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Astrophysical consequences of the OPERA superluminal neutrino
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A simple discussion of the recent OPERA result on the apparent critical speed of the muon neutrino is presented.
We point out in particular some of the possible consistency problems of such an interpretation of the OPERA
data with respect to well-established astrophysical observations.

1. Introduction

After MINOS, [1], OPERA [2] has produced
data suggesting that the critical speed of muon
neutrinos in vacuum can be larger than that of
light. The values of the measured relative differ-
ences are :

- (5.1 £ 2.9) x 1075 (MINOS, 2007)
- (2.48 £ 0.28) x 10~° (OPERA, 2011)

These figures are much stronger than the
prediction of any standard extrapolation from
Lorentz symmetry violation (LSV) generated at
the Planck scale [3]. Therefore, a first question
requiring a close study is that of the consistency
of these data with existing and well-established
results from particle physics experiments and as-
trophysical observations.

In particular, astrophysical bounds on possible
critical speed anomalies with respect to the speed
of light appear to be much more stringent than
suggested by the recent OPERA data. It there-
fore seems necessary to study more closely the
possible consistency of the OPERA result.

2. Effects on cosmic neutrinos

In the high-energy approximation, using a kine-
matics of the Lorentz type, the energy E of a par-
ticle X with critical speed in vacuum cx, mass
mx and momentum p can be written as :

E ~pex + mk cx 2p)7) (1)

Taking ¢ to be the speed of light, and assum-
ing that charged leptons have the same critical

speed in vacuum ¢, the emission of a neutrino
with critical speed in vacuum ¢, = ¢ + dc (v)
and dc (v) > 0 would cost extra energy as
compared to the situation where ¢, = c.

In the case of pion decay and with the above
hypotheses, this extra energy 6E = p, dc (v),
where p,, is the neutrino momentum, can only be
provided by the pion mass term m2 ¢ (2 p,)~!
(m, = charged pion mass, p, = pion momentum,
¢z = charged pion critical speed in vacuum).

Therefore, if one assumes ¢, = ¢, the emission
of such a neutrino will in any case be precluded
by kinematics if p, dc (v) > m2 ¢ (2 p,)~ L
This leads to the equation :

p, < my ¢ [26c(w)] (2)

T

Taking the OPERA value dc(v) ¢=! = 2.5x 1075,
one gets :

py < 20 GeV/e (3)

Taking into account the mass term of the
produced muon, the bound actually becomes
py, < 14 GeV/c, so that decays of charged pions
with a critical speed ¢, = ¢ cannot produce muon
neutrinos with energies larger than ~ 14 GeV.

Such an effect cannot be compensated by a crit-
ical speed lower than c¢ for charged leptons, as
in this case a high-energy photon would sponta-
neously decay into charged lepton pairs. Taking
dc(pn) = - oc (v), where dc(u) = ¢, — cand ¢,
is the muon critical speed in vacuum, would lead
to photon spontaneous decay into a u* u~ pair
at energies above ~ 40 GeV.

As OPERA reports a similar result for neutri-
nos with an average energy of 42.9 GeV, the only
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way out seems to be a positive value for dc ()
= ¢, - ¢ not much smaller than dc (v). However,
this would allow for spontaneous photon emission
by charged pions and imply a propagation of the
critical speed anomaly to the hadronic sector, in-
cluding the proton.

If 6c () = dc (v), spontaneous photon emission
by a charged pion would be allowed for pion ener-
gies above 20 GeV. Taking ¢ (1) = 107° ¢ would
lead to spontaneous photon emission at pion en-
ergies above ~ 32 GeV. Because of its electro-
magnetic coupling, we expect this channel to be
the leading one for pion decay at very high energy
astrophysical sources.

In all cases, on the grounds of the recent
OPERA results, a strong suppression of very
high-energy neutrinos produced through pion de-
cay should be expected.

Another related issue is that of electron-
positron pair emission. As the critical speed ¢, of
these particles must remain close to that of light
in order to avoid their own spontaneous decays,
the OPERA data would imply the possibility of
eT e~ pair emission by neutrinos at energies p, ¢
(me = electron mass):

poe > me 2 oe(v)TV? ~ 110 MeV (4)

A decay channel that, in any case, cannot be
ignored at astrophysical energies and distances
when considering cosmic neutrino fluxes.

A similar calculation for 100 TeV neutrinos
with an arbitrary value of de(v) leads to an al-
lowed et e~ pair emission for dc(v) ¢=! > 1071,

Therefore, even if a violation of Lorentz sym-
metry can explain the lack of a 100 TeV neu-
trino signal from gamma-ray bursts, the relevant
figures have little to do with the strong LSV in-
ferred from the OPERA signal that would, on the
contrary, suppress pion-emitted neutrino fluxes at
much lower energies.

3. Implications for cosmic hadrons

Similarly, it seems very difficult to reconcile the
OPERA result with hadronic cosmic-ray physics.
As a significant critical speed anomaly for pi-
ons, dc (m) of the order ~ 107° ¢, seems in
any case necessary to explain the data, such an

anomaly will in principle be transmitted to all
hadrons through standard couplings.

We therefore expect the proton critical speed
anomaly to be at least of the order ~ 1076 ¢. But
such a result leads to obvious phenomenological
problems :

-If é¢ (p) = ¢p - ¢ (¢p = proton critical speed)
is positive and ~ 107 ¢, the same kind of cal-
culations as before lead to a proton spontaneous
decay by photon emission allowed above an en-
ergy E ~ 700 GeV, eight orders of magnitude
below the highest observed cosmic-ray energies.

- Similarly, with a negative value of dc (p) = -
1075 ¢, a photon with an energy as low as 1 TeV
would be able to decay into a proton-antiproton
pair.

- Taking dc (p) of the order ~ 107% ¢ leads
to thresholds higher by a factor of 10 for both
processes. Such thresholds would still be clearly
in conflict with observations.

As in the previous section, these figures would
tend to suggest that the value of dc () obtained
by OPERA is too far from possible realistic val-
ues to be considered as significant, and that an
experimental problem may be at the origin of this
result.

4. Conclusion

Crucial to this discussion was the fact that the
OPERA result requires a positive critical speed
anomaly for charged pions not too far from that
of the muon neutrino. Otherwise, 40 GeV neutri-
nos could not have been produced by the CERN
neutrino beam to Gran Sasso if the OPERA re-
sult is to be taken literally.

In all cases, neutrino production by pion decay
at high energy appears to require for the pion
the same kind of critical speed anomaly as that
of the emitted neutrino. Then, such an anomaly
naturally propagates to hadrons.

This situation has important unwanted astro-
physical consequences and leads also to consis-
tency problems from the point of view of Particle
Physics.

It therefore seems that the OPERA data, inter-
preted as a result on the critical speed in vacuum
of the muon neutrino, cannot be reconciled with
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astrophysical observations or even with standard
accelerator particle physics. Further work on the
subject is obviously required.

In spite of the consistency problems described

here, it would be worth exploring from a theoret-
ical point of view situations with much weaker
critical speed anomalies that would not corre-
spond to the usual extrapolations from LSV at
the Planck scale.
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