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”.......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.”
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”As in all cases of superluminal propagation, certain 
otherwise forbidden processes are kinematically permitted, 
even in vacuum. In particular, we focus on the following 
analogs to Cherenkov radiation:
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Process (c), pair bremsstrahllung, proceeds through the neutral 
current weak interaction. The threshold energy for this process is 

where ve is the maximal attainable velocity of an electron and me its 
mass. 

However, we know that ve = 1 to a precision of at least 10−15. 

Thus we may write 

Its value is about 140 MeV for the OPERA value of δ.

Otherwise CR photons 
would decay to e+e- pairs. 
Limit comes from 
observation of CR photons 
above 20 TeV  
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We have computed both Γ, the rate of pair emission by an 
energetic superluminal neutrino, and dE/dx, the rate at 
which it loses energy in the high energy limit where the 
electron and neutrino masses may be neglected1:

1 These expressions are leading order in δ. We have also neglected the vector-current coupling 
of the electron: cV = 0 and cA = −1/2.
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We integrate dE/dx assuming δ not to vary 
significantly in the relevant energy interval. 
We find that neutrinos with initial energy E0, after 
traveling a distance L, will have energy E as given by:

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.
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..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.

resolution can be found in section A.3. The results obtained by adding the hadronic and the muon
energy are shown in figure 10 for events with at least one identified muon: data and MC are in reasonable
agreement.
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Figure 10: Total reconstructed energy for events with at least one identified muon for data (dots with
error bars) and MC (solid line). The MC distribution is normalised to data.

5.3.3 Bjorken-y

The Bjorken-y variable represents the fraction of the hadronic energy with respect to the incoming
neutrino energy. For CC interactions:

νµ(k)N(P ) → µ(k′)X (2)

where k, P and k′ are the quadrimomenta of the particles involved, the Bjorken-y variable is defined as:

y =
P · (k − k′)

P · k
. (3)

In the laboratory frame the Bjorken-y variable can be computed as:

y = 1−
Eµ

Eνµ
=

Ehad

Eµ + Ehad
(4)

where Eνµ is the incoming neutrino energy, Eµ the energy of the outgoing muon and Ehad the hadronic
energy. Bjorken-y connects the muon momentum measurement, performed in the spectrometer or by
range, with the calorimetric measurements of all the hadrons. The results for the events selected with at
least a muon track and for the events with the muon momentum measured by the spectrometer are shown
in figure 11 in the left and right plots, respectively. The agreement between data and MC simulation
is reasonable: the χ2 values are 55.4 and 48.7 respectively, for 29 d.o.f. The sum of the QE and RES
processes can be clearly seen as a peak at low y values. The NC contribution shows up at values of
Bjorken-y close to one. Figure 11 shows that the NC contribution becomes negligible when a track with
its momentum measured by the spectrometer is required. This analysis results in an overall cross check
of the performances of the ED.

5.4 Hadronic shower profile

A precise implementation in the MC simulation of the hadronic activity observed in data is very
difficult: tools such as GHEISHA [19] or FLUKA [20] describe imperfectly the measurements available.
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The IceCube collaboration has reported the observation of upward-going showers 
with reconstructed shower energies above 16 TeV. 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 
analysis of the pathlengths and energies of the highest energy events from Super-
Kamiokande, IceCube and other neutrino telescopes may enable an even stronger 
constraint.
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