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The T2K experiment
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•Long baseline neutrino oscillation experiment in Japan (Tokai to Kamioka)

•Muon (anti-)neutrino beam produced from a 30 GeV proton beam (JPARC)

•Neutrinos detected at 2 points :

• the near detector (ND280) at 280 m 

• the far detector (Super-Kamiokande) at 295 Km

Far Detector 
(~300Km )

Near Detector 
(@~280m )

Japan Proton 
Accelerator Research 

Complex (JPARC)
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Plan of the talk

•External background at ND280

•Exotic physics
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deliverable: report on anti neutrino analysis; EMD:24 

deliverable: combined muon and electron neutrino oscillation analysis report; EMD: 48 
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External background
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•External background: interactions on the sand surrounding the detector 
and in the structures inside the detector pit

•A large number of particles enter in the detector, even from interaction 
at long distance

•low energy photons and neutrons (most abundant)

•muons

pit wall 

top view, 1e17 POT

neutrino interaction vertices for 
which the muon enter in the detector
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External background
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TOP VIEW 

n 
K+ 

pi- 
pi+ 

•Charged particles entering the detector can be identified and vetoed 
(unless reconstruction error occurs) 

•Neutral particles can re-interact inside active volume of the detector : 
Out of Fiducial Volume events

•Sand muon contamination is ~1% for ND280 samples used on the 
oscillation analysis

neutron re-interacts in FGD1,
the produced negative pion is selected
as muon candidate
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MC simulation
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•Simulation developed in 2012, never revised 

•Model partially realistic (dimension of the pit and detector boxes) but with 
some simplifications
•pit structures (no INGRID nor stairs in the simulation)

•no information on the sand: density and chemical composition assumed

•low energy particles not reaching the detector are not tracked 

40m 

24m 

20m 

ND280 

staircase 

floors 
and pillars INGRID 

front view 
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Data/MC comparison
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•Study of the sand MC simulation using a sample enriched in sand interaction: 
charged tracks with starting point in the first few layers of the P0D

•Rate in data: sand interactions + interaction in detector walls and coil

ν mode ν mode

•data/MC ratio ~1.1

•10% accuracy is good enough

•set as systematic uncertainty for the 
sand contamination to selected signal 
samples

•data/MC ratio slightly worse 

•pretty good agreement for positive 
particles

•big discrepancy for negative particles 
(~30% excess in data)
→ investigation ongoing
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Improvements and new ideas 
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•Optimisation of cuts (tested with neutrino beam MC only)

•Check of the influence of the sand density

•Modification of physics models used in GEANT propagation through the sand (neutron 
interactions)

•Modification of the pit geometry – add more structures (stairs, Ingrid)

•Can sand muons be used as beam monitoring?
•much higher rate than from interaction in P0D or FGD detectors
•sand muon typical rate is 220 tracks/1017 POT, with a precision of about 0.58% 

•Sand muons probe different energy range than events selected in the tracker
•they can be used to determine the fraction of wrong sign neutrino in the beam 
•can they be used to constrain the flux ?

Some ideas : 
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External Background : outlook
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•Tuning of the sand MC:
•in the next months new sand MC productions with changed models/parameters

•computer cluster in Warsaw will be used for production (software installed and tested)

•Sand muons as beam monitoring tool:
•basic study and documentation will be ready by the end of the year → work strongly 

connected to J. Lagoda’s work (deadline at end of 2015 )

•improvements will then be possible using the tuned MC
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Exotic physics
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•Lorentz violation at INGRID

•Sterile neutrinos at ND280
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Lorentz violation 
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•Predicted in most of the theories beyond the Standard Model 

•Consequence of merging SM w/ gravity  (Plank scale ~1019 GeV)

•Effective theory: 
Standard Model Extension (SME) = SM Lagrangian + all terms 
allowing a Lorenz violation spontaneous symmetry breaking

  

Lorentz violation BSM
Benjamin Quilain

● Predicted in most of the theories beyond the Standard Model (string, quantum 
loop or non-commutative geometry)

● Consequence of merging SM w/ gravity → occurs at the Planck Mass Scale = 1019 GeV

● Effective theory : Standard Model Extension (SME) = SM Lagrangian + all terms 
allowing a Lorentz-invariant spontaneous symmetry breaking

● Highly suppressed at GeV scale : 10-19 → direct measurements seems impossible ….

