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Caveats
I am not an OPERA collaborator (IANAOC), so my 
knowledge of their measurement is limited to the talk, the 
paper and asking questions. 

I am not a T2K collaborator either, but I have been kindly 
provided with official information. 

I am interested observer as MINOS has made this 
measurement in the past and can do so again.

I am not a theorist (IANAT), so I can only superficially 
comment on the possibilities being proposed. 

...but I’ve been watching the show 2
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Do neutrinos travel faster 
than light?
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Surely, we have measured this 
before?
11 neutrinos from supernova 1987a 
were observed at Kamioka-II in time* 
with light (PRL 58 (1987) 1490)

IMB (PRL 58 (1987) 1494) and Baksan 
(JETP Lett. 45 (1987) 589) also 
observed in time* neutrinos. 

Total neutrinos observed 24!

These are electron anti-neutrinos 
with energies ~10-40 MeV. 

If OPERA result applies here, we 
would have observed neutrinos 4.1 
years earlier.
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of the positions of the maxima of the ECFs for many enegy MC realizations are illustrated
in subsection 2.4 (see Fig. 5 and Fig. 6).

We perform this procedure for different energy weightings En, where n=0,1,2, summing
up either the numbers of events, the energies or the squares of the energies in the time
window selected, so to optimize the errors placed on the scale of Lorentz violation.

2.3 Data Analysis

For the analysis of SN1987a we use the uncertainties in Table 2, which were taken from [31].
In the case of a possible galactic supernova, we consider the Super-Kamiokande (SK) water
Cerenkov detector, and we use the detector properties given in [30, 32], where the energy
uncertainties are modelled as σdet2

E =
√

E0E, where E0 = 0.22 MeV. We note that the
uncertainties in the time measurements are in general much less than the statistical and
energy uncertainties, and we therefore neglect them in our analysis.

IMB
t (s) E (MeV) σE (MeV)

t ≡ 0.0 38 7
0.412 37 7
0.650 28 6
1.141 39 7
1.562 36 9
2.684 36 6
5.010 19 5
5.582 22 5

Baksan
t (s) E (MeV) σE (MeV)

t ≡ 0.0 12.0 2.4
0.435 17.9 3.6
1.710 23.5 4.7
7.687 17.6 3.5
9.099 10.3 4.1

Kamiokande II
t (s) E (MeV) σE (MeV)

t ≡ 0.0 20.0 2.9
0.107 13.5 3.2
0.303 7.5 2.0
0.324 9.2 2.7
0.507 12.8 2.9
1.541 35.4 8.0
1.728 21.0 4.2
1.915 19.8 3.2
9.219 8.6 2.7
10.433 13.0 2.6
12.439 8.9 1.9

Table 2: The measured neutrino data from SN1987a, where we have omitted the events
identified previously as background, and in each data set we define t ≡ 0.0s for the first
event.

2.3.1 SN1987a

Neutrinos from SN1987a were detected in three detectors, KII, IMB and Baksan. The times
and energies of the events are given in Table 2. The minimum dispersion was calculated
1000 times for each data set to include the smearing from uncertainties. As an example,
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Table from 
J. Ellis et. al. (2008)* = little earlier

http://prl.aps.org/abstract/PRL/v58/i25/p2722_1
http://prl.aps.org/abstract/PRL/v58/i25/p2722_1
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Time of flight in long-baseline 
experiments (muon neutrinos)

A short baseline experiment at Fermilab in 1979, compared 
the speed of muon neutrinos to muons with energies larger 
than 30 GeV. Imposing limits in the speed of those 
neutrinos.
In 2007, the MINOS experiment measured time of flight for 
muon neutrinos in a long baseline experiment at energies of 
~3GeV.
In 2008, J. Ellis et.al. (PRD 78, 033013, 2008 ) cites MINOS 
as a pioneering measurement and suggests using neutrinos 
as probes of Lorentz Violation. 

It suggests that OPERA should upgrade its timing 
system to be able to do this and hopefully use their RF 
beam structure.

In 2008, OPERA embarks in a timing upgrade that results in 
their recent measurement.
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Fig. 3: Schematic of the CERN SPS/CNGS timing system. Green boxes indicate detector time-response. Orange 

boxes refer to elements of the CNGS-OPERA synchronisation system. Details on the various elements are given in 

Section 6. 

 

 
Fig. 4: Example of a proton extraction waveform measured with the BCT detector BFCTI400344. The five-peak 

structure reflects the continuous PS turn extraction mechanism. A zoom of the waveform (right plot) allows 

resolving the 200 MHz SPS radiofrequency. 
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structure 
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Offline coincidence of SPS proton extractions (kicker time-tag) and OPERA events

Synchronisation with standard GPS systems  ~100 ns (inadequate for our purposes)
Real time detection of neutrino interactions in target and in the rock surrounding OPERA

TOPERATSPS

GPS

|TOPERA – (TKicker + TOFc)| < 20 µs

D. Autiero - CERN - 23 September 2011 14

CNGS events selection

OPERA in a nutshell
Produce a high intensity beam 
of muon neutrinos at CERN. 
Distance similar to Fermilab - 
Soudan. 
If neutrinos oscillate, directly 
observe resulting tau neutrinos 
from the dominant oscillation 
mode.
Far detector divided in two 
supermodules.

Target composed of lead/
emulsion bricks.
Muon spectrometers 
magnetized with 1.5T.

Major timing systems 
upgrade in 2008 to do this 
measurement.

SM1  SM2 SM1  SM2 

Target M
uo

n
Sp

ec
tr
om

et
er

Taking data since 2008!
6



M. Sanchez - ISU/ANLM. Sanchez - ISU/ANL

The CNGS beam

SPS protons at 400 GeV/c

Cycle length 6 s

Two extractions of 10.5 
usec, separated by 50 ms. 

Pure muon neutrino beam 
with peak at 17 GeV. 

THE CNGS neutrino beam

• SPS protons: 400 GeV/c
• Cycle length: 6 s
• Two 10.5 µs extractions (by kicker magnet) separated by 50 ms
• Beam intensity:  2.4 1013 proton/extraction
• ~ pure muon neutrino beam (<E> = 17 GeV) travelling through 

the Earth’s crust

D. Autiero - CERN - 23 September 2011 13

OPERA data: narrow peaks of the order of the spill width (10.5 µs)

Negligible cosmic-ray background: O(10-4)

Selection procedure kept unchanged since first events in 2006

cosmics

D. Autiero - CERN - 23 September 2011

15D. Autiero - CERN - 23 September 2011

CNGS events selection

7
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The time of flight (TOF) 
measurement
Tag the neutrino production time, 
using the proton timing. 

Accurately measured by a fast 
Beam Current Transformer 
(BCT) detector.

Tag the neutrino interaction time. 

Accurate determination of the 
baseline. 

Long baseline helps with small 
effects. 

Use 15K neutrinos selected in 
same way as tau appearance 
analysis.

Do a blind analysis. 

Summary of the principle for the TOF measurement

Measure δt =TOFc - TOFν
30

z

y x

D. Autiero - CERN - 23 September 2011 30
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The time of flight (TOF) 
measurement

The time synchronization 
between the beam and the 
detector is done via GPS 
common view. 

Error ~ 1ns

The distance measurement 
is monitored over time.

Error 20 cm over 
730km.

Most measurements cross-
checked with alternative 
techniques.

Overall precision ~10 ns.

Summary of the principle for the TOF measurement

Measure δt =TOFc - TOFν
30

z

y x

D. Autiero - CERN - 23 September 2011 30
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Did they do X?
Took into account variable neutrino production point.

Used a portable time-transfer device between CERN 
and Gran Sasso. 

Monitored distance continuously, including effects for 
continental drift and earthquake.

Used a portable time-transfer device for comparison 
time tags between start and end of detector timing 
chain as well as elements of the timing chain.

Took into account relativity effects of different 
heights, ionosphere, etc.

Did a blind analysis using obsolete timing resulting in 
a much larger than individual calibration 
contributions. 

CERN-OPERA inter-calibration cross-check
Independent twin-system calibration by the Physikalisch-Technische Bundesanstalt

High accuracy/stability portable time-
transfer setup @ CERN and LNGS

GTR50 GPS receiver, thermalised, external 
Cs frequency source, embedded Time 
Interval Counter

Correction to the time-link:

tCERN - tOPERA= (2.3 s 0.9) ns

24D. Autiero - CERN - 23 September 2011 24

D. Autiero - CERN - 23 September 2011 33

LNGS position monitoring

Monitor continent drift and important geological events (e.g. 2009 earthquake)
Many other checks done.

10

X = insert favorite systematic/effect here
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Delay calibrations summary
Delay calibrations summary

Item Result Method

CERN UTC distribution (GMT) 10085 s 2 ns • Portable Cs
• Two-ways

WFD trigger 30 s 1 ns Scope

BTC delay 580 s 5 ns • Portable Cs
• Dedicated beam experiment

LNGS UTC distribution (fibers) 40996 s 1 ns • Two-ways
• Portable Cs

OPERA master clock distribution 4262.9 s 1 ns • Two-ways
• Portable Cs

FPGA latency, quantization curve 24.5 s 1 ns Scope vs DAQ delay scan 
(0.5 ns steps)

Target Tracker delay 
(Photocathode to FPGA)

50.2 s 2.3 ns UV picosecond laser

Target Tracker response 
(Scintillator-Photocathode,
trigger time-walk, quantisation)

9.4 s 3 ns UV laser, time walk and photon 
arrival time parametrizations, full 
detector simulation

CERN-LNGS intercalibration 2.3 s 1.7 ns • METAS PolaRx calibration
• PTB direct measurement

D. Autiero - CERN - 23 September 2011 40Most measurements have crosschecks.
11
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Summary of the time delay 
and uncertainties

Dominant systematic is BCT calibration.
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PS to the SPS via the Continuous Turn mechanism [39]. Such structures may well change with 

time. The way the PDF are built automatically accounts for the beam conditions corresponding to 

the neutrino interactions detected by OPERA. The result of the maximum likelihood analysis of 

δt for the two proton extractions for the years 2009, 2010 and 2011 are compared in Fig. 10. They 

are compatible with each other.  

