given in Fig. 1. The dif-

ferences in the average event rates are due primarily to

different relative positions of the target and magnetic fo-

cusing horns for the two runs.

We performed an FFT analysis on the Run I and Run

II sidereal phase histograms in Fig. 1 and we computed

the weighted mean of the powers returned for the even

(cos ) and odd (sin ) powers for harmonic frequencies out

to 4ω⊕T⊕. The weighting factors were the mean event

rates for each run. The resulting mean powers, p̄(FFT ),

are listed in Table II.

These results were tested for several possible system-

atic effects. We found that systematic increases or de-

creases in the event rate of 5% in 6 months do not affect

these results. We also searched for systematic changes

in the rates from day to night and found no variations

> 0.1%. In addition, we searched and found no sidereal

modulation in the CC/NC ratio for these data. This test

shows that there are no systematic effects associated with

neutrino production in the beam that affect this sidereal

analysis.

We constructed 1,000 simulated experiments for both

runs without a sidereal signal to test the significance of

the powers given in Table II. We used the data them-

selves to construct these experiments. We first generated

1,000 sets of sidereal phases for Run I and Run II, with

4

harmonics are uncorrelated and normally distributed in

the experiments.

Using the Neyman construction [? ], our threshold

for signal detection in any harmonic is the quadratic

power p(FFT) that is greater than 99.7% of the entries in

its p1, . . . , p4 histogram. We take these signal detection

thresholds as the 99.7% confidence level (C.L.) for the

probability that a measured quadratic sum of powers for

any harmonic was not drawn from a distribution having a

sidereal signal. These thresholds are 0.30, 0.30, 0.29, and

0.31 for p1, . . . , p4, respectively and we adopt pth = 0.31
as the overall detection threshold.

We determined the minimum detectable sidereal mod-

ulation for this analysis by injecting a sidereal signal of

the form A sin(ω⊕T ), where A is a fraction of the mean

event rate, into a new set of 104 simulated experiments

and repeating the FFT analysis. We found that every

experiment gave p1 ≥ 0.31 when A = 0.8% of the mean

rate. Thus, this analysis is sensitive to sub-percent level

sidereal variations in the mean event rate.

Once the threshold for the signal detection was deter-

mined we performed the FFT analysis using the actual

data event rate as a function of LSP shown in Fig. 2. The

LSP

0 0.2 0.4 0.6 0.8 1

 P
O

T
1

8
E

v
e

n
ts

/1
0

3.75

3.80

3.85

3.90

3.95

FIG. 2: The phase diagram of the CC antineutrino event rate

for the ND data. The mean rate of 3.84 events per 10
15

POT

is superposed and has χ2/ndf = 21.7/31.

results for p1, . . . , p4 are given in Table II. This table also

shows the probability, PF , that the measured power is

due to a noise fluctuation. PF is the probability of draw-

ing a value of p1, . . . , p4 from the parent distribution in

Fig. 1 at least as large as found in the data. As none of

TABLE II: Results for the p1, . . . , p4 statistics for the data

shown in Fig. 2. The third column gives the probability, PF ,

that the measured power is due to a noise fluctuation.

Statistic p(FFT) PF
p1 0.12 0.42

p2 0.17 0.16

p3 0.13 0.35

p4 0.10 0.54

the values p1, . . . , p4 exceed our detection threshold, we

find no evidence for a sidereal signal in the antineutrino

data set.

We investigated the sensitivity of our results to sev-

eral sources of systematic uncertainties. In the previous

MINOS analyses [8, 9], the NuMI target was observed to

have degraded, causing a drop in the event rate through-

out the exposure. Because of this degradation, we ex-

amined how linear changes in the event rate over time

would affect the determination of the detection thresh-

olds and found such changes had no effect. The NuMI

target was replaced between the data taking period of

the previous analyses and this analysis. The new target

did not show evidence of degradation during the course

of its exposure. Given that systematic changes in the

event rate were shown not to affect the previous results

and that there is no evidence for such changes in these

data, this source of systematic uncertainty is negligible.

Potential differences in the event rate for data taken

during the solar day compared to the solar night are

another possible source of systematic uncertainty. We

looked for these effects by looking at the event rate for

data taken during the solar day versus the solar night.

These rates are consistent with no diurnal variations and

we conclude that diurnal effects are not masking a true

sidereal signal in the data.

There is a known ±1% uncertainty in the recorded

number of POT per spill [10]. We verified this uncer-

tainty could not introduce a modulation that would mask

a sidereal signal by introducing random variations of this

scale in the number of POT recorded from each spill and

repeating the FFT analysis. We observed no change in

the detection threshold due to these variations. We also

checked whether long term drifts in the calibration of the

POT recording toroids of the size ±5% over six months

could change the detection threshold. We injected artifi-

cial changes in the event rate of this magnitude into the

data and repeated the analysis. No changes in the de-

tection threshold were observed. Thus we conclude that

the POT counting uncertainties cannot mask a sidereal

signal.

As first pointed out by Compton and Getting [15],

atmospheric effects can mimic a sidereal modulation if

there were a solar diurnal modulation in the event rate

that beats with a yearly modulation. Following the meth-

ods described in [16], we found the amplitude of the po-

tential faux sidereal modulation would be only 0.5% of

our minimum detectable modulation and therefore would

not mask a sidereal signal that MINOS could detect.

