arXiv:1110.0351v3 [hep-ph] 23 Oct 2011

OPERA, SN1987a and energy dependence of superluminal neutrino velocity

N.D. Hari Dass^∗ Chennai Mathematical Institute, Chennai & CQIQC, Indian Institute of Science, Bangalore, India.

This is a brief note discussing the energy dependence of superluminal neutrino velocities recently claimed by OPERA [1, 2]. The analysis is based on the data provided there on this issue, as well as on consistency with neutrino data from SN1987a as recorded by the Kamioka detector [4]. It is seen that it is quite difficult to reconcile OPERA with SN1987a. The so called Coleman-Glashow dispersion relations do not do that well, if applied at all neutrino energies. The so called quantum gravity inspired dispersion relations perform far worse. Near OPERA energies both a energy-independent velocity, as well as a linear energy dependence with an offset that is comparable in value to the observed δv by OPERA at 28.1 GeV work very well. Our analysis shows that precision arrival time data from SN1987a still allow for superluminal behaviour for supernova neutrinos. A smooth interpolation is given that reconciles OPERA and SN1987a quite well. It suggests a fourth power energy dependence for^{δv}_c of supernova neutrinos. This behaviour is insensitive to whether the velocities are energy-independent, or linearly dependent on energy, near OPERA scale of energies. Suggestions are made for experimental checks for these relations.

PACS numbers:

INTRODUCTION

The recent announcement by the OPERA collaboration [1, 2] that they have measured superluminal neutrino velocities has stunned both the scientific community, as well as public at large. The announced magnitudes of the effects are large and statistically very significant. The full implications, should the experiment be vindicated in future, are mind-boggling. Everything in modern physics, as we understand it today, depends one way or the other on the correctness of the Special Theory of Relativity. Interestingly, speeds greater than c for photons in the same energy range as OPERA neutrinos, had been reported by Gharibyan [3] before.

Because of the enormous stakes involved, every effort, both experimental and theoretical, must be made to make sure that the claims are correct. On the experimentalists side, one needs to thoroughly check and double check all sources of errors. One needs to repeat the experiment, both the original version, as well as variants of it like at different energies, different path lengths etc.. On the theoretical side efforts have to be made to check the consistency of the OPERA data both conceptually, as well as with earlier precision data. Indeed, after the OPERA announcement, a number of interesting ideas have been put forward(see [7]-[34]). Some of these ideas even predated the OPERA results [10–12, 70, 71].

But if the OPERA results are really right, all of physics has to be radically revised and there may not exist, at present, any sensible way of analysing it. While one may come up with some parametrizations, or some perturbative effective treatments like the one offered by Kostelecky and coworkers [35–38] or by Coleman and Glashow [48], the inner selfconsistency of such approaches is never guaranteed till another succesful theory replaces Special Theory of Relativity. However, theories based on Spontaneous Breaking of Lorentz Invariance [50, 51] may be better in this regard. That will certainly entail some radical revisions of our notions of space and time, to say the least. That way we can liken the situation to the days of the Bohr atom, where one could parametrize some small corrections to observables in the large quantum number states, without having the slightest idea of the deep conceptual changes that the full quantum theory eventually brought about. So here too one may have to develop intermediate crutches like the correspondence principle etc to make progress.

To illustrate this point, consider a number of very interesting papers have appeared which have shown that the OPERA result in conjunction with reasonable assumptions like energy-momentum conservation, can lead to contradictory results [52–56]. On the one hand it is shown that the kinematics of pion decay is constrained to the extent of not permitting neutrinos of the energy ’seen’ at OPERA, and on the other hand that the high energy neutrino looses much of its energy through bremsstahlung before it reaches the OPERA detector. In these works, some ’reasonable’ assumptions like energymomentum conservation, or that charged mesons obey normal dispersion relations (based on limits on Cerenkov radiation in vacuum), are made. The point is, that in the new theory all these notions might themselves undergo radical revisions. Even if some sort of momentum is conserved, it may not be of the form used currently. If some sort of relativity principle still survives, that will automatically take care of the issue of Cerenkov radiation in vacuum. In fact such a relativity principle would forbid the bremsstrahlung process considered by Cohen and Glashow [52]. According to [57–59] there are indeed Lorentz violating theories that nevertheless are compatible with a relativity principle.

In this context, it is worth remembering that the OPERA experiment is really probing space-time structure. Though they talk of neutrino energies and such other notions, these are not central to an analysis of their data.

Even concepts in which we have great faith like timing need to be reassessed. This is essentially a so called Time of Flight(TOF) method (is it time to rename it as Time of Fright method?), though it is not the traditional ’start time - stop time’ TOF method, but is instead a variant with a start time distribution and a stop time distribution. TOF data is mostly analysed using classical methods. But the situation here is highly quantum mechanical, and it is known that time in quantum mechanics can be a very delicate issue (for various perspectives on this, see [40]). There are various characterstic times like arrival time, passage time etc whose meaning in the quantum context can be ambiguous. In the present circumstance, neutrinos being very weakly interacting, detection time treated quantum mechanically adds further complications. In the end it may well turn out that these nuances are not particularly relevant for interpreting OPERA data, but it is imperative to get a sound understanding of these issues given the earth shattering nature of the results.

In a most interesting paper, perhaps the most credible interpretation of the OPERA events, Naumov and Naumov [41] have argued that neutrino wavepackets become effectively oblate spheroids due to highly relativistic effects, and that can lead to a systematic early arrival times for neutrinos that are not exactly aligned, at the source, with the detector.