 
Table 1: Summary of the time delay values used in the blind analysis and those corresponding to the final analysis. 

 
 

Data were also grouped in arbitrary subsamples to look for possible systematic 

dependences. For example, by computing δt separately for events taken during day and night 

hours, the absolute difference between the two bins is (17.1 ± 15.5) ns providing no indication for 

a systematic effect. A similar result was obtained for a possible summer vs spring + fall 

dependence, which yielded (11.3 ± 14.5) ns.  

 

The maximum likelihood procedure was checked with a Monte Carlo simulation. Starting 

from the experimental PDF, an ensemble of 100 data sets of OPERA neutrino interactions was 

simulated. Simulated data were shifted in time by a constant quantity, hence faking a time of 

flight deviation. Each sample underwent the same maximum likelihood procedure as applied to 

real data. The analysis yielded a result accounting for the statistical fluctuations of the sample 

that are reflected in the different central values and their uncertainties.  The average of the central 

values from this ensemble of simulated OPERA experiments reproduces well the time shift 

applied to the simulation (at the 0.3 ns level). The average statistical error extracted from the 

likelihood analysis also reproduces within 1 ns the RMS distribution of the mean values with 

respect to the true values.  
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The Opera results

http://indico.cern.ch/conferenceDisplay.py?confId=155620
http://arxiv.org/abs/1109.4897

After fit χ2 /ndof ~1

Neutrinos “arrive” 60 ns earlier. 

 corrected by -987.8 ns

Conclusions (1)

D. Autiero - CERN - 23 September 2011 53

• The OPERA detector at LNGS in the CERN CNGS muon neutrino beam has allowed the 
most sensitive terrestrial measurement of the neutrino velocity over a baseline of about 730 
km.

• The measurement profited of the large statistics accumulated by OPERA  (~16000 events), of 
a dedicated upgrade of the CNGS and OPERA timing systems, of an accurate geodesy 
campaign and of a series of calibration measurements conducted with different and 
complementary techniques.

• The analysis of data from the 2009, 2010 and 2011 CNGS runs was carried out to measure 
the neutrino time of flight. For CNGS muon neutrinos travelling through the Earth’s crust with 
an average energy of 17 GeV the results of the analysis indicate an early neutrino arrival time 
with respect to the one computed by assuming the speed of light:

ˡt = TOFc-TOFν= (60.7 s 6.9 (stat.) s 7.4 (sys.)) ns 

• We cannot explain the observed effect in terms of known systematic uncertainties. Therefore, 
the measurement indicates a neutrino velocity higher than the speed of light:

(v-c)/c = ˡt /(TOFc - ˡt) = (2.48 s 0.28 (stat.) s 0.30 (sys.)) �10-5

with an overall significance of 6.0 ˰.
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Final result and energy 
dependence

The Opera results 
do not show 
significant energy 
dependence. 

They show an 
early time of 
arrival of 60 ns 
with a significance 
of 6 sigma.
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Fig. 13: Summary of the results for the measurement of δt. The left plot shows δt as a function of the energy for 

νµ CC internal events. The errors attributed to the two points are just statistical in order to make their relative 

comparison easier since the systematic error (represented by a band around the no-effect line) cancels out. The right 

plot shows the global result of the analysis including both internal and external events (for the latter the energy 

cannot be measured). The error bar includes statistical and systematic uncertainties added in quadrature. 

 

 

Conclusions 

 

The OPERA detector at LNGS, designed for the study of neutrino oscillations in 

appearance mode, has provided a precision measurement of the neutrino velocity over the 730 km 

baseline of the CNGS neutrino beam sent from CERN to LNGS through the Earth’s crust. A time 

of flight measurement with small systematic uncertainties was made possible by a series of 

accurate metrology techniques. The data analysis took also advantage of a large sample of about 

16000 neutrino interaction events detected by OPERA. 

  

The analysis of internal neutral current and charged current events, and external νµ CC 

interactions from the 2009, 2010 and 2011 CNGS data was carried out to measure the neutrino 

velocity. The sensitivity of the measurement of (v-c)/c is about one order of magnitude better 

than previous accelerator neutrino experiments.  
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• The OPERA detector at LNGS in the CERN CNGS muon neutrino beam has allowed the 
most sensitive terrestrial measurement of the neutrino velocity over a baseline of about 730 
km.

• The measurement profited of the large statistics accumulated by OPERA  (~16000 events), of 
a dedicated upgrade of the CNGS and OPERA timing systems, of an accurate geodesy 
campaign and of a series of calibration measurements conducted with different and 
complementary techniques.

• The analysis of data from the 2009, 2010 and 2011 CNGS runs was carried out to measure 
the neutrino time of flight. For CNGS muon neutrinos travelling through the Earth’s crust with 
an average energy of 17 GeV the results of the analysis indicate an early neutrino arrival time 
with respect to the one computed by assuming the speed of light:

ˡt = TOFc-TOFν= (60.7 s 6.9 (stat.) s 7.4 (sys.)) ns 

• We cannot explain the observed effect in terms of known systematic uncertainties. Therefore, 
the measurement indicates a neutrino velocity higher than the speed of light:

(v-c)/c = ˡt /(TOFc - ˡt) = (2.48 s 0.28 (stat.) s 0.30 (sys.)) �10-5

with an overall significance of 6.0 ˰.
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What’s next?
MINOS and T2K are set to do this 
measurement next. 

MINOS has a baseline very similar to 
OPERA (735km). 

Beam spread similar to OPERA. 
Energy is lower than OPERA.

T2K in Japan has a baseline of ~250 
km and current timing sync is 
somewhat more precise than MINOS. 
Little data accumulated at this time. 

Beam spread and energy is also 
different than MINOS/OPERA.

15

as well as JPARC



M. Sanchez - ISU/ANLM. Sanchez - ISU/ANL

MINOS in a nutshell
Produce a high intensity beam of 
muon neutrinos at Fermilab. 
Measure these neutrinos at the Near 
Detector and use it to predict the 
Far Detector spectrum.
If neutrinos oscillate we will observe 
a distortion in the data at the Far 
Detector in Soudan.
Made TOF measurement in 2007!

←long baseline→

Main Injector Neutrino 
Oscillation Search

735 km

Taking data since 2005!
16
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MINOS TOF measurement 
MINOS published a 
neutrino velocity 
measurement in 2007: 

PRD 76, 072005, 2007.

Consistent with speed of 
light to less than 1.8 
sigma. 

Measurement limited by 
systematic errors.

Planning to reduce all 
of these systematics. 
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tem (GPS) receiver to provide absolute Universal Coor-
dinated Time (UTC). The two identical receivers, sit-
uated underground, connect to the surface by identical
optical transceivers and optical fibers with lengths given
in Table I.

The NuMI beam is created by impinging protons from
the Fermilab Main Injector onto a graphite target. The
secondary mesons are focused by two horns and allowed
to decay in a 675 m long decay pipe. The resulting neu-
trino beam is 93% νµ, 6% ν̄µ, and 1% νe + ν̄e at the Near
detector. After oscillating [14], the beam at the Far de-
tector is approximately 60% νµ. The energy spectrum is
peaked at approximately 3 GeV, with a long high-energy
tail extending to 120 GeV.

The Main Injector accelerates protons to 120 GeV and
sends them to NuMI by single-turn extraction. It op-
erates in one of several modes, allowing either 5 or 6
batches of protons per spill. A pulsed dipole magnet ex-
tracts protons from the Main Injector. The extraction
magnet signal is time-stamped by the ND GPS receiver
and defines time of the spill, t0.

II. DATA SELECTION

CC νµ events in the ND are selected using criteria iden-
tical to those of Ref. [14]: events are required to have
total reconstructed energy less than 30 GeV, have a ver-
tex contained within a 1 m radius fiducial volume, and
be in time with the spill (±∼7 µs). A probability-based
particle identification parameter removes neutral-current
(NC) shower events. This analysis sampled 1.6×106 ND
events, roughly 1/3 of the first year’s data.

The pre-selection of events in the FD requires event
times within ±50 µs of the expected arrival time (as-
suming a massless neutrino). Events are accepted if they
satisfy one of three selections: νµ CC events contained in
the fiducial volume, neutrino-induced muons from CC in-
teractions in the rock outside the detector (rock-muons),
and shower events.

The contained CC event selection is again similar to
that of Ref. [14]; events are required to have a ver-
tex within the fiducial volume, and to have a well-
reconstructed track with direction within 53◦ of that of
the beam. In this work, both νµ and ν̄µ candidates are
selected. Events with tracks penetrating the top of the
detector volume are vetoed as possible cosmic-ray con-
tamination. The energy of the CC events is determined
by summing hadronic shower energy and muon energy
derived from track length or curvature.

Rock-muon events are selected by considering only
muons which enter the front face of the detector, to re-
duce background. The track is required to be contained
within the detector volume or to exit the lower half of
the detector, to remove background due to cosmic rays
reconstructed with the wrong directionality. The track
was also required to have a direction within 26◦ of the
beam direction.

Description Uncertainty (68% C.L.)

A Distance between detectors 2 ns

B ND Antenna fiber length 27 ns

C ND electronics latencies 32 ns

D FD Antenna fiber length 46 ns

E FD electronics latencies 3 ns

F GPS and transceivers 12 ns

G Detector readout differences 9 ns

Total (Sum in quadrature) 64 ns

TABLE II: Sources of uncertainty in ν relative time measure-
ment.