● … As Michelson and Morley experiment → Use interferences: Neutrino oscillation 
(interferences between the neutrino mass states)

Example of a vector field → Preferential direction
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Physics change 
w/ direction

Oscillations depend on the baseline alignment with absolute LV direction

from B. Quilain, talk at Blois 2015
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Lorentz violation 

12
  

Benjamin Quilain

ν
μ
 survival probability with sidereal time (@ INGRID on axis near detector)

Sidereal time dependent oscillations

Effect expected ~ 1%-0.1 %
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● Oscillations @ near detectors 
(sidereal time dependent)

● Focus on ν
μ
 disappearance @on axis 

detector (high stat)

1.  Pure ν
μ  

sample in INGRID → PID (e/µ separation)

2.  Remove time dependent effects (tides, beam re-alignement, temperature variations …)

With       the sidereal time, and                                         the sidereal angular phase 

•Search for Lorentz violation looking for 
interference with neutrino oscillations at INGRID

•Oscillations depends on the alignment of the baseline 
w/ the absolute LV direction

•Focusing on νµ disappearance (high statistics)

•Selection based on the e - µ particle identification

A parameter xSF is included to allow the cross-section
model to be linearly adjusted between the extremes of the
RFG (xSF ¼ 0) and SF (xSF ¼ 1) models. The nominal
value for xSF is taken to be zero, and the prior distribution
for xSF is assumed to be a standard Gaussian (mean zero
and standard deviation one) but truncated outside the range
[0, 1].

E. Summary of cross section systematic parameters

All the cross-section parameters, ~x, are summarized in
Table VII, including the errors prior to the analysis of near
detector data. They are categorized as follows:
(1) Common between ND280 and SK; constrained by

ND280 data. The parameters which are common
with SK and well measured by ND280 are MQE

A ,
MRES

A and some normalization parameters.
(2) Independent between ND280 and SK and, therefore,

unconstrained by ND280 data. The parameters pF,
EB and SF are target nuclei dependent and so are
independent between ND280 (12C) and SK (16O).

(3) Common between ND280 and SK, but for which
ND280 data have negligible sensitivity, so no con-
straint is taken from ND280 data. The remaining
parameters in Table VII are not expected to be
measured well by ND280 and, therefore, are treated
like independent parameters.

We define ~xn to be the set of cross-section systematic
parameters which are constrained by ND280 data (category
1) to distinguish them from the remaining parameters ~xs
(categories 2 and 3).

IV. NEAR DETECTORS

Precision neutrino oscillation measurements require
good understanding of the neutrino beam properties and
of neutrino interactions. The two previous sections describe
how we model these aspects for the T2K experiment and
how we use external data to reduce model uncertainty.
However, if only external data were used, the resulting
systematic uncertainty would limit the precision for oscil-
lation analyses.
In order to reduce systematic uncertainty below the

statistical uncertainty for the experiment, an underground
hall was constructed 280 m downstream of the production
target for near detectors to directly measure the neutrino
beam properties and neutrino interactions. The hall con-
tains the on-axis INGRID detector, a set of modules with
sufficient target mass and transverse extent to continuously
monitor the interaction rate, beam direction, and profile,
and the off-axis ND280 detector, a sophisticated set of
subdetectors that measure neutrino interaction products in
detail.
This section describes the INGRID and ND280 detectors

and the methods used to select high purity samples of
neutrino interactions. The observed neutrino interaction

rates and distributions are compared to the predictions
using the beam line and interaction models, with nominal
values for the systematic parameters. Section V describes
how ND280 data are used to improve the systematic
parameter estimates and compares the adjusted model
predictions with the ND280 measurements.

A. INGRID

1. INGRID detector

The main purpose of INGRID is to monitor the neutrino
beam rate, profile, and center. In order to sufficiently cover
the neutrino beam profile, INGRID is designed to sample
the beam in a transverse section of 10 m × 10 m, with 14
identical modules arranged in two identical groups along
the horizontal and vertical axes, as shown in Fig. 3. Each of
the modules consists of nine iron target plates and eleven
tracking scintillator planes, each made of two layers of
scintillator bars (X and Y layers). They are surrounded by
veto scintillator planes to reject charged particles coming
from outside of the modules. Scintillation light from each
bar is collected and transported to a photodetector with a
wavelength shifting fiber (WLS fiber) inserted in a hole
through the center of the bar. The light is read out by a
multipixel photon counter (MPPC) [81] attached to one end
of the WLS fiber. A more detailed description can be found
in Ref. [82].