Other subtleties to worry about, regarding the timing of neutrinos at OPERA, are conceptual issues tied up with the correct way of synchronizing clocks [72, 73]. As pointed out by Contaldi [72], OPERA uses the so called one way synchronisation of clocks, which can be particularly problematic when synchronizing clocks in noninertial frames such as the earth (which is non-inertial both because it is a rotating frame [76], and also because of the earth’s gravitational field). According to this analysis, the lack of synchronization due to time dilation has the correct sign to explain the OPERA results. But building the lack of synchronization to 60 ns from time dilation, in the manner described, seems unrealistic, but a careful appraisal is certainly called for.

Before turning to our article, two other proposals, both having to do with the beam structure, that could seriously impact on the interpretation of the OPERA data, are worth discussing. The first one, due to Henri [74], claims that a fluctuation in neutrino energies of the order of 10% during the roughly 500 ns. of the leading and trailing edges of the PDF can mimic the alleged superluminal effects claimed by OPERA. While the number of protons increase and decrease during these phases, the proton energy itself remains at 400 GeV. Thus it is hard to see the source of this variation in the neutrino energy. Besides, this has to be systematic for the nearly million extractions, which is hard to accept.

The other, potentially more damaging to the OPERA interpretation, is the claim by Knobloch [75] that the Beam Current Tracker(BCT) at the CERN end has not registered the true PDF, and that even after several statistical averaging, 30 and 60 ns. structures are still seen in the PDF as measured by the beam current tracker (see also [2]). If true, this will cast doubts about the systematics as claimed by OPERA, and could well nullify their claims. It is beyond our expertise to assess this criticism adequately, and we eagerly await clarification by OPERA.

The plan of this article is as follows: in the next section we recapitulate the most relevant part of the data on the supernova 1987a. Here we have only looked at the data recorded by the Kamioka detector [4]. We then analyse a power law dispersion relation for neutrinos, fixing the parameters by requiring compatibility with the observed differential superluminal neutrino velocity of 2.48 · 10^−5 in units of c at an average energy of 17 GeV and the Kamioka data. We then compute the expected differentials at the other energies 13.9 GeV , 28.1 GeV and 42.9 GeV where OPERA has data. We compare the calculated values with the measured values though the statistics of these measurements are not as good as at 17 GeV . We also repeat this exercise by first demanding compatibility between OPERA data at 28.1 GeV , and then comparing the calculated values with the data at 13.9 GeV and 42.9 GeV . In the section after this, we analyse both a flat, energyindependent velocity, as well as a linear energy dependence taking into account a possible constant shift term. In this section we also analyse a linear energy dependence with a different shift term which is taken to be valid only near OPERA energies. In the subsequent section we discuss the difficulties of a treatment that is good both at the OPERA energy scales as well as at the SN1987a energy scales. We propose, as an illustrative example, a form that works at both ends. In the last section we make some concluding remarks.

ESSENTIAL 1987A DATA

There is a truly enormous amount of literature discussing various aspects of the supernova explosion SN1987a in the large magellanic cloud in February 1987. Fortunately for this analysis we need to concentrate only on a few essentials of the detection by Kamioka [4]. We briefly summarize them in the next para.

The distance to the event, L_{SN} , is 1,68,000 light years. A neutrino cluster of 12 events was observed 2 hours before the optical sighting [5] of the supernova. The neutrino energies spread over a range 7.5−20.0 MeV. In this analysis we have excluded the rather low energy event of 6.3±1.7 MeV event arriving 0.686 s. after the burst neutrino, and three rather high energy events with energies 35.1 ± 8.0, 21.0 ± 4.2, 19.8 ± 3.2 MeV, arriving respectively at 1.541, 1.728, 1.915 s. after the burst event. The exclusion of these anomalous events [42] does not affect the reliability of the analysis given here. The first event was a ν_e event with 20.0 ± 2.9 MeV, identified as a burst neutrino. The subsequent neutrinos, the so called thermal neutrinos comprise of neutrinos and antineutrinos of all flavours. The arrival times of the cluster was spread around 12 seconds, and this accurately established data is crucial to this analysis. Leaving out the anomalous events, the highest neutrino energy is around 20 MeV, and the lowest around 7.5 MeV. The average neutrino energy is around 15 MeV.

One should not interpret the early arrival of neutrinos by two hours compared to photons as evidence for any superluminal neutrino velocity as the photons take longer to escape the opaque stellar medium. This is similar to light taking a million years longer to escape the solar interrior.

The SN1987a neutrinos are of electron flavour, while the OPERA neutrinos are predominantly ν_μ. Thus one could take the attitude that there is no common ground, and hence no real conflict between the two. But oscillations make the situation more complicated, and a reasonable attitude to take is that on the average every flavour of neutrino would have velocities behaving similarly in both set ups. There are also indications that the OPERA effect has to be by and large flavour independent if serious troubles with oscillation phenomena are to be avoided [68]. This provides a justification for the analyses to be discussed next.

Analysis based on photon arrival time

As mentioned before the first optical sighting of the supernova was 2 hrs after the neutrino burst [5]. It is possible to use this information to already draw various conclusions of interest.