Shower events are mostly from NC interactions, but
also include CC events from νe, and ντ or νµ in which
no muons are detected. Events with a cluster of hit
strips with a total pulse-height greater than approxi-
mately 300 MeV are accepted as shower events. Shower
events are required to be contained inside the detector
volume, thereby reducing cosmic ray events and random
noise.

A total of 473 neutrino-induced FD events were se-
lected, of which 258 were contained νµ or ν̄µ CC events.
By relaxing the selection cuts, the cosmic-ray induced
background is estimated to be < 1 event.

III. NEUTRINO EVENT TIMING

The time of a neutrino interaction in the ND is taken
as time of the earliest scintillator hit, tND. This time is
compared to the time of extraction magnet signal, t0, and
corrected for known timing delays: t1 = tND − t0− dND.
Similarly, for FD events, t2 = tFD − t0 − dFD.

The corrections dND and dFD incorporate known off-
sets and delays due to readout time, electronic latency,
and GPS antenna fiber delays. Test-stand measurements
were used to find the magnitude of each offset. Table II
summarizes the uncertainties on these corrections. The
uncertainty on the net correction |dND −dFD| was deter-
mined to be ±64 ns at a 68% C.L. The delay of optical
fibers that run between the surface antennas and the un-
derground GPS receivers created the largest uncertain-
ties; these uncertainties were estimated from the disper-
sion of multiple independent measurements of the fiber
delays. For example, the delay of a Far Detector fibre
was independently measured with four instruments: an
Optical Wavelength Labs BOLT-NL, an Aligent E6000B
Optical Time Domain Reflectometer (OTDR), an EXFO
FTB-300 OTDR, and a custom-built test apparatus. The
results of these four measurements all differed, with an
RMS of 46 ns, roughly 1% of the delay.

If the pulse of neutrinos were instantaneous, the devia-
tion from the expected time-of-flight τ could be measured
as δ = (t2 − t1) − τ . However, the NuMI beam pulse is
9.7 µs long, with an intensity time-profile consisting of 6
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The velocity of a ∼3 GeV neutrino beam is measured by comparing detection times at the Near
and Far detectors of the MINOS experiment, separated by 734 km. A total of 473 Far Detector
neutrino events was used to measure (v − c)/c = 5.1± 2.9× 10−5 (at 68% C.L.). By correlating the
measured energies of 258 charged-current neutrino events to their arrival times at the Far Detector,
a limit is imposed on the neutrino mass of mν < 50 MeV/c2 (99% C.L.).

PACS numbers: 14.60.Lm (Properties of ordinary neutrinos)
Keywords: neutrino velocity time-of-flight neutrino mass

I. INTRODUCTION

Investigations of the intrinsic properties of neutrinos
and their interactions have led to discoveries such as fi-
nite mass, lepton-flavor number violation, and oscilla-
tions with large mixing angles [1]. These surprises war-
rant careful measurement of other basic neutrino proper-
ties such as the relationship between energy and velocity.

If the mass of the heaviest neutrino is assumed to
be 3 eV/c2, the best direct limit on a neutrino mass[2,
3],then the relativistic velocity v of a 10 GeV neutrino
should satisfy |v − c|/c <∼ 10−19. Cosmological measure-
ments [4] give a mass limit an order of magnitude smaller,
implying an even tighter velocity constraint. However,
theories have been proposed to allow some or all neu-
trinos to travel along “shortcuts” off the brane through
large extra dimensions [5], and thus have apparent ve-
locities different than the speed of light. Some of these
theories [6, 7, 8] allow |v − c|/c ∼ 10−4 at neutrino en-
ergies of a few GeV. Terrestrial neutrino beams could
measure an effect of this magnitude.

Earlier terrestrial measurements [9, 10, 11] constrained
|v − c|/c < 4 × 10−5 by comparing the interaction times
of muons and muon neutrinos of Eν > 30 GeV created in
a 1 ns beam spill over a distance of ∼500 m. This work
differs in several respects: First, MINOS employs a lower
energy beam (∼3 GeV). Second, we measure the abso-
lute transit time of an ensemble of neutrinos, to < 100 ns
accuracy, by comparing neutrino arrival times at the MI-
NOS Near Detector (ND) and Far Detector (FD), sep-
arated by a distance of 734 km. Third, we make the
unique measurement of comparing the energies of neutri-

∗Deceased.

Baseline:

Distancea ND to FD, L 734 298.6 ±0.7 m [12]

Nominal time of flight, τ 2 449 356 ± 2 ns

MINOS Timing System:

GPS Receivers TrueTime model XL-AK

Antenna fiber delay 1115 ns ND, 5140 ns FD

Single Event Time Resolution <40 ns

Random Clock Jitter 100 ns (typical), each site

Main Injector Parameters:

Main Injector Cycle Time 2.2 seconds/spill (typical)

Main Injector Batches/Spill 5 or 6

Spill Duration 9.7 µs (6 batches)

Batch Duration 1582 ns

Gap Between Batches 38 ns

aDistance between front face of the ND and the center of the FD.

TABLE I: Relevant MINOS and NuMI Parameters

nos in charged-current (CC) interactions to the interac-
tion times in the FD.

The MINOS detectors [13, 14, 15] are steel-scintillator
tracking calorimeters. Planes of 2.54 cm thick steel sep-
arate planes made of scintillator strips, 4.1 cm wide and
1 cm thick. The planes are oriented 3.3◦ from the normal
to the beam direction. Strips are aligned orthogonally on
adjacent planes to allow three-dimensional reconstruc-
tion of event topology. Multi-anode photo-multiplier
tubes (PMTs) read out the strips via wavelength-shifting
optical fibers.

The time of each PMT hit is recorded by the detec-
tor’s clock to a precision of 18.8 ns (ND) and 1.6 ns
(FD). Although the implementation of these clocks dif-
fer, each is synchronized to a Global Positioning Sys-
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Monte Carlo


Neutrino mode


Horns focus π+, K+ 

€ 

νµ = 91.7%

ν µ = 7.0%

ν
e

+ν 
e

=1.3%

NuMI beam
Peaked at ~3 GeV. 
10 μsec spill of 120 GeV protons 
every 2.2 sec.

5 and 6 RF batch structure.
Currently 275 kW typical beam 
power.
Currently 3.0 x 1013 protons per 
pulse. 
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MINOS key strength
Functionally identical: Near and Far detectors

Octogonal steel planes (2.54cm thick ~1.44X0). Magnetized detector.
Alternating with planes of scintillator strips (4.12cm wide, Moliere rad ~3.7cm). 

Near (ND): ~ 1kton, 282 steel squashed octagons. Partially instrumented.  
Far (FD): 5.4 kton, 486 (8m/octagon) fully instrumented planes. 

Near Far
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Why do it with MINOS?

Kicker fire
signal.

Neutrinos
hit ND.

Neutrinos
hit FD.

2449.356us

t1

t2

Measure time of flight as t2 - t1

~213us

20

Measuring the time of flight with neutrinos from ND and FD, 
cancels out systematics relative to the proton beam time profile. 

MINOS is a neutrino to neutrino measurement. 
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The MINOS measurement

The distributions in the Far Detector are predicted on the basis 
of measured neutrinos in the Near Detector. 

MINOS is a neutrino to neutrino measurement. 
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FIG. 1: Neutrino event time distribution measured at the
MINOS Near Detector. The top plot corresponds to events
in 5-batch spills P 5

1 (t1) while the bottom plot corresponds to
6-batch spills P 6

1 (t1).

batches with short gaps in between. The relative intensi-
ties of these batches, and the shape of the gaps, are due
to the proton intensity profile of the NuMI beam. Two
running modes, ‘5-batch’ and ‘6-batch’ are distinguished
on a pulse-by-pulse basis. (The ‘5-batch’ mode includes
two types of spill, where either the first or last batch are
not delivered to NuMI.) The ND measures this intensity
profile with neutrino interactions. This measurement cal-
ibrates the neutrino time relative to the extraction fire
signal. This profile is shown as Figure 1 and is repre-
sented as probability density functions (PDFs) P 5

1 (t1)
and P 6

1 (t1).
The arrival time distribution of neutrinos at the FD

is similar, but the relative jitter of the two GPS clocks
further degrades the time resolution. These clocks have
a maximum error of ±200 ns relative to UTC, with a
typical error of 100 ns. The uncorrelated jitter of two
clocks, in addition to detector time resolution, gives a
total relative (FD/ND) time uncertainty of σ = 150 ns.
We therefore compose PDFs of the expected FD neutrino
arrival time distribution P 5

2 and P 6
2 :

Pn
2 (t2) =

∫

1

σ
√

2π
exp

(

−
(t2 − t′)2

2σ2

)

×Pn
1 (t′) dt′ (n = 5, 6) (1)

The resulting PDF describes the predicted time dis-
tribution at the FD. The time of each event in the FD
(ti2) was compared to this PDF. The deviation δ from the
expected time was found by maximizing a log-likelihood
function (L), summing each event (i) in the 5- and 6-
batch data:

L =
∑

i

ln P2

(

ti2 − τ − δ
)

. (2)
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FIG. 2: Time distribution of FD events relative to prediction
after fitting the time-of-flight. The top plot shows events
in 5-batch spills, the bottom 6-batch spills. The normalized
expectation curves P 5

2 (t) and P 6
2 (t) are shown as the solid

lines.

The distribution of measured FD times is shown in
Figure 2, along with the predicted distribution for the
best fit value of δ. The deviation was found to be
δ = −126 ± 32(stat.) ± 64(sys.) ns at a 68% confidence
limit (C.L.). The systematic uncertainty is due to timing
offsets shown in Table II. The goodness-of-fit probability
was determined by Monte Carlo (MC) to be 10%, and
the likelihood is Gaussian in δ.