2. Event selection

Neutrino interactions within the INGRID modules are
selected by first reconstructing tracks using the X and Y
layers independently with an algorithm based on a cellular

1.5m  

~10m  

~10m

X 

Y  
Beam center  

Z  

FIG. 3 (color online). Overview of the INGRID viewed from
beam upstream. Two separate modules are placed at off-axis
positions off the main cross to monitor the asymmetry of
the beam.

K. ABE et al. PHYSICAL REVIEW D 91, 072010 (2015)

072010-10
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Lorentz Violation in INGRID 
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7 Corrections and systematic uncertainties728

LV effects that are independent of sidereal time would change the overall normalization of the729

⌫µ rate versus LSP distributions and are not studied in this analysis, as they depend on the730

knowledge of important systematic errors arising, for example, from cross section models (>731

5%) or detector uncertainties (> 1%). Therefore, only time-dependent LV effects that introduce732

a distortion of the ⌫µ rate versus LSP distribution are studied in this note. As a consequence,733

a careful evaluation of possible time-dependent variations that may mimic a Lorentz violation734

effect is necessary. Some of these variations affect the detector, such as gain and dark noise735

variations with time, or changing temperatures between night and day (summer/winter). Other736

affect the beamline, like the variation of the delivery of POT per spill, the shift of the beam737

center due to changes in accelerator tuning or tidal forces, or the variations in the neutrino flux738

between T2K runs. These effects will generally exhibit a modulation in LSP. As anticipated in739

Section 5, these modulations come from the combination of the sources listed above, coupled740

with the partial coverage of LSP in the T2K dataset, due to the fact that a typical T2K run only741

covers a small fraction of a year. They are enough to induce modulations in LSP that need to742

be corrected. Not doing so may introduce a spurious sidereal modulation in the ⌫µ rate versus743

LSP distribution.744

The ⌫µ rate versus LSP distribution before corrections are applied is shown in Figure 27.745

Each correction is evaluated sequentially to this distribution, after the previous corrections have746

been applied; in this way, there is no double counting of the corrections.
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Figure 27: ⌫µ rate versus LSP distribution using Run 1 to Run 4 data before corrections are
applied.

747

7.1 INGRID detector effects748

The following time-dependent detector effects will be considered in the following sections:749

Neutrino event pile-up, MPPC dark noise, and MPPC gain variation.750
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Figure 54: Systematic error associated to the correction of the number of ⌫µ events with the
center beam position (from the fitting error).
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Figure 55: ⌫µ rate versus LSP distribution after pile-up, MPPC dark noise, MPPC gain, and
beam position corrections have been taken into account.

62

Before corrections
 for beam and detector effects

After corrections
 for beam and detector effects

Benjamin Quilain
Alex Clifton

Roberto Sacco 
Francesca di Lodovico
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Lorentz violation results
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Lorentz Violation results 

• Much more studies in TN-176 (approved), plan to start writing a paper

8.4 Results1123

The ⌫µ rate versus LSP distribution after all corrections was analyzed with the technique de-1124

tailed above. The results of the FFT analysis can be seen in Figure 81 and in Table 14. All1125

the Fourier modes under scrutiny are well below the threshold set in Section 8.2, therefore it1126

is possible to conclude that in INGRID data there is no evidence of sidereal modulation at the1127

level of 3�. The FFT magnitudes for the four Fourier modes are 0.01076, 0.00930, 0.00620,
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Entries  32
Mean   0.5025
RMS    0.08487

Fourier mode
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

M
ag

ni
tu

de
 o

f t
he

 F
ou

rie
r m

od
e 

am
pl

itu
de

-210

-110

1

10

MagnitudeFFT
Entries  32
Mean   0.5025
RMS    0.08487

Magnitude of the Fourier mode amplitude in data

Figure 81: Magnitude of each Fourier mode in case of INGRID data after all corrections detailed
in Section 7. The red horizontal line corresponds to the 3� detection threshold.

1128

and 0.00893; these correspond to p-values of 0.35, 0.48, 0.69, and 0.51 respectively.