In the absence of a sidereal signal, we can determine

the 99.7% C.L. upper limits on the SME coefficients

Re(aL)αab, Im(aL)αab, Re(cL)
αβ
ab , and Im(cL)

αβ
ab using the

MINOS Monte Carlo simulation [10]. In this simulation,

events are generated by modeling the NuMI beam line,

including hadron production by the 120 GeV/c protons,

propagation of the hadrons through the focusing elements

and 675 m decay pipe to the beam absorber, and the

calculation of the probability that any neutrinos gener-

= probability that the measured 
   power due to noise fluctuation  
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termined using only the Runs I and II data. The Run III

data, comprising more than 50% of the total, were in-

cluded only after finalizing the analysis procedures.

TABLE I: Run Parameters

Run Dates POT CC Events

Run I May05 – Feb06 1.24× 10
20

281

Run II Sep06 – Jul07 1.94× 10
20

453

Run III Sep07 – Jun09 3.88× 10
20

954

We tagged each neutrino event with the time deter-

mined by the Global Positioning System (GPS) receiver

located at the FD site that reads out absolute Universal

Coordinated Time (UTC) and is accurate to 200 ns [10].

The GPS time of the accelerator extraction magnet signal

defined the time of each 10 µs beam spill. We converted

the time of each neutrino event and spill to local sidereal

time T⊕ (LST) in standard ways [11]. The uncertainty in

the GPS time stamps introduced no significant system-

atic error into the analysis [6]. We placed each detected

CC event into a histogram that ranged from 0-1 in local

sidereal phase (LSP), the LST of the event divided by the

length of a sidereal day. We used the LSP for each spill

to place the number of POT for that spill, whether or

not there was a neutrino event associated with it, into a

second histogram. By dividing these two histograms, we

obtained the normalized neutrino event rate as a function

of LSP, in which we searched for sidereal variations.

Since the search for sidereal variations used a Fast

Fourier Transform (FFT) algorithm that works most ef-

ficiently for N = 2n bins [12] and eq. (1) only puts

power into the Fourier terms ω⊕T⊕ and 2ω⊕T⊕, we chose
N = 24 = 16 bins to retain these harmonic terms while

still providing sufficient resolution in sidereal phase to de-

tect a sidereal signal. With this choice, each bin spanned

0.063 in LSP or 1.5 hours in sidereal time.

The statistical similarity of the event rates for all runs

was tested by comparing the rate for run i in LSP phase

bin j, Rij , with the weighted mean rate for that bin, R̄j .

The distribution of r = (Rij − R̄j)/σij , where σij is the

statistical uncertainty in Rij for all i, j, is Gaussian with

r̄ = 0 and σ = 1, as expected for statistically consistent

runs. Given this result, we combined the runs into a

single data set whose rate as a function of LSP is shown in

Fig. 1. The mean rate is 2.36±0.06 events per 1018 POT

and the uncertainties shown in the figure are statistical.

We searched for a sidereal signal by looking for ex-

cess power in the FFT of the data in Fig. 1 at the

frequency corresponding to exactly 1 sidereal day. We

used two statistics in our search, p1 =
�
S2
1 + C2

1 and

p2 =
�

S2
2 + C2

2 , where S2
1 is the power returned by

the FFT for sin (ω⊕T⊕), C2
1 is the power returned for

cos (ω⊕T⊕), and S2
2 and C2

2 are the analogous powers for

the second harmonics. We used the quadratic sum of

powers to minimize the effect of the arbitrary choice of

zero point in phase at 0h LST. Table II gives the p1 and
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FIG. 1: Event rate as a function of LSP for the total data set.

p2 values returned by the FFT for the total data set.

TABLE II: Results for the p1 and p2 statistics from an FFT

of the data in Fig. 1. The third column gives the probability,

PF , the measured value is due to a statistical fluctuation.

statistic p(FFT ) PF
p1 1.09 0.26

p2 1.13 0.24

We determined the significance of our measurements

of p1 and p2 by simulating 104 experiments without a

sidereal signal. To construct these experiments we used

the data themselves by randomizing the LSP of each CC

event 104 times and placing each instance into a different
phase histogram. We next randomized the LSP of each

spill 104 times and placed the POT for each instance into

another set of histograms. We drew the phases for each

event and spill randomly from the LSP histogram of the

start times for all spills. Dividing an event histogram by

a POT histogram produced one simulated experiment.

The randomization of both the spill and event LSP re-

moved any potential sidereal variation from the data.

We performed the FFT on the simulated experiments

and computed the p1 and p2 statistics for each. The

resulting distributions of p1 and p2 are nearly identical

as shown in Fig. 2. The third column of Table II gives the

probability, PF , that the harmonic powers we found were

due to statistical fluctuations. PF is the probability of

drawing a value of p1 or p2 from the parent distribution

in Fig. 2 at least as large as found in the data.