The analysis proceeds as follows: let t^γ_{em}, t^ν_{em} be the emission times, at the supernova, of photons and neutrinos, respectively. Let us for the moment assume that photons travel with velocity c. The fact that they actually travel slower because of interstellar dispersion, and due to a possibly very small mass, will only strengthen the conclusions drawn here, not weaken them. Let t^γ_{arr}, t^ν_{arr} be the respective arrival times.

If the neutrinos also travel luminally or subluminally, no interesting conclusions can be drawn. However, if the SN1987a neutrinos also travelled superluminally, and this can not be ruled out, one can use the optical sighting data to constrain the superluminality. This will be a cruder bound compared to the one to be given in the next subsection, but still useful.

With these assumptions, and an optical sighting 7200 seconds later, one gets t^γ_{em} + L_{SN} c = 7200 + t^ν_{em} + L_{SN} c − δt_{SN} (1) which can be rearranged as

δt_{SN} = 7200 + t^ν_{em} − t^γ_{em} (2)

Since under no circumstances can the photons leave the supernova earlier than the neutrinos, one gets

δt_{SN} ≤ 7200 (3)

seconds. This is of course being ultra-conservative. One may realistically take photons to have left one hour later and get δt_{SN} ≤ 3600 δv_{SN} c ≤ 3600 s.

168000 y.

= 6.8 · 10^{−10} (4)

Analysis based on neutrino arrival times

The analysis now proceeds as follows: let t^{high}_{em} , t^{low}_{em} be the emission times, at the supernova, of neutrinos of the highest and lowest energies, respectively. Let t^{high}_{arr} , t^{low}_{arr} be the respective arrival times. One now gets t^{low}_{arr} = t^{low}_{em} + L_{SN} c − L_{SN} δv^{low}_{SN} c^2 t^{high}_{arr} = t^{high}_{em} + L_{SN} c − L_{SN} δv^{high}_{SN} c^2 (5) leading to L_{SN} c^2 {δv^{high}_{SN} − δv^{low}_{SN} } ≤ [12 + (t^{high}_{em} − t^{low}_{em} )] (6) Unlike the photon arrival case, no simple arguments exist for (t^{high}_{em} − t^{low}_{em} ), and it would require details of neutrino emission mechanisms from supernovae(to get some idea of these issues see [43–47]). In most scenarios considered in these works, high energy neutrinos precede low energy ones. It seems very reasonable to take the quantity [..] in eqn.(6) to be about 10 seconds. This leads to {δv^{high}_{SN} − δv^{low}_{SN} } ≤ 2.0 · 10^{−12} c (7) It is also important to consider the IMB data [6] in a more careful analysis. The energies of the detected neutrinos are higher in IMB. If very accurate timing was available for all detectors, that also could have been used to constrain the energy dependence of δv_{SN} . But unfortunately, the Kamioka timing had an uncertainty of ±1 min; the IMB had by far the most accurate timing record, with an error of ±50 milliseconds. A determination of the so called offset time from fitting data to models of neutrino emission seems to indicate that the first IMB neutrino arrived 0.1 s. before the first Kamioka neutrino, in the so called two component model of neutrino emission [47]. But given the complexity of the issues, too much significance should not be attached to this. An intriguing suggestion has been made by Fargion [39] to search past records of IMB for evidence supporting superluminal behaviour of neutrinos.

If a more detailed analysis of arrival times could be made on the basis of a soundly established model of neutrino emission from the supernova, one could put even more stringent limits than the one in eqn.(7), but the situation here is very complex (see for example [43–47]).

It should be emphasized that both eqn.(4) and eqn.(7) only reflect the possible upper limits to δv_{SN} . They do not imply that supernova neutrinos are superluminal, but that the available data are indeed consistent with them being so. They may in the end turn out to be subluminal, or just luminal too. We have left out any discussion of the effect of neutrino masses. The current thinking on these masses is that they can at most be of a few eV with one of them even being massless. For 20 MeV neutrinos, the correction to^{δv}_c is ≃^1_2 · 10^{−14}, if the mass is taken to be 2eV .

GENERAL POWER LAW

Now we consider a possible power law dependence for δv. This analysis should be taken as an exercise in phenomenology with no pretenses to any deeper theoretical considerations. For integer powers, these belong to the class of so called Distorted Special Relativistic theories introduced in [57–59]. OPERA data has been analysed in the context of these models in [49]. An interesting point stressed in [49] is that these DSR type theories still allow for a relativity principle.

The simplest candidate for a power law behaviour is δv c = α_1 E^m (8)

where α_1 is a constant with dimensions of E^{−m}. We shall require eqn.(8) to be valid at all energies. Therefore δv_{SN} δv_{OP} = ( E_{SN} E_{OP} )^m (9)

The data from OPERA for the advancement times are: 60.7, 60.3, 53.1, 67.1 nanoseconds at 17.0, 28.1, 13.9, 42.9 GeV respectively. In terms of δv c these correspond to (2.48, 2.46, 2.17, 2.74) · 10^{−5} respectively. The statistical errors are the least at 17 GeV, getting progressively higher at the other energies. The quoted statistical errors are : (± 0.28, ± 0.54, ± 0.77, ± 0.75) · 10^{−5} respectively, and the systematic errors are ± 0.30 · 10^{−5} [1].