IV. RELATIVISTIC MASS MEASUREMENT

If the neutrino had a relativistic mass mν and total
energy Eν , the time of flight would be:

Tmν
(Eν) =

τ
√

1 −
(

mνc2

Eν

)2
, (3)

where τ is the time of flight of a massless particle. For
contained νµ and ν̄µ CC events, the MINOS detectors
measure the neutrino energy, allowing the hypothesis of
a non-zero mass to be tested by measuring the arrival
time as a function of Eν .

The measured event times are fitted to a model with
mν as a free parameter. For symmetry, the fit allowed mν

to become negative; positive masses indicated retarded
arrival times, while negative masses were interpreted as
advanced arrival times, i.e. T−mν

→ τ + (τ − Tmν
). The

detector energy response R(Eν , Ereco) was parameterized
by a PDF derived from MC, where Ereco is the energy
reconstructed in the detector. The true energies Ei

ν are
unknown, and so are fitted as a set of 258 parameters
constrained by R and Ereco. At the peak beam energy,
R is approximately Gaussian in Eν −Ereco with a width
of ∼30%.
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batches with short gaps in between. The relative intensi-
ties of these batches, and the shape of the gaps, are due
to the proton intensity profile of the NuMI beam. Two
running modes, ‘5-batch’ and ‘6-batch’ are distinguished
on a pulse-by-pulse basis. (The ‘5-batch’ mode includes
two types of spill, where either the first or last batch are
not delivered to NuMI.) The ND measures this intensity
profile with neutrino interactions. This measurement cal-
ibrates the neutrino time relative to the extraction fire
signal. This profile is shown as Figure 1 and is repre-
sented as probability density functions (PDFs) P 5

1 (t1)
and P 6

1 (t1).
The arrival time distribution of neutrinos at the FD

is similar, but the relative jitter of the two GPS clocks
further degrades the time resolution. These clocks have
a maximum error of ±200 ns relative to UTC, with a
typical error of 100 ns. The uncorrelated jitter of two
clocks, in addition to detector time resolution, gives a
total relative (FD/ND) time uncertainty of σ = 150 ns.
We therefore compose PDFs of the expected FD neutrino
arrival time distribution P 5

2 and P 6
2 :

Pn
2 (t2) =

∫

1

σ
√

2π
exp

(

−
(t2 − t′)2

2σ2

)

×Pn
1 (t′) dt′ (n = 5, 6) (1)

The resulting PDF describes the predicted time dis-
tribution at the FD. The time of each event in the FD
(ti2) was compared to this PDF. The deviation δ from the
expected time was found by maximizing a log-likelihood
function (L), summing each event (i) in the 5- and 6-
batch data:

L =
∑

i

ln P2

(

ti2 − τ − δ
)
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The distribution of measured FD times is shown in
Figure 2, along with the predicted distribution for the
best fit value of δ. The deviation was found to be
δ = −126 ± 32(stat.) ± 64(sys.) ns at a 68% confidence
limit (C.L.). The systematic uncertainty is due to timing
offsets shown in Table II. The goodness-of-fit probability
was determined by Monte Carlo (MC) to be 10%, and
the likelihood is Gaussian in δ.

IV. RELATIVISTIC MASS MEASUREMENT

If the neutrino had a relativistic mass mν and total
energy Eν , the time of flight would be:

Tmν
(Eν) =

τ
√

1 −
(

mνc2

Eν

)2
, (3)

where τ is the time of flight of a massless particle. For
contained νµ and ν̄µ CC events, the MINOS detectors
measure the neutrino energy, allowing the hypothesis of
a non-zero mass to be tested by measuring the arrival
time as a function of Eν .

The measured event times are fitted to a model with
mν as a free parameter. For symmetry, the fit allowed mν

to become negative; positive masses indicated retarded
arrival times, while negative masses were interpreted as
advanced arrival times, i.e. T−mν

→ τ + (τ − Tmν
). The

detector energy response R(Eν , Ereco) was parameterized
by a PDF derived from MC, where Ereco is the energy
reconstructed in the detector. The true energies Ei

ν are
unknown, and so are fitted as a set of 258 parameters
constrained by R and Ereco. At the peak beam energy,
R is approximately Gaussian in Eν −Ereco with a width
of ∼30%.

5

The offset δ is taken as a parameter constrained by
the earlier systematic measurements as a Gaussian about
zero with σδ = 64 ns. A log-likelihood is constructed
using the expected arrival time PDF P2(t2), the arrival
times ti2, the fitted true energies Ei

ν .

L =
δ2

2σ2
δ

+
∑

i

[

lnP2

(

ti2 − Tmν
(Ei

ν) − δ
)

+ lnR
(

Ei
ν , Ei

reco

)]

(4)
The result of the fit was mν = 17+13

−28(stat.) MeV/c2 at
a 68% C.L. The likelihood function is non-Gaussian; the
99% C.L is mν = 17+33

−46(stat.) MeV/c2. The best fit gave
δ = −46 ns and a goodness-of-fit probability of 8%.

The uncertainty on the energy resolution of the FD
dominates the systematic uncertainty. The response
R

(

Ei
ν , Ei

reco

)

was found by comparing the reconstructed
neutrino energy with the input neutrino energy in a
MC simulation, with events weighted for an oscillated
neutrino beam, with ∆m2

23 = 0.0027 eV2, sin2 2θ23 =
1.0 [14]. To estimate the systematic uncertainty, the de-
tector response R was varied by (a) changing the ex-
pected neutrino energy distribution by varying oscilla-
tions parameters within the allowed range of Ref. [14]
(b) increasing the NC contamination of the CC sample
by ±50%, (c) changing the shower energy scale by ±11%,
and (d) changing the muon energy scale by ±2%. For
each change, R was evaluated and the data re-analyzed.
We incorporate these systematics by simply taking the
extremum limits on mν from all of these trials, obtaining
a final result of mν = 17+33

−56(stat.+sys.) MeV/c2, 99%
C.L. The limiting case of mν = 50 MeV/c2 is shown
graphically in Figure 3, which shows the data for events
with energies less than 10 GeV. Neutrinos consistent with
this mass fall inside the shaded region.

In practice, this method uses the high-energy events
to constrain δ, and uses the lowest-energy events to con-
strain the relativistic neutrino mass. If the constraint on
δ is removed, a free fit gives mν = 14+42

−48(stat.) MeV/c2

and δ = −99 ± 140 (stat.) ns at a 99% C.L., with a
probability of fit of 10%.

V. CONCLUSIONS

By measuring the arrival time of 473 contained CC,
rock-muon, and NC events as measured by the MINOS
GPS clocks, the deviation from the expected time at the
Far Detector was found to be

δ = −126 ± 32 (stat.) ± 64 (sys.) ns 68% C.L.

By comparing to the nominal time of flight τ , we interpret
this as a neutrino velocity of v = L/(τ + δ) to satisfy

(v − c)

c
=

−δ

τ + δ
= 5.1±2.9(stat.+sys.)×10−5 68% C.L.

for neutrinos of ∼3 GeV. This measurement is consistent
with the speed of light to less than 1.8σ. The correspond-
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FIG. 3: The time and reconstructed energy for contained νµ

charged current events. The points show the measured times
of events and reconstructed energy Ereco. The horizontal error
bars indicate the ∼1σ energy uncertainty. The gray filled
region indicates the allowed range of times predicted by a
neutrino with mν = 50 MeV/c2. The solid lines indicate the
allowed range predicted mν = 17 MeV/c2.

ing 99% confidence limit on the speed of the neutrino is
−2.4 × 10−5 < (v − c)/c < 12.6 × 10−5.

This measurement has implicitly assumed that the
m2 and m3 neutrino mass eigenstates that comprise the
beam are traveling at the same velocity. This assumption
is borne out in observing that the arrival times at the Far
detector match the expectation distribution. Indeed, if
the two eigenstates were to travel at velocities differing
by as little as ∆v/v >∼ 4× 10−7, the short ∼1 ns bunches
would separate in transit and thus decohere, changing or
destroying oscillation effects at the Far detector.

Besides the novelty of the technique, this measurement
is unique in that it probes the 1-30 GeV region of neutrino
energy not measured by previous experiments. The mea-
surements described in Refs. [9, 10] reached a sensitivity
slightly better than this work, but only for neutrinos of
∼ 25 GeV and higher. The most sensitive test of neutrino
velocity was achieved by comparing1 the arrival times
of neutrinos [17, 18] and photons from SN1987a, which
achieved a sensitivity of |v − c|/c < 2 × 10−9 [19, 20],
four orders of magnitude better than the terrestrial mea-
surements, but only for neutrinos of energy ∼ 10 MeV.
In principle, neutrino velocity could be a strong function
of energy. Our measurement constrains this previously
untested regime.

By using the arrival time and reconstructed energies
of 258 contained CC νµ and ν̄µ events, a limit was found

1 The SN1987A measurement is predicated on the theoretical as-
sumption that neutrinos and photons are emitted within three
hours of each other.
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Future of TOF in MINOS
MINOS getting ready to repeat TOF measurement to independently verify 
or rule out OPERA’s result. 
Short term (6-9 months):

Analyze data sample increased by a factor of 9 with respect to 2007 
result. Use RF batch structure: 1.6 μsec batches with 100 nsec gaps.
Reduce major systematics. Collaborate with experts from NIST.

Medium term (~1 year):
Upgrade the timing system to 
take all new data from “now” 
on with better timing. 
Analyze data taken by the 
shutdown. Lower statistics but 
more precise. 
Crosscheck OPERA directly 
using proton beam timing profile.
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Future of TOF in MINOS+
MINOS+ running in the NOvA era with upgraded timing system proposes to 
independently verify or rule out OPERA’s result. 
Long term (2013+):

Higher energy peaked at ~7GeV. 
Aim to achieve O(1 nsec) total systematic error.

