arXiv:1204.0484v5 [hep-ph] 8 Jun 2012

The superluminal neutrino hypothesis, and a proposed test using an unreported aspect of SN 1987A neutrino data

Robert Ehrlich, rehrlich@gmu.edu Physics, Astronomy and Computational Sciences George Mason University Fairfax, VA 22030 703-993-1268 703-993-1269(FAX)

Abstract

This paper summarizes five observations suggesting that one of the neutrinos is consistent with being a tachyon or is superluminal. The five observations include: (1) Experiments measuring the neutrino speed, (2) Mass eigenstates claimed for SN 1987A neutrinos, (3) m^2 values of flavor eigenstates, (4) The shape of the high energy cosmic ray spectrum, and (5) Neutral hadrons in the cosmic rays from Cygnus X-3. The discussion of each of the five observations includes possible opposing evidence, and circumstances for which that opposing evidence could be compatible with superluminal neutrinos. A possible 3 + 3 mirror neutrino model incorporating one superluminal neutrino pair is also suggested, as well as various future tests of the superluminal neutrino hypothesis. One of these tests involves a surprising prediction concerning an unreported aspect of the SN 1987A neutrino data.

PACS numbers: 13.15+g, 14.60Pq, 14.60St, 14.60Lm

I. INTRODUCTION

The year 2012 is the 50th anniversary of the proposal for hypothetical particles later dubbed tachyons that travel at speeds in excess of c.[1] Over the years various candidates have been proposed, only to later prove not replicable, and currently the only possibility among all the known particles would be one or more of the neutrinos, given the closeness of their masses to zero. However, recent reports of superluminal neutrinos based on measurements of their speed have also subsequently been shown to be due to probable experimental error. The skepticism of the physics community towards tachyon claims is reflected in the fact that the last compendium of tachyon searches in the listings of the Particle Data Group was in 1994.[2] In light of this history it is tempting to suppose the tachyonic neutrino hypothesis has been refuted. However, a more accurate view is that limits on |m^2| or δ = (v − c)/c for neutrinos have merely been lowered, with the possibility remaining that a higher accuracy experiment might still find a genuine departure from the expected result. In this paper we summarize five observations suggesting that one of the neutrino mass eigenstates is consistent with being a tachyon. None of this evidence is conclusive of course, and all of it does have an alternative explanation, but taken collectively some readers may consider it highly suggestive. The discussion of each of the five observations includes possible opposing evidence, and circumstances for which that opposing evidence could be compatible with superluminal neutrinos.

II. EXPERIMENTS MEASURING THE NEUTRINO SPEED, AND THE UPPER LIMIT ON δ FROM SN 1987A

The first measurement setting an upper limit to the deviation of the speed of neutrinos from that of light was set by Kalbfleisch in 1979: δ = (v − c)/c < 4 × 10^{−5}(2σ) for an energy E_ν > 30GeV .[3] Two well-known more recent results have reported best values for δ > 0. In 2007 the MINOS collaboration measured the excess above light speed using a neutrino beam of < E_ν >= 3GeV to be: δ ± 1σ = +5.1 ± 2.9 × 10^{−5}.[4], and in 2011, the OPERA collaboration reported δ = +2.37 ± 0.44 × 10^{−5} for < E_ν >= 17GeV, where the listed uncertainty combines statistical and systematic values. However, after OPERA has corrected several errors in 2012, its results and those of three other groups using the same

CERN beam are entirely consistent with δ = 0 within uncertainties (about 0.5 × 10^{−5}).[6] Moreover, new results from the MINOS collaboration show that its measurement is also quite consistent with δ = 0 within uncertainties, so if there is a true excess above light speed it would need to be less than about 2.6 × 10^{−5} for E = 3GeV neutrinos.[7] This leaves only the normally assumed upper limit on δ at low energies set by SN 1987A, i.e., δ < 2×10^{−9}.[8] As shown below, however, there are reasons to disbelieve this upper limit.

The burst of 24 neutrinos seen in the Kamioka,[8] IMB[10] and Baksan[11] detectors, arrived about 3 hours before the light was recorded from SN 1987A. This early arrival was presumably due to the delay that photons emitted from the collapsing SN core, which was not the case for the emitted neutrinos. However, the value of the photon delay need not have been the entire 3 h, therefore the early neutrino arrival is normally assumed to set only an upper limit on any excess above c for their speed, δ < 2 × 10^{−9}. Although this upper limit is valid for the particular mass eigenstates recorded in the three detectors, one cannot rule out a third superluminal mass eigenstate that arrived long before the other 24 neutrinos. In fact, there was a burst of 5 events observed in the LSD detector underneath Mt. Blanc.[12] This burst occurred during a 7 s interval nearly 4 hours before the neutrinos seen in the other three detectors. The Mt. Blanc neutrinos are often disregarded when analyzing the neutrino events associated with SN 1987A because of their 4 h early arrival, and also because given the detector sensitivity only one event should have been seen in LSD. Furthermore, there is another reason that the Mt. Blanc events could not have been due to a pulse of superluminal neutrinos. Consider superluminal neutrinos of mass m^2 and varying values for their energy energy E. Note that based on Eq. 1 if the neutrinos having a given m^2 all originated in a brief burst, the spread in their arrival times will be related to the spread in their energies according to: ΔE E = Δδ 2δ = Δt 2t = 7s 2 × 4h = 1 5140 (1) Eq. 2 implies that in order to be observed t = 4h early within a burst as short as Δt = 7s the superluminal neutrinos had to be monochromatic to one part in 5140 – which while possible for neutrinos from stopped pions or kaons is virtually inconceivable for neutrinos from an exploding supernova. Turning the argument around, we can say that superluminal neutrinos with the energy spread seen for events in the other three detectors, i.e.,^{ΔE}_E ≈ 1 would have arrival times spread over many hours and would certainly not be recognized as a pulse above background (around 1 event in 8 seconds). The situation would be still more extreme for larger excesses above light speed, where the spread in arrival times would be even larger. Thus, the normally assumed upper limit δ < 2 × 10^{−9} simply does not apply to all neutrino mass eigenstates that may have originated from SN 1987A.