Estimating α1, m from photon arrival time data

We shall estimate the parameters α_1, m first using the photon arrival time data. Taking average energy of SN1987a at 15 Mev and the OPERA energy at 17 GeV, where the statistics are the best, the energy ratio comes out to be 8.8 · 10^{−4}. Taking the estimate of eqn.(4) for δv_{SN} one gets, on using eqn.(9),

m = 1.5 α_1 = (20 T eV )^{−1.5} (10)

Using eqn.(10), one can estimate δβ =^{δv}_c , in units of 10^{−5}, at the energies of 13.9, 28.1, 42.9 GeV :

δβ(13.9) = 1.8 δβ(28.1) = 5.2 δβ(42.9) = 10.0 (11) respectively. Thus the estimates based on the powerlaw fit of eqn.(8) are off the experimentally measured central values by .5, 9, 10 standard deviations(statistical) respectively. Thus this power law fit works rather poorly.

This can be understood from the fact that the values at 17GeV and 28.1GeV are very close. In fact, they are consistent with no energy dependence at all. It is therefore instructive to make an analysis with the data at 13.9, 28.1, 42.9 GeV only. Of course the statistical errors are much higher, and this may look like deliberate data selection, but its worth going through it given the scantiness of data at different energies. An analysis identical to the one above, now gives

m = 1.39 α_1 = (50 T eV )^{−1.5} (12)

Using eqn.(12), one can estimate δβ =^{δv}_c , in units of 10^{−5}, at the energies of 13.9, 42.9 GeV :

δβ(13.9) = .93 δβ(42.9) = 4.46 (13)

respectively. Now the estimates based on the powerlaw fit of eqn.(8) are off the experimentally measured central values by 1.63, 2.3 standard deviations(statistical) respectively. As a last bit of comparison, we estimate δβ at 17GeV that eqn.(12) would give: δβ(17) = 1.39· 10^{−5}, differing by the measured value by 3.9 standard deviations.

Estimating α1, m from neutrino arrival time data

In a similar manner we can estimate the parameters α_1, m by using the estimates based on neutrino arrival times as given in eqn.(7). As input, we need δv_{SN} at the highest energy, 20 MeV. Getting it from eqn.(7) requires an estimate for δv_{SN} at the lowest energy, taken here to be 7.5 MeV, which can be obtained as a fraction of the former if we already know the exponent m. We shall circumvent this in a practical manner by simply taking the rhs of eqn.(7) to be the estimate for δβ_{SN} at 20 MeV.

As before, using this estimate for δβ_{SN} in eqn.(9) gives

m = 2.42 α_1 = (1.4 T eV )^{−2.42} (14)

Using eqn.(14), one can estimate δβ =^{δv}_c , in units of 10^{−5}, at the energies of 13.9, 28.1, 42.9 GeV :

δβ(13.9) = 1.52 δβ(28.1) = 8.4 δβ(42.9) = 23.3 (15) respectively.

Thus the neutrino arrival times give a much steeper power law than the one given by photon arrival times. It is therefore not surprising that the estimated results are much worse compared to those given by eqn.(11). As before, we give the results that one would get if one had only used the data at 13.9, 28.1, 42.9 GeV:

m = 2.11 α_1 = (4.4 T eV )^{−2.11} (16)

Using eqn.(16), one can estimate δβ =^{δv}_c , in units of 10^{−5}, at the energies of 13.9, 42.9 GeV :

δβ(13.9) = .56 δβ(42.9) = 6.00 (17)

Quadratic corrections of the type m = 2 have been suggested countless number of times in the so called Quantum Gravity inspired models of dispersion relations. If OPERA data even at high energies is taken seriously, these are seen to perform rather poorly. Furthermore, the intrinsic energy scales in these models is the Planck Mass, but in these fits that scale is turning out to be around TeV. But then, there are also models where the ’Planck Mass’ can be much lower.

The lesson one learns from the analysis so far is that while fitting SN1987a requires steeper energy dependence, the OPERA data on energy dependence prefers flatter dependence. Striking a balance between these opposing trends is the key to reconciling the OPERA and SN1987a data.

FLATTER ENERGY DEPENDENCES.

Energy Independent Superluminality.

If one takes both the data of 60.7 nanoseconds at 17 GeV, as well as the 60.3 nanoseconds at 28.1 GeV, one has to more or less conclude that the observed superluminality is energy independent:

δβ_{OP} ≃ 2.48 · 10^{−5} (18)

This is what the dispersion relations from the so called Standard Model Extensions [35–37] as well as the Coleman-Glashow analysis [48] would give. These proposals were made in the context of the so called High Energy Violations of Lorentz invariance. But for neutrinos, these analyses would seem to imply their validity as long as neutrino energies are much higher than neutrino masses. Hence they should be applicable to the SN1987a neutrinos too.

A flat velocity surplus of eqn.(18) would imply that the supernova neutrinos preceded the photons by about 4 years! While neutrinos hitting the earth 4 years before the photons can not be ruled out [68], the fact that the neutrinos observed by Kamioka almost fully accounted for the energy output in neutrinos that is expected from the standard supernova models, would cause some problems of energetics. But it is fair to say that one needs a complete analysis of neutrino oscillations with the superluminality of eqn.(18) built in before one can make confident statements. There are already such analyses of neutrino oscillations available in the literature [37, 60] . But this line of thinking requires the above equation to be valid at all energies. But we shall argue that it is established, if at all, only at OPERA energies, and we shall propose interpolations that can comfortably sit with the SN1987a data presented earlier.

Linear Energy Dependences.