23

Figure 23: Between the Main Injector and Soudan the beam undergoes
several metamorphoses but preserves the original microstructure.

the neutrinos arriving at Soudan will faithfully preserve the microstructure of the primary protons.
This structure consists of pulses of width 2 ns spaced by 19 ns. In Fig. 23 we represent the various
metamorphoses of the beam on its trip from the Main Injector to Soudan and the preservation of
the pulse structure from beginning to end. Although pions actually propagate down the decay pipe
at a speed a bit less than c, the delay induced is typically only 300 ps for the neutrinos that we
will catch in the Far Detector. We will measure the time of protons on target against the AC at
Fermilab and the arrival time of a neutrino at Soudan against the AC in the cavern. Because we
can not know from which bunch a neutrino was produced, and therefore we can know the transit
time to Soudan only modulo the 19 ns period of the beam microstructure.

E.3 Steps and Systematic Errors

We enumerate the salient steps that will be undertaken to accomplish the proposed ⌫-speed mea-
surement and present the associated systematic errors.

(A) Distance from Fermilab to Soudan Site: The separation of benchmarks on the surface at
Fermilab and at the Soudan site has already been determined to ±1 cm [32]. The translation of the
Soudan surface benchmark to the MINOS cavern incurs a larger error [33]. The error underground
is currently estimated at ±70 cm. We consider this error to be acceptable for the first phase of this
proposal. When we arrive eventually at the point that this error dominates the error budget of the
speed measurement, we will remeasure the position of the benchmark in the cavern with an error
not exceeding ±10 cm. The corresponding error in the ⌫ time of flight (ToF) will be about 300 ps.

(B) Timekeeping and Time Transfer: A valid measurement of time of flight requires that we
establish synchronization of the two clocks and maintain it while the neutrinos are in transit, an
interval of about 2.5 ms. The next challenge is to resynchronize the AC’s on a schedule that holds
the drift to less than 1.0 ns. The synchronization technology which will work is the two-way satellite
time transfer (TWSTT). In practice the synchronization procedure is somewhat more elaborate.
Most of the equipment, however, is available as a turn-key system [43]. We estimate this systematic
error to be about 250 ps.

(C) Temporal Calibration of the Far Detector: The temporal calibration of the FD involves the
integration of the AC’s with the FD-electronics, a time model for the FD, and auxiliary calibration
detectors composed of two sets of 1 m x 1 m fast scintillating counters at the FD and ND locations.

33

Key improvements: 
Aim to use the bunch structure, 19 nsec spacing of 2 nsec-width pulses.
Re-measure distance from Fermilab to Soudan. 
More precise temporal calibration of the FD using auxiliary detectors.
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Energy dependence for all 
muon neutrino data
OPERA-reassessing data on the energy dependence of the speed of neutrinos
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We offer a preliminary exploration of the two sides of the challenge provided by the recent OPERA data on
superluminal neutrinos. On one side we stress that some aspects of this result are puzzling even from the per-
spective of the wild quantum-gravity literature, where arguments in favor of the possibility of superluminal
propagation have been presented, but not considering the possibility of such a sizeable effect for neutrinos of
such low energies. We feel this must encourage particularly severe scrutiny of the OPERA result. On the other
side, we notice that the OPERA result is reasonably consistent with µ-neutrino-speed data previously obtained
at FERMILAB, reported in papers of 2007 and 1979. And it is intriguing that these FERMILAB79 and FER-
MILAB07 results, when combined with the new OPERA result, in principle provide a window on µ-neutrino
speeds at different energies broad enough to compare alternative phenomenological models. We test the discrim-
inating power of such an approach by using as illustrative examples the case of special-relativistic tachyons, the
case of “Coleman-Glashow-type” momentum-independent violations of the special-relativistic speed law, and
the cases of linear and quadratic energy dependence of the speed of ultrarelativistic muon neutrinos. Even
just using µ-neutrino data in the range from ⇠ 3 GeVs to ⇠ 200 GeVs the special-relativistic tachyon and the
quadratic-dependence case are clearly disfavoured. The linear-dependence case gives a marginally consistent
picture and the Coleman-Glashow scenario fits robustly the data. We also comment on Supernova 1987a and its
relevance for consideration of other neutrino species, also in relation with some scenarios that appeared in the
large-extra-dimension literature.

I. PRELIMINARIES AND MOTIVATION

The OPERA collaboration recently reported [1] evidence
of superluminal behavior for µ neutrinos (⌫µ). Specifically,
these “OPERA/CNGS11 data” (data reported by the OPERA
collaboration, CNGS beam, in 2011 [1]) imply for the speed
of such neutrinos the estimate

v⌫µ � 1 = (2.48± 0.28 (stat) ± 0.30 (sys)) · 10�5, (1)

a significance of six standard deviations (we use units such
that the speed of light is c = 1).

This would be the most significant discovery in fundamen-
tal physics over the last several decades, so the OPERA data
will inevitably motivate a healthy exploration of both possi-
ble outcomes: on one side the data, particularly the possibil-
ity of unnoticed systematic biases, should be scrutinized very
carefully, and on the other side, which however will require
(also in light of some of the considerations we here offer) the
guidance of some dedicated model building, one may look for
corroborating evidence in totally independent measurements,
at different energies using different techniques.

We here report a preliminary exploration of these two sides.
We are going to provide further motivation for careful scrutiny
of the data by observing that such a result cannot be accom-
modated in any reasonably well studied existing theory spec-
ulation. In particular, even in the quantum-gravity literature,
small parts of which have provided motivation for searches of
violations of Lorentz symmetry, including some proposals of
superluminal type, one finds no scenario with an effect of that
magnitude for particles with energies so far from the Planck
scale.

For the opposite side, the one of attempts to find evi-
dence corroborating the OPERA/CNGS11 result, also ex-
ploiting the guidance of some dedicated phenomenological

models, our main message is that combining CNGS11 with
other previously-obtained data on the speed of µ-neutrinos
we might have sufficient guidance to filter significantly the
list of candidate phenomenological models. We find that a
particularly interesting picture is obtained when combining
the CNGS11 data with the “FERMILAB07” data (obtained
at Fermilab, by the MINOS collaboration, and reported in
2007 [2]) and the “FERMILAB79” data (also obtained at Fer-
milab, and reported in 1979 [3]). This allows us to look at
speed of µ-neutrinos with data populating with acceptable
density the range from ⇠ 3GeV to ⇠ 200GeV. So if one takes
these data at face value (as a working assumption, looking for
evidence possibly corroborating CGNS11) one has a criterion
to select phenomenological models, whose guidance could be
used to set up particularly meaningful other tests of the super-
luminal µ-neutrino hypothesis.

Mostly as a way to test that our proposal of combin-
ing the new CGNS11 data with the previous FERMILAB07
and FERMILAB79 data actually can “discriminate models”
(though only conditionally on the working assumption that
the data can be taken at face value), we focus on a few very
simple phenomenological pictures of superluminal particles:
a “standard” (imaginary-mass) special-relativistic tachyon,
the case of “Coleman-Glashow neutrinos” [4, 5], with real
mass and violatons of the special-relativistic speed law which
are momentum independent in the ultrarelativistic regime,
and two “DSR-type pictures” [6–10], with real mass, possi-
bly “deformations” (rather than preferred-frame breakdowns)
of Lorentz symmetry, and momentum-dependent speed in
the ultrarelativistic regime. We expose some discriminating
power for the strategy here proposed by finding that, among
these illustrative examples of phenomenological models, the
special-relativistic-tachyon scenario and the DSR model with
quadratic dependence on the deformation scale are clearly
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B. Superluminal but not a tachyon

Clearly, if taken at face value, the data presently avail-
able point toward a superluminal µ neutrino. One could
actually argue that all three results OPERA/CNGS11, MI-
NOS/FERMILAB07 and FERMILAB79 individually favor
(some more some less significantly) a µ neutrino with speeds
greater than c. There is a common tendency to associate the
concept of a “superluminal particle” (speed greater than the
speed-of-light scale c) to a special-relativistic tachyon (parti-
cle governed by special relativity, but with imaginary mass).
This is evidently not a correct association (and readers un-
familiar with the subject may use the illustrative examples of
models here considered as guidance). But nonetheless we find
appropriate to first test the hypothesis of the µ neutrino as a
special-relativistic tachyon, as described by Eq. (4).

In Fig. 3 we show the fit of the special-relativistic-tachyon
hypothesis on the data already summarized in our Fig. 2. We
computed the reduced �2 of this fit and found a discourag-
ing 2.26 [df 10]. Also for this special-relativistic-tachyon hy-
pothesis we then allowed the bias b1979 to vary within its 3-
standard-deviation range, but could only find a negligible im-
provement in the reduced �2 (2.25) in correspondence of a
best-fit value for M2 of M2 = 1.13 · 10�3 GeV2. From
the high values of reduced �2 we conclude that the special-
relativistic-tachyon hypothesis is disfavored4, even just using
data on µ neutrinos in the energy range from 3 to 200 GeV.

Let us then warm up to the idea of a superluminal parti-
cle without imaginary mass, by considering the simplest op-
tion of the Coleman-Glashow scenario of Eq. (5). Fig. 4
shows the result of a fit of the Coleman-Glashow parameter
on the OPERA+FERMILAB07+FERMILAB79 data already
shown in our Fig. 2. The result is satisfactory, as implied by
the reduced �2 of the fit which we computed to be 1.26 [df
10]. Moreover, considering again values of b1979 within its
3-standard-deviation range, we found even lower values of re-
duced �2 for the fit based on the Coleman-Glashow scenario,
including a case with reduced �2 of 0.70 in correspondence
of a best-fit value of the Coleman-Glashow � parameter of
� = 2.6 · 10�5.
So the Coleman-Glashow picture passes our test rather com-
fortably.

