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Definitions  

Direct accelerator bounds
FERMILAB 1979
MINOS 2007
OPERA 2011

 Indirect bounds
 Cosmic rays
NOMAD
ICARUS

Astrophysics

 SN1987

Plan of the presentation:
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Special relativity kinematic:

  −δ ≡   1 – β2 = (m/E)2 (Cohen & Glashow 1998)

In general for  β ≈1: 

  δ  ≈  2x(β −1) 

If δ  <0 can be due to mass effect 

If δ  >0 is superluminal beyond SR

For ν δ  ≈−10−18 for mν≈1eV and Eν≈1GeV

For µ δ  ≈−10−4 for Eµ≈10GeV

Definitions:
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FERMILAB 1979 (1)FERMILAB 1979 (1)

This experiment measures the relative velocity of 

µ+(−) vs νµ (νµ) from π and K decays. 

Physical Review Letters 43 (1979) 1361-1364, Kalbfleisch G. et al.
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FERMILAB 1979 (2)FERMILAB 1979 (2)

 400 GeV protons on target 

 Momentum selection of positive or negative hadrons π and K 

  with energy E
h 
between 80 and 250 GeV.

 Average ν(ν) energy between 32 and 195 GeV:

  Max(Eνπ) = Εh2 (mπ
2 −mµ

2 )/mπ ≈ 0.50xΕh  

  Max(EνΚ) =E
h
 2 (mΚ

2 −mµ
2 )/m2

K  ≈ 0.95xΕh  

 Detector for ν:  iron-scintillator calorimeter + µ spectrometer
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FERMILAB 1979 (3)FERMILAB 1979 (3)

Time structure of beam (rf): 1 ns with period 18.83 ns

Signals are from ν interactions (events) and penetrating µ (decay µ)

Time measured by T2 and T3 counters in the detector for both sets 

T2-rf and T3-rf are used to align the spills in time

Time Resolutions σ ≈ 1 ns

Difference between (T2(3)ν – T2(3)µ) = ∆µνβ∗L/c where 

   L/c=τ≈2.5 µs 
∆T≈100 ps !! with systematic errors ∆T≈50 ps → ∆µνβ≈2x10−5
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FERMILAB 1979 (4)FERMILAB 1979 (4)
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FERMILAB 1979 (5)FERMILAB 1979 (5)

Corrections: 
   µ have β < 1 Estimates for Eµ ≥ 30 GeV: 1- βµ≤ 0.06 x 10-4 (??)

  Multiple scattering µ extra path length: 
      1- βµ= (0.5+0.2−0.1) x10−4 (??)

The above estimations rely on back of the envelope calculation
No detailed MonteCarlo simulation is used for corrections
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FERMILAB 1979 (6)FERMILAB 1979 (6)

Results: 
  Multiple scattering µ extra path length: 
      |βν(ν)−βµ| < 0.4 x10−4 (95% C.L.)
      |βνΚ−βνµ| < 0.5 x10−4 (95% C.L.)
      |βν−βν| < 0.7 x10−4 (95% C.L.)
   δ < 0.8 x10−4 (95% C.L.)

Comments: 
   Very powerful technique with minimal assumption
   Short of detailed information
   Difficult measurement in the detector 100 ps
   Aggressive systematic error estimation
   Important corrections calculated approximately
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MINOS 2001 (1)MINOS 2001 (1)
MINOS is a long baseline 
experiment with near (ND) and 
far detector (FD) 734 km away
ND is located near Fermilab and 
FD at Soudan.
The experiment measures the 
“Time Of Flight” of νµ between 
ND and FD. 

The Main Injector 120 GeV p 
beam produces ν beam with 
Eν ∼ 3GeV with long tail up to 
∼120GeV.

Beam composition at ND is 
93% νµ, 6% νµ, 1% νe+νe

At FD after oscillation the beam 
is∼60% νµ

ND

FD



07/02/12 11Paolo Walter Cattaneo

MINOS 2001 (2)MINOS 2001 (2)
  DetectorsDetectors

ND and FD are steel-scintillator tracking calorimeter with 3D

reconstruction capability as similar as possible.

ND records 1.6x106 events and FD 258 (νµ only)

Calorimetric event energy is measured.