The solid line at p(FFT ) = 2.26 in Fig. 2 divides

the p2 histogram at the point where 99.7% of the en-

tries have lower values of the statistic. Consequently we

took p(FFT ) = 2.26 as the 99.7% confidence limit that a

measured p(FFT ) for either harmonic indicates the dis-

tribution had no sidereal signal. That is, we adopted

p(FFT ) ≥ 2.26 as our signal detection threshold. Based

on this threshold, the p1 and p2 statistics in Table II show

no evidence for a sidereal signal. Thus, the normalized

neutrino event rate exhibits no statistically significant

Far Detector Neutrino Sample 
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harmonics are uncorrelated and normally distributed in

the experiments.

Using the Neyman construction [? ], our threshold

for signal detection in any harmonic is the quadratic

power p(FFT) that is greater than 99.7% of the entries in

its p1, . . . , p4 histogram. We take these signal detection

thresholds as the 99.7% confidence level (C.L.) for the

probability that a measured quadratic sum of powers for

any harmonic was not drawn from a distribution having a

sidereal signal. These thresholds are 0.30, 0.30, 0.29, and

0.31 for p1, . . . , p4, respectively and we adopt pth = 0.31
as the overall detection threshold.

We determined the minimum detectable sidereal mod-

ulation for this analysis by injecting a sidereal signal of

the form A sin(ω⊕T ), where A is a fraction of the mean

event rate, into a new set of 104 simulated experiments

and repeating the FFT analysis. We found that every

experiment gave p1 ≥ 0.31 when A = 0.8% of the mean

rate. Thus, this analysis is sensitive to sub-percent level

sidereal variations in the mean event rate.

Once the threshold for the signal detection was deter-

mined we performed the FFT analysis using the actual

data event rate as a function of LSP shown in Fig. 2. The

LSP
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FIG. 2: The phase diagram of the CC antineutrino event rate

for the ND data. The mean rate of 3.84 events per 10
15

POT

is superposed and has χ2/ndf = 21.7/31.

results for p1, . . . , p4 are given in Table II. This table also

shows the probability, PF , that the measured power is

due to a noise fluctuation. PF is the probability of draw-

ing a value of p1, . . . , p4 from the parent distribution in

Fig. 1 at least as large as found in the data. As none of

TABLE II: Results for the p1, . . . , p4 statistics for the data

shown in Fig. 2. The third column gives the probability, PF ,

that the measured power is due to a noise fluctuation.

Statistic p(FFT) PF
p1 0.12 0.42

p2 0.17 0.16

p3 0.13 0.35

p4 0.10 0.54

the values p1, . . . , p4 exceed our detection threshold, we

find no evidence for a sidereal signal in the antineutrino

data set.

We investigated the sensitivity of our results to sev-

eral sources of systematic uncertainties. In the previous

MINOS analyses [8, 9], the NuMI target was observed to

have degraded, causing a drop in the event rate through-

out the exposure. Because of this degradation, we ex-

amined how linear changes in the event rate over time

would affect the determination of the detection thresh-

olds and found such changes had no effect. The NuMI

target was replaced between the data taking period of

the previous analyses and this analysis. The new target

did not show evidence of degradation during the course

of its exposure. Given that systematic changes in the

event rate were shown not to affect the previous results

and that there is no evidence for such changes in these

data, this source of systematic uncertainty is negligible.

Potential differences in the event rate for data taken

during the solar day compared to the solar night are

another possible source of systematic uncertainty. We

looked for these effects by looking at the event rate for

data taken during the solar day versus the solar night.

These rates are consistent with no diurnal variations and

we conclude that diurnal effects are not masking a true

sidereal signal in the data.

There is a known ±1% uncertainty in the recorded

number of POT per spill [10]. We verified this uncer-

tainty could not introduce a modulation that would mask

a sidereal signal by introducing random variations of this

scale in the number of POT recorded from each spill and

repeating the FFT analysis. We observed no change in

the detection threshold due to these variations. We also

checked whether long term drifts in the calibration of the

POT recording toroids of the size ±5% over six months

could change the detection threshold. We injected artifi-

cial changes in the event rate of this magnitude into the

data and repeated the analysis. No changes in the de-

tection threshold were observed. Thus we conclude that

the POT counting uncertainties cannot mask a sidereal

signal.

As first pointed out by Compton and Getting [15],

atmospheric effects can mimic a sidereal modulation if

there were a solar diurnal modulation in the event rate

that beats with a yearly modulation. Following the meth-

ods described in [16], we found the amplitude of the po-

tential faux sidereal modulation would be only 0.5% of

our minimum detectable modulation and therefore would

not mask a sidereal signal that MINOS could detect.

In the absence of a sidereal signal, we can determine

the 99.7% C.L. upper limits on the SME coefficients

Re(aL)αab, Im(aL)αab, Re(cL)
αβ
ab , and Im(cL)

αβ
ab using the

MINOS Monte Carlo simulation [10]. In this simulation,

events are generated by modeling the NuMI beam line,

including hadron production by the 120 GeV/c protons,

propagation of the hadrons through the focusing elements

and 675 m decay pipe to the beam absorber, and the

calculation of the probability that any neutrinos gener-

Near Detector Antineutrino Sample 

No evidence for a sidereal signal! 