4 Of course, it is a peculiar exercise to constrain a special-relativistic tachyon
hypothesis using the more benign high-energy features rather than the
pathological implications at lower energies. However, for reasons that will
be stressed in the next section, there is some added value for us to constrain
the special-relativistic tachyon with data at energies between a few GeVs
and 200 GeVs.
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FIG. 3. Fit with the special-relativistic-tachyon hypothesis.
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FIG. 4. Fit with the Coleman-Glashow hypothesis.
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and the two results appear to be rather naturally compatible
with each other. Actually, they are not only compatible but
they were also determined at relatively close energies, and
this for our purposes is not welcome: if one only combines
the OPERA/CNGS11 result and the FERMILAB07 result one
gets very limited ability to discriminate between models pre-
dicting different forms of energy dependence.

IV. OPERA+FERMILAB07+FERMILAB79

It must be evident at this point that our main interest is in
the form of energy dependence of the speed of neutrinos (ac-
tually primarily µ neutrino, see later). This is also reflected in
the choice of illustrative examples of test theories on which we
focus: they are simple and representative of significant classes
of related speculations, and they also represent alternative op-
tions for how the speed of ultrarelativistic neutrinos could de-
pend on energy. And it is also evident that because of these
objectives it is desirable for us to consider data at relatively
high energies, at least somewhat higher that the range covered
by OPERA/CGNS11 and MINOS/FERMILAB07. From this
perspective it is interesting to reconsider the FERMILAB79
data on the speed of neutrinos reported in 1979 in Ref. [3].
These extend all the way from ⇠ 30 GeV to ⇠ 200 GeV, so
they open a very valuable window for our purposes.

The energy dependence is so crucial for our purposes that
we shall here not use OPERA’s most significant result, (1),
obtained by combining CC-internal and external events [1],
since it carries no verification of the neutrino energies. We
find most valuable for our purposes to consider only the CC-
internal events for which [1]

(v⌫µ � 1)
���
14GeV

= (2.18± 0.77 (stat) ± 0.30 (sys)) · 10�5

(v⌫µ � 1)
���
43GeV

= (2.75± 0.75 (stat) ± 0.30 (sys)) · 10�5

These are of lower significance than (1), but carry the energy
information crucial for our purposes.

In our Fig. 1 we show the neutrino data3 from Fig. 3 of
Ref. [3], together with the MINOS/FERMILAB07 result, and
the OPERA results we just noted.

Concerning the FERMILAB79 data we should stress that
they actually concern the difference between the speed of the
µ-neutrino and the speed of muons, but we shall be not too
embarrassed of taking as working assumption of this first ex-
ploratory study that the speed of muons, at least in that range
of energies, is faithfully described by standard special rela-
tivity, so we shall handle the FERMILAB79 data as deter-
minations of the speed of the µ-neutrino at various neutrino
energies. More concerning for us is the fact that the analysis
in Ref. [3] relies very significantly on correcting for a large
bias: it was realized [3] that one should correct for the fact
that the relevant muons taking part in that differential mea-
surement ended up being on paths that were effectively longer

3 We here do not consider the antineutrino data also found in Ref. [3]. we
feel in this exploratory stage it is an asset to look exclusively at µ-neutrino
data.
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FIG. 1. The results for the speed of µ neutrinos reported by OPERA
(red), MINOS (blue) and in Fig. 3 of Ref. [3] (black).

than the path of the neutrinos they were “racing” against. The
authors of Ref. [3] conclude that this would effectively pro-
duce a rigid (equal at all energies) downward shift of all es-
timates of the neutrino velocity, and that a very sizable such
downward shift should be applied. Specifically this bias cor-
rection, which we shall denote with b1979, was estimated [3]
at b1979 = (0.5+0.2

�0.1) · 10�4. Our Fig. 2 shows the effect of
b1979 = 0.5 ·10�4 on the black points of Fig. 1. As seen com-
paring Figs. 1 and 2 the nest result on the findings of Ref. [3]
roughly amounts to the subtraction of a large estimated “back-
ground”, leaving the analysis with a small “signal”.
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FIG. 2. As in fig.1 but taking into account the large bias correction
discussed at the end of Ref. [3].

Looking at our Fig. 1 and even our Fig. 2 one cannot fail
to notice that, while surely previous measurements had not
reached enough significance to make substantial claims, the
overall picture is perfectly consistent with what was then very
recently reported by OPERA. And concerning the issue of a

MINOS ’07
OPERA ’11
FNAL ’79
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Build a high intensity off-
axis beam of muon 
neutrinos at JPARC (2.5º 
away from SuperK).
Use existing large Water 
Cherenkov detector SuperK
Build a near detector 
complex to understand 
beam, cross-sections, etc.
If neutrinos oscillate, 
electron neutrinos are 
observed at the Far 
Detector at Kamioka.

T2K in a nutshell

3

T2K (Tokai to Kamioka)  experiment

� High intensity �� beam from J-PARC MR to Super-Kamiokande @ 
295km

� Discovery of �e appearance � Determine �13
� Last unknown mixing angle
� Open possibility to explore CPV in lepton sector

� Precise meas. of �� disappearance � �23, �m23
2

� Really maximum mixing? Any symmetry? Anytihng unexpected?

132312sin ssse 


	� ��� � prob.  in term odd CP sin�12~0.5, sin�23~0.7, 
sin���<0.2)

25

Assessing TOF 
measurement
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The T2K beam

Neutrino energy peaked at ~0.6 GeV.

Proton beam extracted every 3 sec.

Beam spill width ~5μsec.

6 bunches/8 bunches before/after 
Summer ’10.

Neutrino production graphite target, 
He air cooled. 

26

6. T2K ~ Schematic diagram of the experiment

• Proton beam extracted every ~ 3 sec. 
• Beam spill width ~ 5 Ps

6 bunches before Summer 2010
8 bunches after Summer 2010

• Neutrino production target
graphite target 

( diameter = 26mm, L=90cm )
He air cooled

• S focusing ~ Triple horn system ( operated @ 250kA )

~10ns

~580ns

~3 s

~5Ps

6. T2K ~ Schematic diagram of the experiment

• Proton beam extracted every ~ 3 sec. 
• Beam spill width ~ 5 Ps

6 bunches before Summer 2010
8 bunches after Summer 2010

• Neutrino production target
graphite target 

( diameter = 26mm, L=90cm )
He air cooled

• S focusing ~ Triple horn system ( operated @ 250kA )

~10ns

~580ns

~3 s

~5Ps

Thanks to Hayato-san.



M. Sanchez - ISU/ANL

T2K beam structure in SK

Consider TOF from Tokai to Kamioka, various offsets in the beam-line and SK and 
photon TOF in the SK detector.

The eight dotted vertical lines 581 nsec-interval bunch center position fitted to the 
observed FC event timing.

Residual from mean beam timing ~ 27nsec.  Demonstrates stable beam timing, 
NOT an absolute timing measurement.
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Consider TOF from Tokai to Kamioka,
various offsets in the beam-line and SK
and photon TOF in the SK detector. 
The eight dotted vertical lines 
581nsec-interval bunch center position 
fitted to the observed FC event timing. 

Residual from mean
beam timing ~ 27ns

Appendix. T2K Q beam time structure observed in SK

Thanks to Hayato-san.



M. Sanchez - ISU/ANL 28

T2K timing and distances
Distance between the target and 
center position at Super-
Kamiokande: 
295,335.2±0.7 m.

T2K GPS time synchronization 
system provides O(50ns) scale 
between neutrino timestamps at 
SK and beam spill timestamps at 
J-PARC. 

System uses Rb clock as a 
time base for two independent 
commercial GPS receivers.

Shorter baseline and 
reconstruction resolution makes it 
more difficult. 

The off-axis detector is composed of: a water-scintillator de-
tector optimized to identify π0’s (the PØD); the tracker consist-
ing of time projection chambers (TPCs) and fine grained de-
tectors (FGDs) optimized to study charged current interactions;
and an electromagnetic calorimeter (ECal) that surrounds the
PØD and the tracker. The whole off-axis detector is placed
in a 0.2 T magnetic field provided by the recycled UA1 mag-
net, which also serves as part of a side muon range detector
(SMRD).
The far detector, Super-Kamiokande, is located in the

Mozumi mine of the Kamioka Mining and Smelting Company,
near the village of Higashi-Mozumi, Gifu, Japan. The detector
cavity lies under the peak of Mt. Ikenoyama, with 1000 m of
rock, or 2700 meters-water-equivalent (m.w.e.) mean overbur-
den. It is a water Cherenkov detector consisting of a welded
stainless-steel tank, 39 m in diameter and 42 m tall, with a total
nominal water capacity of 50,000 tons. The detector contains
approximately 13,000 photomultiplier tubes (PMTs) that im-
age neutrino interactions in pure water. Super-Kamiokande has
been running since 1996 and has had four distinctive running
periods. The latest period, SK-IV, is running stably and fea-
tures upgraded PMT readout electronics. A detailed description
of the detector can be found elsewhere [3].
Construction of the neutrino beamline started in April 2004.