Table 14: FFT results.
Fourier Mode Threshold Magnitude p-value

1 0.026 0.01076 0.35
2 0.026 0.00930 0.48
3 0.026 0.00620 0.69
4 0.026 0.00893 0.51

1129

8.5 Parameter correlations1130

It was shown in Section 3 that Lorentz violation can be described in short baseline oscillations1131

through twenty coefficients, namely the a↵L 4-vector and the c↵�L 4⇥4 matrix. It can be shown [6]1132

that the c↵�L matrix is symmetric, therefore the number of independent coefficients is reduced to1133

fourteen. These coefficients are complex, which implies twenty eight real degrees of freedom.1134

Considering the Lorentz violation only impacts the five Fourier modes n · !� (n  4), the1135

constraints that can be extracted on the twenty eight coefficients are very highly correlated. A1136

likelihood method will be developed in Section 9 to reduce these correlations by increasing the1137

number of fitted coefficients, but for now the same strategy used in the MINOS experiment1138

Lorentz violation search [15] has been adopted. MINOS constraints on the SME coefficients1139

are shown in Table 3. In this approach, correlations are neglected. Although this method does1140

82

  

Results of Lorentz violation search
15Benjamin Quilain

Conclusions :
● Compatible with a flat signal within 3σ 

● No evidence for Lorentz violation

● 2 complementary analyses :
1. Fast Fourier transform  (frequencies clearly identified :

  2. Bin likelihood method : takes into account all correlations between SME parameters)

Conclusions :
● No evidence for Lorentz violation (nor hint 

> 1σ)

● Higher sensitivity than MiniBooNE 
(slightly higher error but 5 param. fit)

3σ
FFT not allow to extract SME parameters 

(do not consider correlations)
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Figure 87: Comparison of the 3� upper limits on the different SME parameters between T2K
(blue), MINOS (green), MiniBooNE (red) and Double-Chooz (black). The value of the 3�
limits are shown, and the hatched regions correspond to the excluded regions.

cL coefficients, due to the penalty introduced by the lower neutrino energy. It has to be stresssed1228

though that this level of precision is still very valuable to theorists, as T2K probes a different1229

direction in the Sun-centered reference frame.1230

89

9.4 Results1348

The fitting method was applied to INGRID data. The best fit value for each coefficient is1349

summarised in Table 19 and in Figure 113. Figures 114 to 116 show three projections of the1350

five-dimensional coefficient space, with the best fit, 1� and 2� contours. Such contour plots1351

were used to extract limits on the coefficients also shown in Table 19.

Table 19: Best fit values with 1� errors, and 2� upper limit values on the different Standard
Model Extension coefficients using the likelihood method.

C Ac As Bc Bs

Best fit (10�20 GeV) �0.61+2.63
1.41 0.38+1.83

�2.60 �1.55+4.55
�1.44 0.06+0.87

�1.00 0.38+0.80
�1.57

2� upper limit (10�20 GeV) 1.9 2.6 2.7 1.1 1.1
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Figure 113: Comparison between the T2K (blue) and MINOS (red) best fit values and 1� limits.
1352

One observes the sensitivity of this analysis is close to ⇠ 10

�20 GeV, which shows that1353

INGRID is able to measure possible suppressed Lorentz invariance violation effects occurring1354

at the Planck scale. The sensitivity is compatible with the results obtained with the FFT method,1355

but taking into account correlations between coefficients. None of the coefficients shows a1356

deviation from the Standard Model above 1� in this energy range of coefficients. In conclusion,1357

there is no hint of Lorentz invariance violation in the INGRID near detector in the energy phase1358

space region corresponding to & 10

�20 GeV.1359

107

4

•No evidence for LV

•Compatible with a flat signal within 3σ

Conclusion: 

T⊕ : sideral time
ω⊕ :sideral angular phase•Two analyses: 

•Fast Fourier Transformation : frequencies clearly identified 

3σ detection threshold

ω⊕ 2ω⊕
3ω⊕ 4ω⊕
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7 Corrections and systematic uncertainties728

LV effects that are independent of sidereal time would change the overall normalization of the729

⌫µ rate versus LSP distributions and are not studied in this analysis, as they depend on the730

knowledge of important systematic errors arising, for example, from cross section models (>731