Minimum Detectable Signal

• Injected known signal into random experiments to determine minimum 
signal size where we are certain to see a signal

• A 0.8% signal has all of the random experiments above the detection 
threshold

Saturday, September 24, 2011

Minimum Detectable Signal in Paper III (anti-nus)  

Simulated Near Detector antineutrino  
experiments with 0.8% injected signal 

•  a periodic signal whose strength is 0.8% of the mean event 
rate has harmonic powers that exceed the threshold for 
detection in all numerical experiments (ND antineutrino) 

3

also applied data quality cuts to remove data where there

were cooling system problems, magnetic coil problems, or

an incorrectly configured readout trigger.

Two independent periods of muon antineutrino data

taking are combined to comprise the data set for this

analysis. Table I gives the run dates, number of protons

incident on the target (POT), and the number of CC

events remaining in the sample after all selections have

been made, NCC . The events were selected following the

prescription of a previous MINOS analysis [11]. Our pre-

vious analysis used 3.54 × 106 muon neutrinos observed

in the ND [8].

TABLE I: Antineutrino Data Sample.

Run Dates POT NCC

Sep09 – Mar10 1.67× 10
20

637,805

Nov10 – Jan11 0.98× 10
20

379,877

Total 2.65× 10
20

1,017,682

We used the ratio of the events observed to the num-

ber of POT recorded as a function of sidereal time as

the normalized quantity in which to search for sidereal

variations. Studies have shown that the mean number of

antineutrinos per POT in the ND has remained stable to

about 1% throughout the data taking. We implemented

the search for a sidereal signal as a blind analysis where

we only examined the event rate for the data once the

analysis procedures were determined. We used the side-

real time distribution of the beam spills and the total

number of antineutrino events in the data set as inputs

to generate 104 numerical experiments that simulated the

data set without a sidereal signal. We then performed a

Fourier analysis on these simulated experiments to estab-

lish the search criteria needed to find a sidereal signal.

We constructed our simulated experiments based on

the local sidereal time (LST) distribution, T⊕, of the

beam spills converted to local sidereal phase (LSP),

where LSP = mod (T⊕ω⊕/2π). To generate this his-

togram, we converted the time of the extraction magnet

signal that initiates each spill, as recorded by a GPS unit,

into LST in standard ways [12]. The GPS time is accu-

rate to 200 ns [13] and event times were not corrected for

the time within the 10 µs spill. We then computed the

LSP for each beam spill and entered it into a histogram

with 32 bins ranging from 0 − 1 in LSP. We chose this

binning because the Fast Fourier Transform (FFT) al-

gorithm used to look for sidereal variations works most

efficiently for 2N bins [14]. Since Eq. (1) only puts

power into the four harmonic terms ω⊕T⊕, . . . , 4ω⊕T⊕,
we adopted N = 5 as the binning that retains these har-

monic terms while still providing sufficient resolution in

sidereal time to detect a signal. Each phase bin spans

0.031 in LSP or 45 minutes in sidereal time.

To construct the simulated experiments we took each

spill in the data set one at a time and randomly assigned

a new LSP for the spill from the LSP distribution of all

spills. We assigned the number of POT in the spill to

one histogram in LSP using the newly assigned phase

and then checked whether any antineutrino events were

recorded for the spill. If so, we put those events in a

second histogram using the same LSP. This procedure

ensured that the correlation between POT and events

observed in the ND for each spill was retained. By the

end of the simulation, we have two histograms: one with

POT as a function of LSP and one with the events as a

function of LSP. By picking spill times out of the LSP

distribution for the data, we are assured that both his-

tograms have their entries distributed properly in LSP. In

addition, we guaranteed that no sidereal signal is present

in the simulated experiments since any correlation be-

tween the data spills is removed. We took the ratio of

these two histograms to obtain the rate histogram for the

simulated experiment.

We next performed an FFT on each simulated rate his-

togram and computed the power in the four harmonic

terms (ω⊕T⊕, . . . , 4ω⊕T⊕) appearing in the oscillation

probability, Eq.(1). Let S1 be the power returned by

the FFT for the first harmonic term sin (ω⊕T⊕) and

C1 be the power returned for the first harmonic term

cos (ω⊕T⊕); similarly define (S2, C2), . . . ,( S4, C4). Then

the statistics we used in our search are

p1 =

�
S2
1 + C2

1 , . . . , p4 =

�
S2
4 + C2

4 . (4)

We added the powers in quadrature to eliminate the effect
of the arbitrary choice of a zero point in phase at 0h LST.

Fig. 1 shows the distribution of p1, . . . , p4 for the 104

simulated experiments. The distributions for p1, . . . , p4
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FIG. 1: The distributions for the quadratic sum of powers

p1, . . . , p4 from the FFT analysis of 10
4
simulated experiments

without a sidereal signal. The inset shows the distribution

for p1 with a fit to a Rayleigh distribution having σ = 0.09
superposed.

are quite similar. These distributions are well described

by a Rayleigh distribution with σ = 0.09, showing that

the powers for the sine and cosine terms of the various

•  inject known periodic signal into numerical  experiments to 
find minimum signal strength needed for certain detection 

Simulated Near Detector anti-nu  
experiments with no signal 



Setting Limits on SME Coefficients 

•  Place limits by setting all SME coefficients but one to 0, and 
then increasing the strength of the nonzero coefficient until 
a signal crosses the detection threshold 

•  Average the results from 1,000 independent determinations 

•  A few issues: 

-  for the ND, we find limits on 36 coefficients: real and 
imaginary components for oscillations to νe and ντ 

-  for the FD, we find limits on 18 coefficients; only 
oscillations to ντ 

The Search for Lorentz Invariance and CPT Violation with Antineutrinos in the

MINOS Near Detector

Stuart L. Mufson, Benton Pahlka, and Brian J. Rebel

(Dated: April 16, 2012)

We have extended our search for Lorentz invariance violation and CPT violation to antineutrinos
in the near detector. Like our previous analyses, this search looks for a statistically significant
sidereal signal in the rate of CC events based on the predictions of the Standard Model Extension
theory. The search was made by blind analysis.