It is interesting that the central values of δt quoted by OPERA at 13.9 and 42.9 GeV, namely, 53.1 ns and 67.1 ns, when combined with 60.3 ns at 28.1 GeV, suggest a rather good linear fit to the data. But from our analysis till now, a flatter energy dependence at OPERA energy scales does not extrapolate well to the supernova scales. In fact the linear dependence suggested by the above mentioned data is roughly 1 ns increase for every 2 GeV. Extrapolating 53.1 ns at 13.9 GeV to supernova energy scales (nearly zero on OPERA energy scales), one still gets 46 ns which translates to a^{δv}_c of ≃ 2 · 10^{−5}. This is unacceptably large, leading to neutrinos arriving nearly 3.4 years before photons(see, however, [68])!

A simple way of circumventing this is to consider a linear dependence with a suitable offset

δβ_{OP} = α_2 E + δβ_0 (19)

where δβ_0 is so adjusted as to cancel most of the large value mentioned before. In eqn.(19), α_1 is roughly 4.0 · 10^{−7} per 2 GeV. Even without working out δβ_0, we can see that this too ends up in trouble. This is because δβ^{high}_{SN} − δβ^{low}_{SN} ≃ α_1 · 12.5MeV ≃ 2.5 · 10^{−9} (20) is still very large, predicting a differential time of arrival of nearly two hours for these neutrinos, whereas Kamioka data constrains them to be at most 12 seconds.

Eqn.(19), with just the offset term, is what the Coleman-Glashow like Lorentz violating dispersion relation [35, 36, 48] would give. Thus unless one interprets the Coleman-Glashow form to be valid only for energies well above a GeV scale, we see that it does not work for neutrinos. Eqn.(19) is an example of the so called DSR type theories discussed by [57–59]. Among the many Lorentz violating theories, these may have the advantage that they may still accommodate a relativity principle.

As it appears to be very difficult to reconcile both OPERA and SN1987a data with a single scale energy dependence, let us abandon that approach and first seek an energy dependence valid close to the OPERA energies (namely 10 to 40 GeV) only. Then, a very nice fit to the available data is provided by eqn.(19) with α_2 = (5 · 10^3 T eV )^{−1} and^{δv0}_c = 1.91 · 10^{−5}, that is

δβ_{OP} = 2 · 10^{−7} E GeV + 1.91 · 10^{−5} (21)

A comparison of OPERA data with various forms of dispersion relations has also been done in [49]. Their comparison with SN1987a is rather preliminary, and not as detailed as the one given here. They even hint at some sort of a metatheorem(!) claiming that it would not be possible to achieve consistency with both OPERA and SN1987a data. We do not agree with that. Many papers have appeared that have analyzed the compatibility issues between OPERA and SN1987a [61–69].

INTERPOLATING OPERA AND SN1987A

Thus, if we want to give an energy dependence formula, with a single intrinsic scale, that fits both OPERA and SN1987a data, it is almost impossible. If , however, one allows another intrinsic scale, many possibilities open up. We do not wish to explore all possible such forms, as such an exercise is somewhat pointless at the present juncture. We give one of the simplest forms: δβ = δβ_{OP} ( E^2_{GeV} E^2_{GeV} + M^2_L

)^n (22)

where δβ_{OP} is from either eqn.(18) or eqn.(21), and M_L in GeV is a scale which is much larger than supernova energies, but much smaller than OPERA energies. The parameters M_L, n are constrained by SN1987a data according to

δβ_{SN} ≃ 2.0 · 10^{−5} ( E^2_{GeV} M^2_L

)^n (23)

We have used ≃ here because the prefactor in eqn.(23) is 2.48 if we had used eqn.(18), and 1.91 if we had used eqn.(21). This hardly makes much difference to the estimates of M_L, n. We will see in the next subsections that estimates of eqn.(4) and eqn.(7) quite severely constrain the parameters in eqn.(23).

Photon arrival constraints

Let us begin with the estimate as given in eqn.(4) and take it to be for 15 MeV neutrinos. It is straightforward to work out that for n = 1, 2 the scale M_L works out to 2.5, 0.2 GeV respectively. Both these scales satisfy our criterion that the scale should be much smaller than OPERA energies, and much larger than supernova neutrino energies. At this stage there is no other criterion to choose one over another.

Neutrino arrival constraints

If instead of eqn.(4) we use eqn.(7), we get that for n = 1, 2 the scale M_L is 50, 1 GeV respectively. Clearly, M_L = 50 GeV is unacceptable, while M_L = 1 GeV is certainly acceptable. In any case, one should be using the more accurate and cleaner estimates provided by eqn.(7), and rule out n = 1 in eqn.(23).

DISCUSSION AND CONCLUSIONS

Our aim was to discuss possible energy dependence of the superluminal neutrino velocities reported by the OPERA collaboration. Our motivations are three fold: i. an understanding of energy dependence will provide an important key to unraveling the mysteries, ii. without any energy dependence it is impossible to reconcile the findings of OPERA with the accurate timing data from SN1987a, and finally, iii. if OPERA data at both 17 and 28.1 GeV are taken seriously, then, near OPERA energies the velocities are energy-independent. But the mean values they quote for 13.9, 28.1 and 42.9 GeV hint at a clear energy dependence. Though the statistical errors for the measurements at 13.9 and 42.9 GeV are much poorer, as the sample sizes were drastically reduced in number due to the reliance on only CC events, we have taken the central values, which are significant at three standard deviations, to parametrize the energy dependence on the one hand, and to reconcile them with SN1987a on the other.