5%) or detector uncertainties (> 1%). Therefore, only time-dependent LV effects that introduce732

a distortion of the ⌫µ rate versus LSP distribution are studied in this note. As a consequence,733

a careful evaluation of possible time-dependent variations that may mimic a Lorentz violation734

effect is necessary. Some of these variations affect the detector, such as gain and dark noise735

variations with time, or changing temperatures between night and day (summer/winter). Other736

affect the beamline, like the variation of the delivery of POT per spill, the shift of the beam737

center due to changes in accelerator tuning or tidal forces, or the variations in the neutrino flux738

between T2K runs. These effects will generally exhibit a modulation in LSP. As anticipated in739

Section 5, these modulations come from the combination of the sources listed above, coupled740

with the partial coverage of LSP in the T2K dataset, due to the fact that a typical T2K run only741

covers a small fraction of a year. They are enough to induce modulations in LSP that need to742

be corrected. Not doing so may introduce a spurious sidereal modulation in the ⌫µ rate versus743

LSP distribution.744

The ⌫µ rate versus LSP distribution before corrections are applied is shown in Figure 27.745

Each correction is evaluated sequentially to this distribution, after the previous corrections have746

been applied; in this way, there is no double counting of the corrections.
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Figure 27: ⌫µ rate versus LSP distribution using Run 1 to Run 4 data before corrections are
applied.

747

7.1 INGRID detector effects748

The following time-dependent detector effects will be considered in the following sections:749

Neutrino event pile-up, MPPC dark noise, and MPPC gain variation.750
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Figure 54: Systematic error associated to the correction of the number of ⌫µ events with the
center beam position (from the fitting error).
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Figure 55: ⌫µ rate versus LSP distribution after pile-up, MPPC dark noise, MPPC gain, and
beam position corrections have been taken into account.
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8.4 Results1123

The ⌫µ rate versus LSP distribution after all corrections was analyzed with the technique de-1124

tailed above. The results of the FFT analysis can be seen in Figure 81 and in Table 14. All1125

the Fourier modes under scrutiny are well below the threshold set in Section 8.2, therefore it1126

is possible to conclude that in INGRID data there is no evidence of sidereal modulation at the1127

level of 3�. The FFT magnitudes for the four Fourier modes are 0.01076, 0.00930, 0.00620,
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Figure 81: Magnitude of each Fourier mode in case of INGRID data after all corrections detailed
in Section 7. The red horizontal line corresponds to the 3� detection threshold.
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and 0.00893; these correspond to p-values of 0.35, 0.48, 0.69, and 0.51 respectively.

Table 14: FFT results.
Fourier Mode Threshold Magnitude p-value

1 0.026 0.01076 0.35
2 0.026 0.00930 0.48
3 0.026 0.00620 0.69
4 0.026 0.00893 0.51
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8.5 Parameter correlations1130

It was shown in Section 3 that Lorentz violation can be described in short baseline oscillations1131

through twenty coefficients, namely the a↵L 4-vector and the c↵�L 4⇥4 matrix. It can be shown [6]1132

that the c↵�L matrix is symmetric, therefore the number of independent coefficients is reduced to1133

fourteen. These coefficients are complex, which implies twenty eight real degrees of freedom.1134

Considering the Lorentz violation only impacts the five Fourier modes n · !� (n  4), the1135

constraints that can be extracted on the twenty eight coefficients are very highly correlated. A1136

likelihood method will be developed in Section 9 to reduce these correlations by increasing the1137

number of fitted coefficients, but for now the same strategy used in the MINOS experiment1138

Lorentz violation search [15] has been adopted. MINOS constraints on the SME coefficients1139

are shown in Table 3. In this approach, correlations are neglected. Although this method does1140
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(blue), MINOS (green), MiniBooNE (red) and Double-Chooz (black). The value of the 3�
limits are shown, and the hatched regions correspond to the excluded regions.

cL coefficients, due to the penalty introduced by the lower neutrino energy. It has to be stresssed1228

though that this level of precision is still very valuable to theorists, as T2K probes a different1229

direction in the Sun-centered reference frame.1230
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9.4 Results1348

The fitting method was applied to INGRID data. The best fit value for each coefficient is1349

summarised in Table 19 and in Figure 113. Figures 114 to 116 show three projections of the1350

five-dimensional coefficient space, with the best fit, 1� and 2� contours. Such contour plots1351

were used to extract limits on the coefficients also shown in Table 19.