I. INTRODUCTION

Central to both the Standard Model (SM) and General Relativity (GR) are the principles of Lorentz and CPT

invariance. Extensions to the Standard Model, known as the Standard Model Extension (SME) [1, 2], suggest that

Lorentz and CPT invariance could be violated at the Planck scale, mp = 1019 GeV. Consequently, the detection of

CPT or Lorentz invariance violation (LV) could provide a link to Planck scale physics. The SME is an observer-

independent theoretical framework that contains all the Lorentz violating (LV) terms involving particle fields in the

SM and gravitational fields in GR. With only mild assumptions, CPT violation also describes the general breaking of

CPT symmetry [3].

The SME framework predicts several unconventional phenomena, among which is one that arises from the de-

pendence of the neutrino oscillation probability on the direction of neutrino propagation [4] with respect to the

Sun-centered inertial frame in which the SME is formulated. With both beam neutrino source and detector fixed

on the Earth’s surface, the theory predicts that the Earth’s sidereal rotation introduces a sidereal variation in the

number of neutrinos detected from the beam. That is, the terrestrial NuMI neutrino beam would show variations in

the number of detected neutrinos at the MINOS detectors with the sidereal frequency of ω⊕ = 2π/(23h56m04.0982s).
Two of us (SLM, BJR) have written on LV before (Paper 1: 2008, “Testing Lorentz Invariance and CPT Conser-

vation with MINOS Near Detector Neutrinos”, Phys.Rev.Lett., 101, 151601; Paper 2: 2010, “A Search for Lorentz

Invariance and CPT Violation with the MINOS Far Detector”, Phys.Rev.Lett., 105, 151601). This paper advances

the work described in those papers in three important ways:

First, MINOS has not yet done a search for LV with antineutrinos; the search has only been made with neutrinos.

The discovery potential for LV is therefore raised because this antineutrino search opens a new window onto the

phenomenon. In addition, a MiniBooNE report [5] has suggested there is an LV signal in their antineutrino data. Al-

though the MiniBooNE signal is below the energy threshold for MINOS, there is every expectation as experimentalists

that this antineutrino LV signal, if real, would persist to higher energies. Otherwise, two of the most well-established

symmetries in nature (Lorentz invariance, CPT) would manifest violations only in antineutrinos in a particular energy

range. Possible, but somewhat implausible.

Second, we can resolve an issue first raised with regard to the analysis in Paper 1 (2008). In Paper 1 we used the

results of our negative search for a sidereal modulation in the near detector neutrino rate to determine upper limits to

the (aL)αab and (cL)
αβ
ab coefficients that characterize the SME theory. We determined these coefficients using the Monte

Carlo simulation. We first set all but one of the SME coefficients to zero in the equation for the survival probability.

We then increased the magnitude of the nonzero coefficient until we saw a 3σ signal. As became apparent, this

procedure – by which we vary one parameter at a time to determine the limits – could miss fortuitous cancellations

of SME coefficients and thereby mask an LV signal.

What we did not appreciate at the time was that we were not setting limits for 9 coefficients with our procedure:

aXL , aYL , c
TX
L , cTY

L , cXX
L , cY Y

L , cXY
L , cY Z

L , cXZ
L . Rather, we were setting limits on 36 coefficients. Each of the (aL)αab

and (cL)
αβ
ab coefficients is complex, so it has both real and imaginary parts. In addition, the equation for the oscillation

probability Pνµ→νx in Paper 1 does not identify which neutrino flavor the νµ oscillates to; it could be either νµ → νe
or νµ → ντ . So each of the upper limits on the SME coefficients actually represents 4 limits: (real part, imaginary

part) for either (νµ → νe or νµ → ντ ). That seems to exacerbate the issue of fortuitous cancellations, which was

contentious enough the first time around.

The LV search with antineutrinos that we present here sheds light on this issue. Although the equation for the

oscillation probability has the same form for neutrinos (eq.(1) in Paper 1) and antineutrinos (eq.(4)) and the (aL)α

and (cL)αβ coefficients are by definition the same for both neutrinos and antineutrinos, they come into the definitions

of the (Ac), (As), (Bc), (Bs) (c.f., eq. 5) in different, nonlinear ways. The reason is that the decomposition of the

(aL)α and (cL)αβ coefficients into real and imaginary components is different for neutrinos and antineutrinos. For



•  A few issues: 

-  many fewer events (1/R2) in FD but much better limits 

TABLE III: Limits on SME coefficients for νµ → ντ ; (aL)α
τµ have units [GeV]; (cL)

αβ
τµ are unitless.