Scintillator strips are read out by multianode photomultiplier 
tubes (PMTs) with resolutions 

σ
ND

(t) = 18.8 ns and σ
FD

(t) = 1.6 ns

Time is synchronized to a GPS to get Universal Coordinated 
Time (UTC)
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MINOS 2001 (3)MINOS 2001 (3)

Distance ND to FD, L = 734298.6 ± 0.7 m
Nominal TOF τ  = 2 449 356 ± 2 ns
Spill duration  =  9.7 µs
Batch duration = 1582 ns
Batch gap         = 38 ns

Distance between detectors     =   2 ns
ND antenna fiber length          = 27 ns
ND electronics latencies          = 27 ns
FD antenna fiber length           = 46 ns
FD electronics latencies           =   3 ns
GPD and transceivers              =  12 ns
Detector readout differences    =   9 ns
Total                                         = 64 ns
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MINOS 2001 (4)MINOS 2001 (4)

                         Time measurements
t
0
 is the time of extraction magnet

t
ND(FD)

 is the time measured at ND(FD)

t
1
 = t

ND
 – t

0
 – d

ND  
and t

2
 = t

FD
 – t

0
 – d

FD

Uncertainty on |d
ND

 -
 
 d

FD
| is 64 ns

For istantaneous ν spill: 
δτ = (t

2
-t

1
) - τ measures the deviation from SR

otherwise a ML fit on δτ is performed.

δ τ = -126   32(stat.)   64 (syst.) ns
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Left: measured time distribution of  events in ND
Right: measured time distribution of ν  events in FD fitted
            with the convolution of ND profile with σ

t
 =150 ns 

           due to detector resolution and GPS clock jitters

MINOS 2001 (5)MINOS 2001 (5)
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MINOS 2001 (6)MINOS 2001 (6)
The measurement translates in

  (β −1) = 5.1stat.+syst.) X 10-5

  δ  = 10.2 stat.+syst.) X 10-5

 Compatible  with SR within 1.8 σ

Comments:
  Measuring Eν≈3-10 GeV

  ND-FD TOF measurements eliminates systematic             
     associated to beam time profile
  Conservative estimation of systematic errors associated 
     to GPS time measurement

Reliable measurement 
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OPERA 2011 (1)OPERA 2011 (1)
OPERA is a long baseline 
experiment with detector 730 
km away.
Neutrinos are produced at 
CERN (CNGS) and detected at 
Laboratori Nazionali del Gran 
Sasso.
The experiment measures the 
“Time Of Flight” of νµ between 
CERN and LNGS. 

The Main Injector 120 GeV p 
beam produces ν beam with 
Eν ∼ 3GeV with long tail up to 
∼120GeV.

Beam composition at ND is 
93% νµ, 6% νµ, 1% νe+νe

At FD after oscillation the beam 
is∼60% νµ

ND

FD
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OPERA 2011 (2)OPERA 2011 (2)

                                      Neutrino beam

The SPS 120 GeV p beam on a graphite target. 
produces ν beam with Eν ∼ 17GeV.

Beam composition is 93% νµ, 2.1% νµ, 1% νe+νe
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OPERA 2011 (3)OPERA 2011 (3)
                            p beam time structure
Protons are ejected in two extractions each 10.5 µs long separated by 50 ms.
Spills are 6 s long.
The p time structure is measured by a Beam Current Transformer (BCT) read 
out by 1 GS/s by a Wave Form Digitizer (WFD).
Waveforms from different spills are added to build the p PDF.
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OPERA 2011 (4)OPERA 2011 (4)

                         The OPERA detector

OPERA detector is located at LNGS and is composed by 2 Super Modules.
Each Module consists of 625 tons target followed by a muon spectrometer. 
The target is a stack of emulsion films interleaved with scintillator strips.
These strips are read with fibers coupled to multianode PMT.
tPMT of the first hit is corrected for instrumental effect and reported at 
OPERA origin.