Table 19: Best fit values with 1� errors, and 2� upper limit values on the different Standard
Model Extension coefficients using the likelihood method.

C Ac As Bc Bs

Best fit (10�20 GeV) �0.61+2.63
1.41 0.38+1.83

�2.60 �1.55+4.55
�1.44 0.06+0.87

�1.00 0.38+0.80
�1.57

2� upper limit (10�20 GeV) 1.9 2.6 2.7 1.1 1.1
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Figure 113: Comparison between the T2K (blue) and MINOS (red) best fit values and 1� limits.
1352

One observes the sensitivity of this analysis is close to ⇠ 10

�20 GeV, which shows that1353

INGRID is able to measure possible suppressed Lorentz invariance violation effects occurring1354

at the Planck scale. The sensitivity is compatible with the results obtained with the FFT method,1355

but taking into account correlations between coefficients. None of the coefficients shows a1356

deviation from the Standard Model above 1� in this energy range of coefficients. In conclusion,1357

there is no hint of Lorentz invariance violation in the INGRID near detector in the energy phase1358

space region corresponding to & 10

�20 GeV.1359
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4

•Two analyses: 

•Fast Fourier Transformation : frequencies clearly identified 

•Binned likelihood method: takes into account correlations between SME 
parameters

•No evidence for LV (no hint > 1σ)

•Better sensitivity than MB

Conclusion: 

T⊕ : sideral time
ω⊕ :sideral angular phase
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LV : Outlook

15

•Analysis with data in neutrino mode achieved 

•Results presented for the first time at a conference (Blois 2015)

•Paper under preparation

•Analysis with more data is foreseen
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Anomalies to the 3 neutrino paradigm

16

•LSND : excess observed in νµ→νe

•KARMEN :  no excess seen

•MiniBooNE : excess observed in νµ→νe but not in νµ→νe

•A depletion of the expected νe events observed by nuclear reactors
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FIG. 5. Illustration of the short baseline reactor antineutrino anomaly. The experimental results are compared to the prediction
without oscillation, taking into account the new antineutrino spectra, the corrections of the neutron mean lifetime, and the
off-equilibrium effects. Published experimental errors and antineutrino spectra errors are added in quadrature. The mean
averaged ratio including possible correlations is 0.943± 0.023. The red line shows a possible 3 active neutrino mixing solution,
with sin2(2θ13) = 0.06. The blue line displays a solution including a new neutrino mass state, such as |∆m2

new,R| ≫ 1 eV2 and
sin2(2θnew,R) = 0.12 (for illustration purpose only).

ting ∼ 1 MeV electron neutrinos. [57], following the
methodology developed in Ref. [56, 58]. However we
decided to include possible correlations between these
four measurements in this present work. Details are
given in Appendix B. This has the effect of being
slightly more conservative, with the no-oscillation hy-
pothesis disfavored at 97.7% C.L., instead of 98% C.L.
in Ref. [56]. Gallex and Sage observed an average deficit
of RG = 0.86± 0.06 (1σ). Considering the hypothesis of
νe disappearance caused by short baseline oscillations we
used Eq. (13), neglecting the ∆m2

31 driven oscillations
because of the very short baselines of order 1 meter. Fit-
ting the data leads to |∆m2

new,G| > 0.3 eV2 (95%) and

sin2(2θnew,G) ∼ 0.26. Combining the reactor antineu-
trino anomaly with the gallium anomaly gives a good fit
to the data and disfavors the no-oscillation hypothesis at
99.7% C.L. Allowed regions in the sin2(2θnew)−∆m2

new

plane are displayed in Figure 6 (left). The associated
best-fit parameters are |∆m2

new,R&G| > 1.5 eV2 (95%)

and sin2(2θnew,R&G) ∼ 0.12.