For the SN1987a data, we have used both the timing of the first optical sighting, as well as the time spread in the cluster of 12 events observed at the Kamioka detector. We have first attempted a power law fit to both the OPERA data at 17 GeV as well as the SN1987a estimates. Fitting the light arrival time gives an intrinsic mass scale of 20 T eV and an energy exponent of 1.50. The calculated values at 13.9, 28.1 and 42.9 GeV from this fit yield values that deviate from the quoted mean values by .5, 5.2 and 10 standard deviations(statistical). On the other hand, fitting photon arrival times to OPERA data at 28.1 GeV yields a scale of 50 TeV, and an exponent of 1.39.

A fit based on the 12 seconds clustering of the neutrino events at Kamioka iand 17 GeV data from OPERA gives, on the other hand, an intrinsic mass scale of 1.4 T eV and an exponent of 2.42, which could be interpreted as really

2.0 given the tentativeness of the estimates. Extrapolating these to 13.9, 28.1 and 42.9 GeV, one finds the calculated values of δβ to be 1.52, 8.4 and 23.3. Such dependences with m = 2 are suggested by many quantum gravity inspired models, but the scales found here are very different.

Motivated by the near linear increase of δt reported by OPERA for the observations at 13.9, 28.1 and 42.9, we next attempted a linear fit but with an offset so that the linear behaviour extrapolated to supernova energies would reconcile with the supernova arrival limits. If the slope is determined by the OPERA data, it is found that irrespective of the offset, one gets a differential arrival time for 7.5 MeV and 20.0 MeV supernova neutrinos that is very clearly in conflict with the arrival times.

Interpreting all this as the inability of any single-scale energy dependence to account for both OPERA and SN1987a data, we decided to check how well a linear fit will work only when restricted to OPERA energies. A mass scale of 5 · 10^3 TeV and an intercept(offset) of 2.0 · 10^{−5} was obtained. This fit works very well. This can be tested by measuring δt at other, but comparable, energies as OPERA.

Finally, an interpolation was sought between this linear behaviour valid near OPERA energies, and the upper limits on neutrino velocities obtained from supernova data. The important point to notice is that these supernova arrival time limits are still consistent with superluminal velocities for supernova neutrinos. This is an exciting possibility that needs to probed further. There are clearly many such interpolations possible. One of them is given in eqn.(23). The additional scale M_L and the exponent n are again constrained by arrival time data and the following, δβ = δβ_{OP} ( E^2_{GeV} E^2_{GeV} + 1.0

)^2 (24)

seems most probable. Thus, this analysis anticipates an E^4- dependence for δv near supernova energies. Even at 1 GeV , this relation predicts a^{δv}_c which is only^1_5 th of that reported by OPERA at 28.1 GeV!

Further Work

The OPERA collaboration should increase the statistics of the measurements done with the CC events. Determining reliably the energy dependence of the effect, if true, is one of the most important things to be done. Efforts should also be made to measure the effect at different energies. An accurate determination of the energy distribution of the neutrino flux is also important.

It is important also to perform this experiment at different baseline lengths because it is crucial to separate effects of production and detection from those of propagation(the effects discussed by [74] are an example of the kind that have no dependence on the baseline distance). The claim of 18cm accuracy in the baseline length is central to the establishment of the superluminality. It is therefore critical to find several independent checks on what could easily become the Achilles heel for the experiment.

As already emphasized by Coleman and Glashow [48], the superluminal velocity effects and the energy dependence of them can have novel manifestations in oscillation phenomena. It is therefore of utmost importance to remodel oscillation calculations by including the energy dependences considered here, and then subject them to experimental tests. In principle, the various parameters that entered the interpolation formula in eqn.(23) could be flavour dependent. Even the TOF analysis itself should be remodelled taking into account possible flavour dependences, as well as effects of oscillations.

The supernova neutrino data, from all the detectors that observed them, also needs to be thoroughly reexamined, particularly from the points of view of energetics and timing.

The most challenging task, should OPERA results be found to stand further scrutiny, will be in arriving at a reappraisal of our notions of space and time. The entire edifice of theoretical physics stands on these pillars.

Acknowledgements

The author thanks Bala Sathiapalan, Kalyana Rama, M.V.N. Murthy, R. Shankar, H.S. Mani and Kamal Lodaya for many useful discussions. He is thankful to Kalyana Rama for stressing the importance of energy dependences. He acknowledges support from Department of Science and Technology to the project IR/S2/PU- 001/2008.

∗ Electronic address: dass@cmi.ac.in [1] OPERA, arXiv:1109.4897v1 [2] G. Brunetti, Neutrino velocity measurement with the OPERA experiment in the CNGS beams, PhD thesis, in joint supervision from Universite Claude Bernard Lyon- I and Universita di Bologna, 2011.

[3] V. Gharibyan, Phys. Lett. B611, 2005, p.231-238. [4] IAU Circular No 4338; K. Hirata et al [Kamiokande-II Collaboration], Observa- tion of a Neutrino Burst from the Supernova SN1987A, Phys. Rev. Lett. 58 (1987) 1490.

[5] W. Kunkel and B. Madore, IAU Circular No 4316. [6] IAU Circular No 4340; R.M. Bionta et al, ” Observation of a Neutrino Burst in Coincidence with Supernova 1987A in the Large Magellanic Cloud”, Phys. Rev. Lett. 58 (1987) 1494.