(aL)X
τµ 8.6× 10−23 (aL)Y

τµ 8.4× 10−23

(cL)TX
τµ 0.7× 10−23 (cL)TY

τµ 0.7× 10−23

(cL)XX
τµ 3.6× 10−23 (cL)Y Y

τµ 3.7× 10−23

(cL)XY
τµ 1.8× 10−23 (cL)Y Z

τµ 1.0× 10−23

(cL)XZ
τµ 1.0× 10−23 – –

The upper limits on the SME coefficients in Table III are to be compared with the

results from the ND [7], reproduced in Table IV. (For the ND the SME coefficients do not

distinguish νµ → νe,τ .) The results of this comparison show that we have improved the

limits on the SME coefficients by factors of order 10 - 350.

TABLE IV: Limits on SME coefficients for νµ → νx as determined for the MINOS ND [7]; aL have

units [GeV]; cL are unitless. For the ND the SME coefficients do not distinguish νµ → νe,τ .

aX
L 3.0× 10−20 aY

L 3.0× 10−20

cTX
L 0.9× 10−22 cTY

L 0.9× 10−22

cXX
L 5.6× 10−21 cY Y

L 5.5× 10−21

cXY
L 2.7× 10−21 cY Z

L 1.2× 10−21

cXZ
L 1.3× 10−21 – –

2. What makes the Far Detector More Sensitive to the SME Coefficients?

This question naturally arises because of the significant loss of statistics when comparing

the FD analysis with the ND. In particular, there are 734 CC events in the FD data set and

3.44× 106 CC events in the ND data set [7]. So why, if the statistics decrease by a factor of

734/(3.44×106) = 2.1×10−4 between the FD and ND analyses, does the sensitivity improve

by a factors as large as 350?

As a first step, we estimate the expected ratio of FD to ND CC events to be sure the

statistics are sensible. We make this estimate by assuming that the Far/Near CC event

19
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TABLE III: 99.7% C.L. limits on SME coefficients for νµ →
ντ ; (aL)α

µτ have units [GeV]; (cL)αβ
µτ are unitless. The columns

labeled I show the improvement from the near detector limits.

Coeff. Limit I Coeff. Limit I
(aL)X

µτ 5.9× 10−23 510 (aL)Y
µτ 6.1× 10−23 490

(cL)TX
µτ 0.5× 10−23 20 (cL)TY

µτ 0.5× 10−23 20
(cL)XX

µτ 2.5× 10−23 220 (cL)Y Y
µτ 2.4× 10−23 230

(cL)XY
µτ 1.2× 10−23 230 (cL)Y Z

µτ 0.7× 10−23 170
(cL)XZ

µτ 0.7× 10−23 190 – – –

for neutrinos traveling over the 735 km baseline from

their production in the NuMI beam to the MINOS FD.

The limits on the SME coefficients in Table III for the

FD that come from this null result improve the limits we

found for the ND by factors of order 20 - 510 [6]. This

improvement is due to the different behavior of the oscil-

lation probability in the short and long baseline approxi-

mations coupled with the significantly increased baseline

to the FD. These improvements more than offset the sig-

nificant decrease in statistics in the FD. They are the first

limits to be determined for the neutrino sector in which

LV and CPTV are assumed to be a perturbation on the

conventional neutrino mass oscillations.
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Why is the FD more sensitive? 

•  the two baselines test different limiting cases of the same theory 
•  oscillation probability goes as L2 in the ND and 2L in the FD 
•  work out the theory – for the aL coefficient 

The equations for the oscillation probabilities are quite complicated. To work out an

explanation for the increased sensitivity for the coupling coefficients in the FD we simplify

the problem by considering only the aL coefficients since they do not enter the equations in

an energy dependent way.

The LV oscillation signal we are searching for shows up as a periodicity in the event rate

with an amplitude given by the oscillation probability. With all coefficients but aL set to

zero, eq.(21) for the amplitude of the oscillation in the near detector can be approximated

(Pµx)ND ∼ (aL)
2
ND × L2

ND × F2
ND(χ, θ,φ), (22)

where FND(χ, θ,φ) represents the angle dependent factors. In the ND (as well as the FD)

analysis, we set the limits on the SME coefficients by increasing the magnitude of the

aL coefficient until the signal power reached the 3σ detection limit. For the ND, this 3σ

detection limit is

(aL)
2
ND × L2

ND × F2
ND = 3/

�
NND .

Taking the square root gives

(aL)ND × LND × FND =
√
3/(NND)

1/4 . (23)

Repeating the same arguments for the FD, eq.(11) for the amplitude of the oscillation in

the far detector becomes

(Pµτ )FD ∼ 1

2
sin

�2.534∆m2
32L

E

�
(aL)FD × (2LFD)× FFD(χ, θ,φ), (24)

where FFD(χ, θ,φ) is the appropriate angle factor for the FD. Again the 3σ detection limit

is

(aL)FD × (2LFD)× FFD × [
1

2
sin

�2.534∆m2
32LFD

E

�
] = 3/

�
NFD. (25)

Dividing eq.(25) by eq.(23) and approximating the angle factors

FFD(χ, θ,φ) ∼ FND(χ, θ,φ) ∼
1

2

gives for the ratio of the SME coefficients (aL)FD/(aL)ND

(aL)FD/(aL)ND =
√
3× (NND)

1/4/(NFD)
1/2 × (LND/2LFD)× [

1

2
sin

�2.534∆m2
32LFD

E

�
]−1.