We then reanalyzed the MiniBooNE electron neutrino
excess assuming the very short baseline neutrino os-
cillation explanation of Ref. [56]. Details of our re-
production of the latter analysis are provided in Ap-
pendix B. The best fit values are |∆m2

new,MB| = 1.9 eV2

and sin2(2θnew,MB) ∼ 0.2, but are not significant at
95% C.L. The no-oscillation hypothesis is only disfa-
vored at the level of 72.4% C.L., less significant than
the reactor and gallium anomalies. Combining the re-
actor antineutrino anomaly with our MiniBooNE re-

Experiment(s) sin2(2θnew) |∆m2
new| (eV

2) C.L. (%)
Reactors (no ILL-S,R∗) 0.02-0.20 > 0.40 96.5

Gallium (G) > 0.06 > 0.13 96.1
MiniBooNE (M) — — 72.4

ILL-S — — 68.1
R∗ + G 0.05-0.22 > 1.45 99.7
R∗ + M 0.04-0.20 > 1.45 97.6

R∗ + ILL-S 0.02-0.21 > 0.23 95.3
All 0.06-0.22 > 1.5 99.8

TABLE III. Best fit parameter intervals or limits at 95% C.L.
for sin2(2θnew) and |∆m2

new| parameters, and significance of
the sterile neutrino oscillation hypothesis in %, for different
combinations of the reactor experimental rates only (R∗), the
ILL-energy spectrum information (ILL-S), the gallium experi-
ments (G), and MiniBooNE-ν (M) re-analysis of Ref. [56]. We
quantify the difference between the sin2(2θnew) constraints
obtained from the reactor and gallium results. Following pre-
scription of Ref. [77], the parameter goodness-of-fit is 27.0%,
indicating reasonable agreement between the neutrino and an-
tineutrino data sets (see Appendix B).

analysis leads to a good fit with the sterile neutrino
hypothesis and disfavors the absence of oscillations at
98.5% C.L., dominated by the reactor experiments data.
Allowed regions in the sin2(2θnew) − ∆m2

new plane are
displayed in Figure 6 (right). The associated best-
fit parameters are |∆m2

new,R&MB| > 0.4 eV2 (95%) and

sin2(2θnew,R&MB) ∼ 0.1.
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3σ effect !
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FIG. 3: The top plot shows the MiniBooNE 90% CL limit
(thick solid curve) and sensitivity (dashed curve) for events
with 475 < EQE

ν < 3000 MeV within a two neutrino oscilla-
tion model. Also shown is the limit from the boosted decision
tree analysis (thin solid curve) for events with 300 < EQE

ν <
3000 MeV. The bottom plot shows the limits from the KAR-
MEN [2] and Bugey [32] experiments. The MiniBooNE and
Bugey curves are 1-sided upper limits on sin2 2θ correspond-
ing to ∆χ2 = 1.64, while the KARMEN curve is a “unified
approach” 2D contour. The shaded areas show the 90% and
99% CL allowed regions from the LSND experiment.

ware in the analysis of the data.
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Why sterile neutrinos ?

17

•Anomalies may be explained by introducing one (or more) neutrino with 
mass of the order of 1 eV2 

•Number of active neutrino measured at LEP

•Neutrinos must be sterile : do not interact via weak force

e+ e- → Z0 → f f

Nν = 2.9840 ± 0.0082

Number of weak 
interacting neutrinos
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Introducing sterile neutrinos

18

•3 (active)+1 (sterile) model is the simplest extension 

•Because of the large mass of the sterile neutrino, the masse states for active 
neutrinos are degenerate : 2 neutrino approximation

•Other models exist (3+2,  1+3+1.. ) but seem not to be favoured by 
observations

The  3+1 model 

16

3+1 Model Fit Parameters:

Oscillation Probabilities:

Appearance: 

Disappearance:   
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3+1 Model
!  Assume one more neutrino that doesn't interact through the weak 

force but can still oscillate with other neutrinos
!  Assume                                   and                so only fit to one          and 

one mixing parameter per experiment.
�m2

sterile � �m2
atm �m2

solar

�m2

So"when"we"say"3+1"
we"really"mean"a"2"
neutrino"fit"
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Sterile neutrino searches at T2K

19

•ND280 with its 280m baseline has good conditions to contribute the 
searches for SBL oscillations
•Event selection based on tracker information
•3+1 model
•binned likelihood fit to the neutrino energy  

•Measurements on the three channels
•νe disappearance (published)
•νµ disappearance (on-going)
• joint fit (near future)

•No observation of νµ disappearance so far

•Tensions between some measurements

•Puzzling scenario, more measurements are needed 

Tracker

10-4 10- 3 10- 2 10-1
10-1
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sin 2 2 q me