[7] Emmanuel Saridakis, Superluminal neutrinos in Horava- Lifshitz gravity, arXiv:1110.0697 [gr-qc]]

[8] R. A. Konoplya, Superluminal neutrinos and the tachyon’s stability in the rotating Universe,

arXiv:1109.6215 [hep-th].

[9] P. Wang, H. Wu and H. Yang, Superluminal neutrinos and domain walls, arXiv:1109.6930 [hep-ph].

[10] Heinrich Pas, Sandip Pakvasa and Thomas J. Weiler, Phys.Rev. D72 (2005) 095017, hep-ph/0504096 [11] James Dent , Heinrich Pas , Sandip Pakvasa and Thomas J. Weiler, Neutrino time travel., arXiv:0710.2524

[hep-ph]

[12] Sebastian Hollenberg, Octavian Micu, Heinrich Pas and Thomas J. Weiler, Phys.Rev. D80 (2009) 093005,

arXiv:0906.0150 [hep-ph]

[13] Ram Brustein and Dmitri Semikoz, Apparent superluminal neutrino propagation caused by nonlinear coherent interactions in matter, arXiv:1110.0762 [hep-ph] [14] D. Autiero, P. Migliozzi and A. Russo, The neutrino velocity anomaly as an explanation of the missing observation of neutrinos in coincidence with GRB,

arXiv:1109.5378 [hep-ph]

[15] F. Tamburini and M. Laveder, Apparent Lorentz violation with superluminal Majorana neutrinos at OPERA?,

arXiv:1109.5445 [hep-ph]

[16] F.R. Klinkhamer, Superluminal muon-neutrino velocity from a Fermi-point-splitting model of Lorentz violation,

arXiv:1109.5671 [hep-ph]

[17] Gia Dvali and Alexander Vikman, Price for Environmental Neutrino-Superluminality, arXiv:1109.5685

[hep-ph]

[18] Benjamin Koch, A comment on the OPERA result and CPT, arXiv:1109.5721 [hep-ph] [19] Robert B. Mann and Utpal Sarkar, Superluminal neutrinos at the OPERA?, arXiv:1109.5749 [hep-ph] [20] Zhou Lingli and Bo-Qiang Ma, Neutrino speed anomaly as a signal of Lorentz violation, arXiv:1109.6097

[hep-ph]

[21] Alex Kehagias, Relativistic Superluminal Neutrinos,

arXiv:1109.6312 [hep-ph]

[22] A. Nicolaidis, Neutrino Shortcuts in Spacetime,

arXiv:1109.6354 [hep-ph]

[23] Susan Gardner, Superluminal Neutrinos without Revolution, arXiv:1109.6520 [hep-ph] [24] Marco Matone, Superluminal Neutrinos and a Curious Phenomenon in the Relativistic Quantum Hamilton- Jacobi Equation, arXiv:1109.6631 [hep-ph] [25] Emilio Ciuffoli, Jarah Evslin, Jie Liu and Xinmin Zhang, OPERA and a Neutrino Dark Energy Model,

arXiv:1109.6641 [hep-ph]

[26] K. Whisnant, Lorentz noninvariant neutrino oscillations without neutrino mass, arXiv:1109.6860 [hep-ph] [27] Xin-He Meng and Xiao-Long Du, A Specific Case of Generalized Einstein-aether Theories, arXiv:1109.0823

[astro-ph.CO]

[28] Lorenzo Iorio, Environmental fifth-force hypothesis for the OPERA superluminal neutrino phenomenology: constraints from orbital motions around the Earth,

arXiv:1109.6249 [gr-qc]

[29] Zhou Lingli and Bo-Qiang Ma, New theory of Lorentz violation from a general principle, arXiv:1109.6387

[hep-th]

[30] Mohamed M. Anber and John F. Donoghue, Limiting velocities as running parameters and superluminal neutrinos, arXiv:1110.0132 [hep-ph] [31] Shi-Yuan Li, OPERA Collaboration have observed phase speed of neutrino wave function, arXiv:1110.0302

[hep-ph]

[32] Walter Winter, How large is the fraction of superluminal neutrinos at OPERA?, arXiv:1110.0424 [hep-ph] [33] Jerrold Franklin, Superluminal neutrinos,

arXiv:1110.0234 [physics.gen-ph]

[34] Rafael Torrealba, Using an Einstein’s idea to explain OPERA faster than light neutrinos, arXiv:1110.0243

[hep-ph]

[35] D. Colladay and V. A. Kostelecky, Phys. Rev. D 58, 116002 (1998).

[36] J. S. Diaz and A. Kostelecky, arXiv:1108.1799

[hep-ph].

[37] Jorge S. Diaz, Overview of Lorentz Violation in Neutrinos, arXiv:1109.4620 [38] Neil Russell, Testing Lorentz symmetry with atoms and light, arXiv:1109.0768 [hep-ph] [39] Daniele Fargion, ”Inconsistence of super-luminal Opera neutrino speed with SN1987A neutrinos burst and with flavor neutrino mixing”, arXiv: 1109.5368

[astro-ph.HE]

[40] Time in Quantum Mechanics Vols I and II, Eds. Gonzalo Muga, Andreas Ruschhaupt and Adolfo del Campo, Time in Quantum Mechanics, Lecture notes in Physics 734 and 789, Springer.

[41] D.V. Naumov and V.A. Naumov, Neutrino Velocity Anomaly: A Resolution without a Revolution,

arXiv:1110.0989 [hep-ph]

[42] N.D. Hari Dass, D. Indumathi, A.S. Joshipura and M.V.N. Murthy, Current Science, June 20 1987, Vol. 56, No 12.