(26)

23
result: just what is seen 

Substituting NFD = 734, NND = 3.44× 106, LND = 750 m, LFD = 735 km,

∆m2
32 = 2.3× 10−3 eV2, and E = 3 GeV in eq(26) gives

(aL)FD/(aL)ND ≈ 1/363. (27)

From Table III and Table IV, we find (aL)FD/(aL)ND = 1/349, which closely approximates

the increase in sensitivity we computed in eq.(27).

The increased sensitivity to the cL coefficients, however, is much more difficult to estimate

because of the complex interplay of the directional dependences and the energy dependence

in their determination. The coefficients computed in §IIID 1 show that these dependencies

result in a decrease in sensitivity from the maximum possible, which is not that surprising.

IV. RESULTS FOR THE TOTAL DATA SET

A. Far Detector Neutrino Data Sample

Table V gives the Run dates, number of POT, and the number of CC events remaining in

the sample after all cuts have been made. As this table shows, the addition of the Run III

TABLE V: Run Parameters

Run Dates POT CC Events

Run I May05 – Feb06 1.24× 1020 281

Run II Sep06 – Jul07 1.94× 1020 453

Run III Sep07 – Jun09 3.88× 1020 954

data to the open data set increases event sample by a factor of 2.3, which is consistent with

the increase in POT by a factor of 2.2. As expected, the neutrino production rate as a

function of POT has remained steady during Run III data taking. The estimate for the

Far/Near CC event ratio for the total data set computed from eq.(20) is 4.4× 10−4, which

is consistent with the measured value of 4.9× 10−4.

The histograms of the CC events/1018 POT as a function of LSP for Run I, Run II, and

Run III are shown for each of the three runs individually in Fig. 14. Least squares fits to a

constant sidereal rate give 2.17± 0.13 for Run I, 2.25± 0.11 for Run II, and 2.41± 0.08 for

Run III in units [CC events/1018 POT/bin], where the bin width is 1.5 sidereal hours .

24

calculated 

= 1/349              measured 



Setting Limits on SME Coefficients 

•  Combine limits from all 3 analyses 
-  our neutrinos and antineutrino analyses show no evidence  
    for Lorentz invariance violation 
-  assumption: there is no signal in our data, but we can  
    only make that claim to a certain experimental precision 
-  that precision can be translated into a Gaussian σ, and 

Setting Limits on SME Coefficients

• Place limits on the (9x4) SME coefficients by evaluating each coefficient one 
at a time and determining the value of the coefficient that produces a 
detectable signal

• Averaged the results from 1000 experiments

• Limits are for both real and imaginary components

• Combine with previous ND neutrino data limits using above expression

1
L2

=
1

L2
ν

+
1

L2
ν̄
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5

ated traverse the ND. The ND neutrino event simulation

takes the neutrinos from the NuMI simulation, along with

weights determined by decay kinematics, and uses this

information as input into the simulation of the ND.

We determined the confidence limit for an SME coeffi-

cient by simulating a set of experiments in which we set

all but this one coefficient to zero. For the first simulated

experiment, we injected a negligible LV signal into the

simulation and constructed the resulting LSP histogram.

We calculated the survival probability for each antineu-

trino from its energy, the distance it travels to the ND

in the simulation and a value for the magnitude of the

SME coefficient causing a negligible LV signal. We used

this simulated LSP histogram to compute p1, . . . , p4 for

the experiment. We repeated the simulation 1000 times

to obtain the average value of each p1, . . . , p4 statistic

for the value of the chosen SME coefficient. We then

increased the value of the SME coefficient and recom-

puted the average value of each p1, . . . , p4 for a second set

of experiments. We continued the process of increasing

the value of the SME coefficient until the largest average

value of any p1, . . . , p4 crossed the detection threshold of

0.31. We took this value of the SME coefficient to be its

99.7% C.L. upper limit. We then computed upper limits

for the remaining SME coefficients in the same way.

The 99.7% C.L. upper limit of the SME coefficients

are given in Table III. These limits were cross-checked

by simulating 1000 experiments for each coefficient in

the table, where that coefficient was set to the deter-

mined limit and the rest were set to zero. The distri-

butions of the p1, . . . , p4 statistics for these experiments

showed the measured values in Table II were excluded

at more than the 99.7% C.L. This table has the same

TABLE III: The 99.7% C.L. upper limit on SME Coefficients

for νµ̄ → νx̄; (aL)
α
have units [GeV] and (cL)

αβ
are unitless.