Dm
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disappearance

appearance

90%, 99%, 99.73% CL, 2 dof

10-4 10- 3 10- 2 10-1
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LSND + reactors
+ Ga + MB app

null results
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null results
disappearance

null results
combined
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Figure 8. Results of the global fit in the 3+1 scenario, shown as exclusion limits and allowed regions
for the e↵ective mixing angle sin2 2✓µe = 4|Ue4|2|Uµ4|2 and the mass squared di↵erence �m2

41

. Left:
Comparison of the parameter region preferred by appearance data (LSND, MiniBooNE appearance
analysis, NOMAD, KARMEN, ICARUS, E776) to the exclusion limit from disappearance data
(atmospheric, solar, reactors, Gallium, CDHS, MINOS, MiniBooNE disappearance, KARMEN and
LSND ⌫e–12C scattering). Right: Regions preferred by experiments reporting a signal for sterile
neutrinos (LSND, MiniBooNE, SBL reactors, Gallium) versus the constraints from all other data,
shown separately for disappearance and appearance experiments, as well as their combination.

6 Combined analysis of global data

We now address the question whether the hints for sterile neutrino oscillations discussed
above can be reconciled with each other as well as with all existing bounds within a com-
mon sterile oscillation framework. In section 6.1 we discuss the 3+1 scenario, whereas in
section 6.2 we investigate the 3+2 and 1+3+1 schemes.

6.1 3+1 global analysis

In the 3+1 scheme, SBL oscillations are described by e↵ective 2-flavor oscillation prob-
abilities, involving e↵ective mixing angles for each oscillation channel. The expressions
for the e↵ective angles ✓

ee

, ✓
µµ

, ✓
µe

governing the
(–)

⌫
e

disappearance,
(–)

⌫
µ

disappearance,

and
(–)

⌫
µ

!
(–)

⌫
e

appearance probabilities are given in Eqs. (3.2), (4.2), (5.2), respectively.
From those definitions it is obvious that the three relevant oscillation amplitudes are not
independent, since they depend only on two independent fundamental parameters, namely
|U

e4

| and |U
µ4

|. Neglecting terms of order |U
↵4

|4 (↵ = e, µ) one finds

sin2 2✓
µe

⇡ 1

4
sin2 2✓

ee

sin2 2✓
µµ

. (6.1)

Hence, the appearance amplitude relevant for the LSND/MiniBooNE signals is quadrati-
cally suppressed by the disappearance amplitudes, which both are constrained to be small.
This leads to the well-known tension between appearance signals and disappearance data
in the 3+1 scheme, see e.g. [29, 30] for early references.

– 22 –
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νe disappearance 
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•νe sample (67% purity) selected from the contamination (1%) of the νµ beam

•Selection based on the ECal and TPC particle identification  

•Sample of γ-conversion to constrain the main bkg (DIS and NC with π0) 

6x1020 POT

best fit point : 
sin22ϑee  = 1,  Δm2eff = 2.05 eV2 

Analysis published: Phys. Rev. D. 91 051102 (2015) 
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νμ disappearance: selection 

21

P0D

CC0π CC1π+ CCOthers

Purity      : 73.5%
Efficiency : 53.1%

Purity      : 50.5%
Efficiency : 29.5%

Purity      : 72.9 %
Efficiency : 35.2 %

TPC	  2 TPC	  3FGD	  1 FGD	  2

μ-‐
π+

π+/e+-‐

TPC	  1P0D

possible secondary tracks
e.g. pion, Michel electron

muon

}

•Simple selection done using information 
coming from the tracker (FGD and TPCs)

•Selected events classified into three 
topologies depending on the number of 
pions in the final state

•CC0π  → CCQE
•CC1π+ → Resonant pion production
•CCOth → mainly DIS



Stefania Bordoni   (IFAE)

νμ disappearance:  sensitivity study
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Preliminary

sensitive to:
sin22ϑµµ >0.2,  Δm2eff > 2 eV2 
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SBL : Outlook
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Toward the joint νe - νµ fit : 

•νe disappearance published in early 2015

•νµ disappearance analysis being finalised for fall 2015

•Analyses developed both the same framework

•Exploration of the feasibility to use new computing technology (GPU) to 
reduce the computing time

•Parallel (independent) study of the nuPRISM appearance sensitivity: joined 
νe - νµ constraints look very promising! 