The complete chain of accelerator and neutrino beamline was
successfully commissioned during 2009, and T2K began ac-
cumulating neutrino beam data for physics analysis in January
2010.
Construction of the majority of the ND280 detectors was

completed in 2009 with the full installation of INGRID, the
central ND280 off-axis sub-detectors (PØD, FGD, TPC and
downstream ECal) and the SMRD. The ND280 detectors be-
gan stable operation in February 2010. The rest of the ND280
detector (the ECals) was completed in the fall of 2010.
The T2K collaboration consists of over 500 physicists and

technical staff members from 59 institutions in 12 countries
(Canada, France, Germany, Italy, Japan, Poland, Russia, South
Korea, Spain, Switzerland, the United Kingdom and the United
States).
This paper provides a comprehensive review of the instru-

mentation aspect of the T2K experiment and a summary of the
vital information for each subsystem. Detailed descriptions of
some of the major subsystems, and their performance, will be
presented in separate technical papers.

2. J-PARC Accelerator

J-PARC, which was newly constructed at Tokai, Ibaraki, con-
sists of three accelerators [5]: a linear accelerator (LINAC),
a rapid-cycling synchrotron (RCS) and the main ring (MR)
synchrotron. An H− beam is accelerated up to 400 MeV5
(181 MeV at present) by the LINAC, and is converted to an
H+ beam by charge-stripping foils at the RCS injection. The

5 Note that from here on all accelerator beam energies given are kinetic
energies.

Table 1: Machine design parameters of the J-PARCMR for the
fast extraction.

Circumference 1567 m
Beam power ∼750 kW
Beam kinetic energy 30 GeV
Beam intensity ∼3 × 1014 p/spill
Spill cycle ∼0.5 Hz
Number of bunches 8/spill
RF frequency 1.67 – 1.72 MHz
Spill width ∼5 µsec

beam is accelerated up to 3 GeV by the RCS with a 25 Hz cy-
cle. The harmonic number of the RCS is two, and there are two
bunches in a cycle. About 5% of these bunches are supplied to
the MR. The rest of the bunches are supplied to the muon and
neutron beamline in the Material and Life Science Facility. The
proton beam injected into the MR is accelerated up to 30 GeV.
The harmonic number of the MR is nine, and the number of
bunches in the MR is eight (six before June 2010). There are
two extraction points in the MR: slow extraction for the hadron
beamline and fast extraction for the neutrino beamline.
In the fast extraction mode, the eight circulating proton

bunches are extracted within a single turn by a set of five kicker
magnets. The time structure of the extracted proton beam is key
to discriminating various backgrounds, including cosmic rays,
in the various neutrino detectors. The parameters of the J-PARC
MR for the fast extraction are listed in Tab. 1.

3. T2K Neutrino Beamline

Each proton beam spill consists of eight proton bunches ex-
tracted from the MR to the T2K neutrino beamline, which pro-
duces the neutrino beam.
The neutrino beamline is composed of two sequential sec-

tions: the primary and secondary beamlines. In the primary
beamline, the extracted proton beam is transported to point to-
ward Kamioka. In the secondary beamline, the proton beam
impinges on a target to produce secondary pions, which are fo-
cused bymagnetic horns and decay into neutrinos. An overview
of the neutrino beamline is shown in Fig. 2. Each component
of the beamline is described in this section.
The neutrino beamline is designed so that the neutrino energy

spectrum at Super-Kamiokande can be tuned by changing the
off-axis angle down to a minimum of ∼2.0◦, from the current
(maximum) angle of ∼2.5◦. The unoscillated νµ flux at Super-
Kamiokande with this off-axis angle is shown in Fig. 3. Precise
measurements of the baseline distance and off-axis angle were
determined by a GPS survey, described in Section 3.6.1.

3.1. Primary Beamline
The primary beamline consists of the preparation section

(54 m long), arc section (147 m) and final focusing section
(37 m). In the preparation section, the extracted proton beam

4

See NIM paper for exp details: 
http://arxiv.org/abs/1106.1238



M. Sanchez - ISU/ANL

Official T2K status on TOF

T2K has assessed its TOF capability and cannot make 
a definitive statement on the OPERA neutrino TOF 
anomaly at this point in time.

T2K will assess a possibility to improve our 
experimental sensitivity for a measurement to cross-
check the OPERA anomaly in the future.

29Thanks to Hayato-san.
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But, would Einstein really be 
wrong?

Theorists are having a field day even if the 
measurement is not yet confirmed.

There are 75 papers on the arxiv with “superluminal 
neutrino” in the abstract, 33 of them were written 
the week following the announcement, 25 in this 
past week!

Here is a biased pick of a few theory papers.
Remember caveat: IANAT

30
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Would Einstein really be 
wrong?
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KCL-PH-TH/2011-31
LCTS/2011-16
CERN-PH-TH/2011-240

On the Possibility of Superluminal Neutrino Propagation

Jean Alexandre1, John Ellis1,2 and Nick E. Mavromatos1,2

1 Department of Physics, King’s College London, Strand, London WC2R 2LS, UK
2 Theory Division, Department of Physics, CERN, CH 1211 Geneva 23, Switzerland.

Abstract

We analyze the possibility of superluminal neutrino propagation δv ≡ (v − c)/c > 0 as indicated by OPERA data,
in view of previous phenomenological constraints from supernova SN1987a and gravitational Čerenkov radiation. We
argue that the SN1987a data rule out δv ∼ (Eν/MN)N for N ≤ 2 and exclude, in particular, a Lorentz-invariant
interpretation in terms of a ‘conventional’ tachyonic neutrino. We present two toy Lorentz-violating theoretical models,
one a Lifshitz-type fermion model with superluminality depending quadratically on energy, and the other a Lorentz-
violating modification of a massless Abelian gauge theory with axial-vector couplings to fermions. In the presence of an
appropriate background field, fermions may propagate superluminally or subluminally, depending inversely on energy,
and on direction. Reconciling OPERA with SN1987a would require this background field to depend on location.

INTRODUCTION

Data from the OPERA experiment have recently been interpreted [1] as evidence for superluminal νµ propagation
between CERN and the Gran Sasso laboratory, with δv ≡ (v − c)/c ∼ 2.5 × 10−5 for 〈Eν〉 ∼ 17 GeV 1. Such an ex-
traordinary claim clearly requires extraordinary standards of proof, notably including confirmation by an independent
experiment such as MINOS, T2K or NOνA. Nevertheless, even while the OPERA data are undergoing experimental
scrutiny, notably of the technical issues of pulse modelling, timing and distance measurement on which we are not
qualified to comment, it may be helpful to present some relevant phenomenological and theoretical observations about
the claimed effect. Here we report two sets of considerations concerning: (1) comparison with other phenomenological
constraints on possible superluminal neutrino propagation, and (2) instructive theoretical toy models of Lorentz viola-
tion that exemplify the price to be paid to obtain such an effect. These toy models cast light on possible experimental
probes of the OPERA effect.
As we show, reconciling this effect with other bounds on the propagation speeds of neutrinos, notably those provided

by the supernova SN1987a [2–4], is a non-trivial issue. For example, if δv were independent of energy, the SN1987a
neutrinos would have arrived at Earth years before their optical counterparts. This prematurity would have been even
more pronounced for ‘conventional’ Lorentz-invariant tachyons, for which δv would increase at lower energies, forcing
one to consider Lorentz-violating models. However, simple Lorentz-violating power-law modifications of the neutrino
propagation speed δv ∼ (Eν/MN)N are also severely constrained by SN1987a. Specifically, constraints for N = 1, 2,
derived previously in the paper [2] of which one of us (J.E.) was an author, are incompatible with the OPERA result
for 〈Eν〉 ∼ 17 GeV [1]. Moreover, OPERA reports [1] that there is no significant difference between the values of δv
measured for the lower- and higher-energy data with 〈Eν〉 ∼ 13 and 43 GeV, respectively, providing no indication
that N (= 0.

1 OPERA used a similar experimental approach to that proposed in [2].

Note that J. Ellis, A. Rubbia, S. Sakharov et.al.  have a paper from 2008 that 
suggested neutrinos as probes of Lorentz Violation. 
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New Constraints on Neutrino Velocities

Andrew G. Cohen∗ and Sheldon L. Glashow†

Physics Department, Boston University

Boston, MA 02215, USA

(Dated: September 30, 2011)

Abstract

The OPERA collaboration has claimed that muon neutrinos with mean energy of 17.5 GeV

travel 730 km from CERN to the Gran Sasso at a speed exceeding that of light by about 7.5 km/s

or 25 ppm. However, we show that such superluminal neutrinos would lose energy rapidly via

the bremsstrahlung of electron-positron pairs (ν → ν + e− + e+). For the claimed superluminal

neutrino velocity and at the stated mean neutrino energy, we find that most of the neutrinos would

have suffered several pair emissions en route, causing the beam to be depleted of higher energy

neutrinos. Thus we refute the superluminal interpretation of the OPERA result. Furthermore, we

appeal to Super-Kamiokande and IceCube data to establish strong new limits on the superluminal

propagation of high-energy neutrinos.

∗Electronic address: cohen@bu.edu
†Electronic address: slg@bu.edu
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Andrew G. Cohen∗ and Sheldon L. Glashow†

Physics Department, Boston University
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(Dated: September 30, 2011)

Abstract

The OPERA collaboration has claimed that muon neutrinos with mean energy of 17.5 GeV

travel 730 km from CERN to the Gran Sasso at a speed exceeding that of light by about 7.5 km/s

or 25 ppm. However, we show that such superluminal neutrinos would lose energy rapidly via

the bremsstrahlung of electron-positron pairs (ν → ν + e− + e+). For the claimed superluminal

neutrino velocity and at the stated mean neutrino energy, we find that most of the neutrinos would

have suffered several pair emissions en route, causing the beam to be depleted of higher energy

neutrinos. Thus we refute the superluminal interpretation of the OPERA result. Furthermore, we

appeal to Super-Kamiokande and IceCube data to establish strong new limits on the superluminal

propagation of high-energy neutrinos.