(aL)
X

3.3× 10
−20

(aL)
Y

3.3× 10
−20

(cL)
TX

1.5× 10
−21

(cL)
TY

1.5× 10
−21

(cL)
XX

7.8× 10
−21

(cL)
Y Y

7.8× 10
−21

(cL)
XY

3.9× 10
−21

(cL)
Y Z

2.3× 10
−21

(cL)
XZ

2.3× 10
−21

– –

form as the 99.7% C.L. tables in [8, 9]. We point out

that for this analysis, as for the previous ND neutrino

analysis [8], each limit in this table actually represents

the 99.7% C.L. upper limit on 4 SME coefficients. For

(aL)X these are: Re(aL)Xeµ, Im(aL)Xeµ, Re(aL)Xµτ , and

Im(aL)Xµτ . Similarly, (aL)Y , (cL)TX , . . . , (cL)XZ repre-

sent limits on 4 SME coefficients (the Re and Im parts

of the coefficients for ν̄µ → ν̄e and ν̄µ → ν̄τ ).
By setting all but one SME coefficient to zero to de-

termine its confidence limit, our method is based on the

premise that our null detection does not result from fortu-

itous cancellations of SME coefficients that hide a signal

of oscillation terms in Eq. (1). Since the number of SME

coefficients is large, this could be an issue. In fact, we

raised this issue in [8, 9] when we determined confidence

limits based on our null detections with neutrinos. But

when taken together, the null searches for a sidereal sig-

nal with both neutrinos and antineutrinos make it clear

that fortuitous cancellations are quite unlikely. Although

both neutrino and antineutrino oscillations are described

by the same SME coefficients, the oscillation parameters

for neutrinos and antineutrinos have different, nonlinear
dependencies on them. Both sets of oscillation param-

eters would independently have to cancel. We conclude

that our method for determining the limits is sound.

For the 9 SME coefficients Re(aL)α and Re(cL)αβ for

the channel νµ → ντ , the limits found in [9] are the

most sensitive we can determine with our analyses of

the MINOS neutrino and antineutrino data. For the re-

maining 27 SME coefficients, however, we can improve

the limits by combining the results from [8] with those in

Table III. Let (CL)ν be the 99.7% C.L. upper limit on an

SME coefficient determined in [8] and (CL)ν̄ the 99.7%

C.L. upper limit determined here. The results of these

analyses show that any sidereal variation in the neutrino

or antineutrino rates is undetected and consistent with

zero. Since the measurement errors are also normally

distributed and uncorrelated between the neutrino and

antineutrino data sets we can combine the two limits as

1/(CL)2 = 1/(CL)2ν + 1/(CL)2ν̄ ,

where (CL) is the combined 99.7% C.L. upper limit [? ].

The most sensitive upper limits we have determined with

the MINOS neutrino and antineutrino data are given in

Table IV. As discussed, the way we determine the upper

TABLE IV: The most sensitive 99.7% C.L. upper limits on

the SME coefficients determined by MINOS neutrino and an-

tineutrino data; (aL)
α
ab have units [GeV] and (cL)

αβ
ab are unit-

less. Unless otherwise indicated, the limits were determined

using ND data.

Coefficient ab limit ab limit

Re(aL)
X
ab eµ 2.2× 10

−20 µτ f
5.9× 10

−23

Im(aL)
X
ab eµ 2.2× 10

−20 µτ 2.2× 10
−20

Re(aL)
Y
ab eµ 2.2× 10

−20 µτ f
6.1× 10

−23

Im(aL)
Y
ab eµ 2.2× 10

−20 µτ 2.2× 10
−20

Re(cL)
TX
ab eµ 9.0× 10

−23 µτ f
0.5× 10

−23

Im(cL)
TX
ab eµ 9.0× 10

−23 µτ 9.0× 10
−23

Re(cL)
TY
ab eµ 9.0× 10

−23 µτ f
0.5× 10

−23

Im(cL)
TY
ab eµ 9.0× 10

−23 µτ 9.0× 10
−23

Re(cL)
XX
ab eµ 4.6× 10

−21 µτ f
2.5× 10

−23

Im(cL)
XX
ab eµ 4.6× 10

−21 µτ 4.6× 10
−21

Re(cL)
Y Y
ab eµ 4.5× 10

−21 µτ f
2.4× 10

−23

Im(cL)
Y Y
ab eµ 4.5× 10

−21 µτ 4.5× 10
−21

Re(cL)
XZ
ab eµ 1.1× 10

−21 µτ f
0.7× 10

−23

Im(cL)
XZ
ab eµ 1.1× 10

−21 µτ 1.1× 10
−21

Re(cL)
Y Z
ab eµ 1.1× 10

−21 µτ f
0.7× 10

−23

Im(cL)
Y Z
ab eµ 1.1× 10

−21 µτ 1.1× 10
−21

Re(cL)
XY
ab eµ 2.2× 10

−21 µτ f
1.2× 10

−23

Im(cL)
XY
ab eµ 2.2× 10

−21 µτ 2.2× 10
−21

fDetermined using FD data [9].

Final MINOS Limits on SME Coefficients 



Conclusions 

•  MINOS has found no evidence for Lorentz invariance and CPT 
violation within the SME framework in the neutrino sector 

•  We have determined limits for several SME coefficients using 
both the short and long baseline approximations 

•  The analysis with the FD is the first to treat LV and CPTV as a 
perturbation to neutrino mass oscillations 

•  The method for detecting sidereal variations and limiting the 
SME coefficients has been adopted by IceCube to improve on our 
limits for a subset of the coefficients shown today 