  Data analysis
OPERA selectsµ interactions of two types:

 - internal (CC and NC interactions inside OPERA): 7235
 - external (CC interactions in the rock beforre OPERA): 7988
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OPERA 2011 (5)OPERA 2011 (5)

                         Neutrino base line distance

A crucial ingredient of the measurement is the distance traversed by the ν 
beam between CERN and LNGS.
Relative positions in the CNGS beam are known with millimetre accuracy
The same is true for OPERA at LNGS.
The distance between CNGS and LNGS is mesured via GPS in different 
ways down to 2 cm accuracy.
Small contributions like tidal effects, continental drift and small earthquakes
are accounted for.
The 7 April 2009 earthquake produced a 7 cm shift.
The baseline is:
  L = 730 534.61±  0.20 m
Precision is 100 times the measured effect.
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OPERA 2011 (6)OPERA 2011 (6)

GPS equipment more uptodate than MINOS, 
   but only a few years difference ...
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OPERA 2011 (7)OPERA 2011 (7)
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OPERA 2011 (8)OPERA 2011 (8)
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OPERA 2011 (9)OPERA 2011 (9)
       Data analysis

Data are first analyzed blindly, that is without offsets applied
Then offsets are calculated separately
Finally they are added
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OPERA 2011 (10)OPERA 2011 (10)
Results: 1043.4 ns – 985.6 ns = 57.8 ns
δt = (57.8 ±7.8 (stat.) +8.3 -5.9 (sys.)) ns
(β-1) = δt/(TOFc - δt) = (2.37+0.32(stat.)±0.34-0.24 (sys.)) x 10-5 
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OPERA 2011 (11)OPERA 2011 (11)

GPS errors difficult to judge for particle physicist!!
They are very aggressive: much smaller than MINOS!!
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OPERA 2011 (12)OPERA 2011 (12)
p beam structure with narrow
bunches (≈3ns)
Each ν is associated to a bunch

Uncertainties on p bunch 
structure are removed

With 20 events
results are consistent !!
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OPERA 2011 (13)OPERA 2011 (13)

Conclusions and comments

- OPERA results assumes only GPS measurements
    No other calibration tools is available

- ν time at CERN is deduced from p timing not by FD

- Systematic errors are difficult to assess and appear very aggressive 
    unclear why so small compared to MINOS

- Lack of dependency on energy is (constant δ) is suspicious

- Other measurements should be done elsewhere with different                    
    strumentation, delay and time measurement upstream
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Cohen-Glashow  (1)Cohen-Glashow  (1)

Cohen and Glashow noticed that for superluminal propagation
  some 'forbidden' processes become possible e.g.

νµ → νµ + e+ + e- 

 
Superluminal ν lose energy along their path with rate and dE/dx

Γ ∝ k' E5δ3

dE/dx  ∝ k' E6δ3

The mean fractional energy loss is ≈ 0.78!!
Integrating over a path length L

E-5 – E
0
-5 = 5k L G

F
2/192π3 = E

T
-5

For LNGS (L=730 km) E
T
 = 12.5 GeV

For a short base line experiment  (L=730 m) E
T
 = 50 GeV
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Cohen-Glashow  (2)Cohen-Glashow  (2)
        Spectral distortion and Cherenkov pairs

The predicted spectral distortion at high energy contraddicts many ν 
experiment e.g. NOMAD, CCFR and others
An accurate study from ICARUS on the LNGS beam sees no distorsion
on the LNGS spectrum.

Nevertheless the strongest constraints come from ICARUS and NOMAD
analysis that see no excess production of  e+e- pairs with limits down to 
δνµ < 8.4 10-10  δνµ < 2.7 10-9  δνε < 4.0 10-10  δνε < 7.8 10-9  δντ < 1.7 10-7

Conclusions:
  OPERA results are incompatible with superluminal theoretical                          
  framework where CG processes are possible



07/02/12 31Paolo Walter Cattaneo

Cohen-Glashow (3)Cohen-Glashow (3)

Expected e+e- pair rate versus energy in NOMAD for δ
OPERA
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SN1987A  (1)SN1987A  (1)

At 7.35:40 UCT of 23 Feb 1987 a SuperNova (SN1987) is detected in the 
Large Magellano Cloud.

In coincidence ν burst are identified in several detectors:

- IMB water Cherenkov based in USA

- Kamiokande water Chereknov based in Japan

- Baksan oil liquid scintillator based in Russia

- LSD  liquid scintillator based in Italy (Mont Blanc)
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SN1987  (2)SN1987  (2)Feb 23rd 1987

No light 2:20
ν burst (MB) 2:53
ν burst (IKB) 7:35:40
Light at 10:38

Light is expected after
ν burst ≈ 1h
consistent with 
measurement
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SN1987  (3)SN1987  (3)

Baksan:
t(s)  E(MeV)
0.00   12.0±2.4
0.45   18.0±3.6
1.73   23.3±4.7
7.75   17.7±3.4
9.12   20.1±4.0