[43] T.J. Loredo and D.Q. Lamb, Phys. Rev. D65 (2002) 063002.

[44] A. Mirizzi and G.G. Raffelt, Phys. Rev. D72 (2005) 063001.

[45] C. Lunardinia, and A. Yu. Smirnov, ”Neutrinos from SN1987A: flavor conversion and interpretation of results”,astro-ph 0402128.

[46] G. Pagliaroli, M.L. Costantini and F. Vissoni, ”Analysis of Neutrino Signals from SN1987a”, arXiv:0804.4598

[astro-ph]

[47] G. Pagliaroli et al, Improved analysis of SN1987a antineutrino events,arXiv: 0810.0466 [astro-ph] [48] S. R. Coleman, S. L. Glashow, Phys. Lett. B405, (1997) 249- 252 . [hep-ph/9703240]; S. R. Coleman, S. L. Glashow, Phys. Rev. D59 (1999) 116008. [hep-ph/9812418].

[49] G. Amelino-Camelia et al, OPERA - reassessing data on the energy dependence of the speed of neutrinos,arXiv:

1109.5172

[50] V.A. Kostelecky and S. Samuel, Phys.Rev. D39 (1989) p.683; Phys. Rev. D40 (1989) p.1886.

[51] F.R. Klinkhamer and G.E. Volovik, Superluminal neutrino and spontaneous breaking of Lorentz invariance,

arXiv:1109.6624 [hep-ph]

[52] Andrew G. Cohen and Sheldon L. Glashow, New Constraints on Neutrino Velocities, arXiv:1109.6562

[hep-ph]

[53] R. Cowsik, S. Nussinov and U. Sarkar, Superluminal Neutrinos at OPERA Confront Pion Decay Kinematics,

arXiv:1110.0241 [hep-ph]

[54] Luis Gonzalez-Mestres, Astrophysical consequences of the OPERA superluminal neutrino, arXiv:1109.6630

[physics.gen-ph]

[55] Xiao-Jun Bi, Peng-Fei Yin, Zhao-Huan Yu and Qiang Yuan, Constraints and tests of the OPERA superluminal neutrinos, arXiv:1109.6667 [56] J.M. Carmona and J.L. Cortes, Constraints from Neutrino Decay on Superluminal Velocities,

arXiv:1110.0430 [hep-ph]

[57] G. Amelino-Camelia, Nature 418(2002) p.34; International Journal of Modern Physics D11 (2002) p.35.

[58] J. Kowalski-Glickman, Phys. Lett. A286(2001) p.391 [59] J. Magueijo and L. Smolin, Phys.Rev.Lett 88 (2002) 190403.

[60] Joao Magueijo, Neutrino oscillations and superluminal propagation, arXiv:1109.6055 [hep-ph] [61] Jean Alexandre, John Ellis and Nick E. Mavromatos, On the Possibility of Superluminal Neutrino Propagation,

arXiv:1109.6296 [hep-ph]

[62] P. Wang, H. Wu, and H. Yang, Superluminal neutrinos and Monopoles, arXiv:1110.0449 [hep-ph].

[63] Tianjun Li and Dimitri V. Nanopoulos, Background Dependent Lorentz Violation from String Theory,

arXiv:1110.0451 [hep-ph]

[64] Irina Ya. Aref’eva and Igor V. Volovich, Superluminal Dark Neutrinos, arXiv:1110.0456 [hep-ph] [65] Giacomo Cacciapaglia, Aldo Deandrea and Luca Panizzi, Superluminal neutrinos in long baseline experiments and SN1987a, arXiv:1109.4980 [hep-ph] [66] Steen Hannestad and Martin S. Sloth, Apparent faster than light propagation from light sterile neutrinos, arXiv:1109.6282 [hep-ph]

[67] Gian F. Giudice, Sergey Sibiryakov and Alessandro Strumia, Interpreting OPERA results on superluminal neutrino, arXiv:1109.5682 [hep-ph] [68] Alessandro Drago, Isabella Masina, Giuseppe Pagliara and Raffaele Tripiccione, The Hypothesis of Superluminal Neutrinos: comparing OPERA with other Data,

arXiv:1109.5917 [hep-ph]

[69] Miao Li and Tower Wang, Mass-dependent Lorentz Violation and Neutrino Velocity, arXiv:1109.5924 [hep-ph] [70] J. Alfaro, Phys. Rev. Lett 94, 221302 (2005). [71] J. R. Ellis, N. Harries, A. Meregaglia, A. Rubbia, A. Sakharov, Phys. Rev. D78 (2008) 033013.,

[arXiv:0805.0253 [hep-ph]].

[72] Carlo R. Contaldi, The OPERA neutrino velocity result and the synchronisation of clocks, arXiv:1109.6160

[hep-ph]

[73] Jacek Ciborowski and Jakub Rembielinski, Comments on the recent velocity measurement of the muon neutrinos by the OPERA Collaboration, arXiv:1109.5599 [hep-ex] [74] Gilles Henri, A simple explanation of OPERA results without strange physics, arXiv:1110.0239 [hep-ph] [75] J. Knobloch, Is there a neutrino speed anomaly?,

arXiv:1110.0595 [hep-ex]

[76] I thank Kamal Lodaya for raising the pertinent issue of the experiments taking place in a rotating frame