∗Electronic address: cohen@bu.edu
†Electronic address: slg@bu.edu
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E as given by:

E−5 −E−5
0 = 5kδ3

G2
F

192π3
L ≡ E−5

T (4)

The steeply falling (with energy) form of dE/dx means that neutrinos with initial energy

greater than ET rapidly approach a terminal energy, ET , which is essentially independent of

the initial neutrino energy. Adopting the OPERA result δ = 5×10−5 and using the OPERA

baseline of 730 km we find a terminal energy of about 12.5 GeV. Few, if any, neutrinos will

reach the detector with energies in excess of 12.5 GeV. Thus the CNGS beam would be

profoundly depleted and spectrally distorted upon its arrival at the Gran Sasso. Using

the expression for Γ above we may also establish that any superluminal neutrino with the

velocity claimed by OPERA of any specific initial energy much greater than 12.5 GeV has

a negligible probability of arriving at the Gran Sasso without having lost most of its energy.

The observation of neutrinos with energies in excess of 12.5 GeV cannot be reconciled with

the claimed superluminal neutrino velocity measurement.

Our analysis yields strong new constraints on superluminal neutrino velocities. Super-

Kamiokande has carefully studied atmospheric neutrinos that traverse the earth (upward-

going in the detector) over an energy range extending from 1 GeV to 1 TeV[8–10]. These

upward directed neutrinos, in traversing a distance of 10,000 km, would experience a deple-

tion and spectral distortion as we have described above. The observation of such neutrinos

with 1 TeV energy allows us to conservatively deduce that δ < 1.4 × 10−8, similar to but

slightly weaker than the lower energy neutrino velocity constraint deduced from SN1987a.

The IceCube collaboration has reported the observation of upward-going showers with

reconstructed shower energies above 16 TeV[11]. Using a neutrino energy of 16 TeV and

a minimum baseline of 500 km (which would be appropriate for a horizontal neutrino) we

obtain a more stringent limit δ < 3.75 × 10−10, superior to the SN1987a constraint by an

order of magnitude. Finally IceCube has also reported events with energies in excess of 100

TeV. Observation of neutrinos with this energy and a baseline of at least 500 km implies a

limit of δ < 1.7× 10−11.

While δ < 1.7 × 10−11 is significantly better than previous bounds, a more careful anal-

ysis of the path-lengths and energies of the highest energy events from Super-Kamiokande,

IceCube and other neutrino telescopes may enable an even stronger constraint.

4
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Would Einstein really be 
wrong?

Extra-dimensions, really?
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Apparent faster than light propagation from light sterile neutrinos

Steen Hannestad1 and Martin S. Sloth2, 3

1Department of Physics and Astronomy, University of Aarhus, 8000 Aarhus C, Denmark
2 Départment de Physique Théorique and Center for Astroparticle Physics,
Université de Genève, 24 Quai E. Ansermet, CH-1211 Genève, Switzerland

3 CERN, Physics Department, Theory Unit, CH-1211 Geneva 23, Switzerland
(Dated: September 28, 2011)

Recent data from the OPERA experiment seem to point to neutrinos propagating faster than
light. One possible physics explanation for such a result is the existence of light sterile neutrinos
which can propagate in a higher dimensional bulk and achieve apparent superluminal velocities
when measured by an observer confined to the 4D brane of the standard model. Such a model has
the advantage of easily being able to explain the non-observation of superluminal neutrinos from
SN1987A. Here we discuss the phenomenological implications of such a model and show that it can
provide an explanation for the observed faster than light propagation of neutrinos.

PACS numbers:

INTRODUCTION

Recent data from the OPERA experiment seem to
point to neutrinos propagating faster than light, with
|v − c|/c ∼ 2.5 × 10−5 [1]. This result is in concor-
dance with the tentative detection of superluminal neu-
trino propagation by the MINOS experiment [2]. While
this is seemingly in conflict with special relativity in 4 di-
mensions, a number of possible explanations for Lorentz
violation exist in the literature [3–8].
Here, we propose that the faster than light propaga-

tion of muon neutrinos is caused by mixing with light
sterile neutrinos. In models with large extra dimensions,
standard model particles are confined to a brane with 3
spatial dimensions because of gauge charges. This is true
also for the standard active neutrinos. However, a sterile
neutrino is a gauge singlet in the standard model and
can in principle freely propagate in the bulk. A number
of models exist where bulk geodesics beginning and end-
ing on the brane are shorter than the corresponding 4D
geodesics traversed by particles on the brane and where
bulk particles can therefore travel superluminally.
In the next section, discuss heavy vs light sterile neu-

trinos in the context of the new experimental results. In
Section III we describe one particular brane world model
which allows for superluminal motion of bulk particles.
In Section IV we discuss the oscillation phenomenology
in a simple 2-neutrino mixing scheme, involving only νµ
and a new sterile component. Finally, Section V contains
our conclusions.

LIGHT STERILE NEUTRINOS

Since the constraints on Lorentz violation involving
photons and electrons are very strong, we are search-
ing for an effect of Lorentz violation effectively restricted
to neutrinos. One of the simplest ways to achieve this

goal, it is to introduce a sterile neutrino, and confine the
Lorentz violation in this sector.

The models proposed so far to explain the apparent su-
perluminal signal propagation in MINOS and OPERA,
has focussed on a heavy sterile neutrino with Lorentz-
violating interactions and mixings with the active neutri-
nos suppressed by mass of the heavy sterile neutrino. The
most serious drawback of these models, it is that Lorentz
invariance needs to be flavor-independent in order not to
destroy the observed coherent oscillations between active
neutrinos. In models with a heavy sterile neutrino with
mass M much larger than the energy of the neutrinos,
Eν , the heavy sterile neutrino can be integrated out and
affects all propagating active neutrinos which it mixes
with. If the the effect on different neutrino spices is dif-
ferent it will destroy the coherent oscillations. On the
other hand if it is flavor independent, then one encoun-
ters severe problems with loop induced Lorentz violations
for electrons, from a loop with a W boson and an elec-
tron neutrino, which contradicts the very tight bounds
on the speed of propagation on electrons [9].

Instead, one might therefore want to consider a model
with a light sterile neutrino, which have the merit of pro-
viding a possible explanation of observed short baseline
neutrino anomalies (see e.g. [10]), as well as a possible ex-
planation for the observed excess relativistic energy den-
sity in cosmology (see e.g. [11]). Unlike heavy steriles, a
light sterile neutrino state cannot be integrated out. In
the case of small sterile-active neutrino mixing, only a
fraction of the observed neutrinos will have propagated
as sterile neutrinos. In this case the Lorentz violation
need not to be flavor independent, and one might alle-
viate the problems with loop induced Lorentz violation
in electrons, by making the sterile neutrino interacting
only with muon neutrinos. This is a prediction which
is testable by experiments such as MINOS or OPERA.
However, even if Lorentz violation is restricted to the
muon sector there are still potential problems with known

35
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Other papers calculate the curvature of such brane.
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Summary of current 
measurements

Electron anti-neutrinos from supernova 1987a arrived in time with light. 
Neutrino energies from supernovae are ~10-40 MeV. 

A short baseline experiment at Fermilab
tested in 1979, muon neutrinos with energies
larger than 30 GeV:

 The MINOS experiment used muon neutrinos
 at energies of ~3GeV (2007): 

Opera’s result with muon neutrinos is at ~17 GeV:

Conclusions (1)

D. Autiero - CERN - 23 September 2011 53

• The OPERA detector at LNGS in the CERN CNGS muon neutrino beam has allowed the 
most sensitive terrestrial measurement of the neutrino velocity over a baseline of about 730 
km.

• The measurement profited of the large statistics accumulated by OPERA  (~16000 events), of 
a dedicated upgrade of the CNGS and OPERA timing systems, of an accurate geodesy 
campaign and of a series of calibration measurements conducted with different and 
complementary techniques.

• The analysis of data from the 2009, 2010 and 2011 CNGS runs was carried out to measure 
the neutrino time of flight. For CNGS muon neutrinos travelling through the Earth’s crust with 
an average energy of 17 GeV the results of the analysis indicate an early neutrino arrival time 
with respect to the one computed by assuming the speed of light:

ˡt = TOFc-TOFν= (60.7 s 6.9 (stat.) s 7.4 (sys.)) ns 

• We cannot explain the observed effect in terms of known systematic uncertainties. Therefore, 
the measurement indicates a neutrino velocity higher than the speed of light:

(v-c)/c = ˡt /(TOFc - ˡt) = (2.48 s 0.28 (stat.) s 0.30 (sys.)) �10-5

with an overall significance of 6.0 ˰.
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Past experimental results

FNAL experiment (Phys. Rev. Lett. 43 (1979) 1361)

high energy (Eν > 30 GeV) short baseline experiment. Tested deviations down 
to  |v-c|/c ื 4�10-5 (comparison of muon-neutrino and muon velocities).

SN1987A (see e.g. Phys. Lett. B 201 (1988) 353)

electron (anti) neutrinos, 10 MeV range, 168’000 light years baseline.
|v-c|/c ื 2�10-9.
Performed with observation of neutrino and light arrival time.  

MINOS (Phys. Rev. D 76 072005 2007)

muon neutrinos, 730 km baseline, E˪ peaking at ~3 GeV with a tail extending 
above 100 GeV. 
(v-c)/c = 5.1 s 2.9�10-5  (1.8 σ).
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Final Thoughts
From the Economist (Oct 1st, 2011): 

For in their heart of hearts, even the sceptics who 
say they think the result from OPERA must be a 
mistake hope that it is not.

However, extraordinary claims require extraordinary proof.

But even if you really do NOT hope it to be true... 

We are unlikely to ever build another neutrino experiment 
without planning to measure TOF at the highest precision 
possible, even if OPERA is proven wrong.
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