Relative time between 
Experiment has errors
 of a few seconds !!
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SN1987  (4)SN1987  (4)

ν burst is expected to include all flavors during the cooling time ≈20s
It is expected to anticipate the optical flaring by ≈ 1 h

ν interacts in detectors via
- ν e- → νe- (elastic scattering, all ν species, forward peaked)
- ν

e
 p→ ne+ (inverse β decay, only ν

e
, uniformly distributed)

Careful analysis concludes that the detected events are IBD 
(possible small contribution from ES) and
interactions are due mainly to ν

e
 

Nevertheless oscillation along the way obscures the simple 
interpretation of ν

e
 moving at a given speed different from 

others ν species
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SN1987  (5)SN1987  (5)

Velocity imit simply comes from
 ∆βνγ = ∆Tνγ/(LSN1987a/c) 
The distance LSN1987= 168 k ly from recent observation

The maximum allowed anticipation of ν timing compared to 
expectations is estimated  ∆Tνγ≈3 h that implies 

∆βνγ ≤ 2 x 10-9 a

Comments:
Very strong limit
Mainly coming from SN modelling
Hard to improve with galactin SN
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SN1987  (1)SN1987  (1)

ν burst is expected to include all flavors during the cooling time ≈20s

ν interacts in detectors via
- ν e- → νe- (elastic scattering, all ν species, forward peaked)
- ν

e
 p→ ne+ (inverse β decay, only ν

e
, uniformly distributed)

Careful analysis concludes that the detected events are IBD 
(possible small contribution from ES) and
interactions are due mainly to ν

e
 

Nevertheless oscillation along the way obscures the simple 
interpretation of ν

e
 moving at a given speed different from 

others ν species
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Future accelerator  (1)Future accelerator  (1)

The main issue confronting the realiability of the MINOS/OPERA 
   results are relaibility of GPS systematic errors for measurement
   taken far away. 
Lack of physical 'calibration' signal moving at c is the problem.

Repeating FERMILAB 1979 at CERN beam with today technologies.

- Using old WANF at west area or LNGS gives L ≈1 km
− ν fluxes can be much larger than Fermilab Narrow beam in the 70's
    reducing statystical errors at many energies
- Combining DRS (Domino Ring Sampler) waveform digitizer at ≈ 2 Ghz
  with fast PMT and fast scintillator (see MEG Timing Counter) gives
  σ

t 
 ≈50 ps. 

- Systematic errors are small using µ TOF as calibration and must be assessed
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Future accelerator  (2)Future accelerator  (2)

Another approach (untested) uses γ as calibration tools for ν TOF
  using an approach ispiread by LHCF. 
LHCF measured γ produced in LHC ATLAS interaction points.
 γ  move along a straight line, while charged particles are swept away
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Future accelerator  (3)Future accelerator  (3)

Numerous problems:
  - ν flux is low
  - TOF is only 140 m/c = 420 ns
  - for  (β-1) =  2.37x 10-5  → ∆Tγν≈12 ps !!!
LHCF detector is small and not designed for ν interactions
 
A detector designed for ν events could follow LHCf for γ detection
  and ATLAS ZDC for neutral hadrons

All of them should employ DRS high speed digitizer 

Various options to be studied 
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Future astrophysics  (1)Future astrophysics  (1)

Additional galactic SN measurements are not likely to 
change the picture

- Energy range is the same

- Distance is similar

- mainly ν
e
 are involved

- SN modelling on intrinsec ν−γ delay does not change
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Future astrophysics  (2)Future astrophysics  (2)

We must find other sources with simultaneous emission of ν and γ 

Super Nova Remnant emission is featureless in time

Short flares define the start time for (almost) simultaneous detection

Periodic emission of ν and γ  allows a phase analysis
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Future astrophysics  (2)Future astrophysics  (2)
Microquasars are galactic astrophysical objects capable of
γ flares and of periodic γ emission in GeV-TeV region.
If  emission is of hadronic origin, also νµ should be emitted.
Simultaneous detection or phase analysis measures velocity difference
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Conclusions  Conclusions  

The results of the present and past experiments of ν velocity are 
reviewed critically.

Possible problems are highlighted.

Scenarios for possible future experiments both at accellerators
and in astrophysics are presented.

The need of repeating old experiments with new technologies 
is emphasized.
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