III. MASS EIGENSTATES CLAIMED FOR SN 1987A NEUTRINOS

The neutrinos from SN 1987A have been the subject of hundreds of papers, both theoretical and phenomenological.[13] Some of these papers analyze the data to infer an upper limit on the neutrino mass, which ranges typically from 12 to 16 eV .[14, 15]. It is expected however that neutrinos from a supernova should include all three active neutrino mass eigenstates, therefore such a limit must represent an average over whichever eigenstates are represented in the neutrino events recorded. A recent paper reporting a new phenomenological analysis of the neutrino burst detected from SN 1987 A has claimed evidence for the presence of two (non-superluminal) mass eigenstates,[16] following the method of earlier similar analyses by Cowsik[18] and Huzita.[17] The heavier mass eigenstate has m_2 = 21.4 ± 1.2eV , while the lighter one has m_1 = 4.0 ± 0.5eV . The method is based on an observed correlation between recorded neutrino energies E_k and arrival times t_k for the k = 1, 2, · · · 24 events in the three detectors. In general, Eq. 1 may be rewritten as:

δ = t_0 − t_{trav,k} t_0 = m_k^2 2E_k^2 (2) where t_0 is the light travel time, 168,000 y, and t_{trav,k} is the travel time for the kth neutrino, which can also be expressed in terms of the time t_k it is recorded in a detector as:

t_{trav,k} = t_{0,k} + t_{synch} + t_k (3) where the first term in Eq.4 is due to nonsimultaneous emissions, and the second corrects for a lack of t = 0 synchronization of the three detectors, for which it was arbitrarily assumed that the first earliest recorded event is at t_1 = 0. Given this choice of t = 0 and the time between the first and second events in each detector, t_{sych} is likely to be at most 0.2 s. Regarding the possibility of nonsimultaneous emissions, supernova core collapse models show that the burst of electron neutrinos and antineutrinos rises and falls by an order of magnitude in the first second,[19, 20] while some models show it lasting only about 0.02 seconds.[21] If we ignore any spread in emission times then t_0 − t_{trav,k} = t_k, so that within a ±0.5s uncertainty Eq. 3 becomes:

m^2_k =

2E_k^2t_k t_0 (4) Eq. 5 implies that among the 24 neutrinos those having a particular mass should lie on or near one of several straight lines passing through the origin in a plot of E^{−2} versus t, and as Fig. 1 shows, this is exactly what is seen for every event, and the chi square probabilities for the fits to two distinct masses are acceptable (43% and 12%). The main weakness of the claim of two mass eigenstates is that it rests on there being near-simultaneous supernova neutrino emissions (within ±0.5s) of most of the detected SN 1987a neutrinos. Alternatively, it is possible some of the neutrinos detected from SN 1987A were emitted over an extended period of time, but they had a correlation between their energy and emission time that mimicked two mass eigenstates on an plot of 1/E^2 versus t. One could conceivably accommodate this correlation within the framework of a composite model consisting of the sum of two thermal spectra, [22] but there is no evidence for such a composite spectrum based on numerical simulations.[13]. There is, of course, no way to know precisely what fraction of the neutrinos emitted during a supernova core collapse are emitted in the first second. While Thomas Janka has suggested the number is likely to be no more than half, the fraction of the 24 neutrinos identifiable in the 1987A detectors emitted during the first second could be counsiderably greater than half, given the softer spectra of later-emitted neutrinos.[22, 24]

A. SN 1987A and superluminal neutrinos?

We note that Fig. 1 would allow us to identify any events with m^2 < 0 (which would lie on a line with negative slope) had they been present, but there is no such indication. In the remainder of this section we show that even though the two mass eigenstates claimed for SN 1987A are not superluminal their existence (if confirmed) would indirectly imply that there must be a third unobserved eigenstate that is superluminal in order to be compatible with known upper limits on the electron neutrino mass from tritium beta decay (|m| < 2eV ), and an even stronger limit from cosmology.[25] To see why a third superluminal neutrino is required, suppose that the electron neutrino consisted of a superposition of a tachyonic and

FIG. 1: On a plot of E^{−2} versus t, the SN 1987A data all lie close to one of two straight lines that nearly pass through the origin. Solid circles show Kamioka events, triangles IMB events, and open circles Baksan events.

tardyonic mass states: |ψ >= sinθ|ψ^+ > + cos θ|ψ^− > where the superscripts refer to the signs of the m^2 values for the two states whose respective masses are m^2_+ > 0 and m^2_− < 0 To find the mass of the mixed state |ψ > we need the expectation value of m^2 = E^2 − p^2, i.e.,

m^2_{νe} = sinθ < ψ^+| + cosθ < ψ^−|(E^2 − p^2) sin θ|ψ^+ > + cos θ|ψ^− > (5) Clearly m^2_ν could be anything between the superluminal (tachyonic) m^2_− and the tardyonic m^2_+ depending on the values of the mixing angle θ, i.e., m^2_+ for sinθ = 1 and m^2_− for sinθ = 0. In particular, it can be said that the upper limit m_{νe} < 2eV from tritium beta decay together with the confirmed existence of 4.0eV and 21.4eV neutrinos requires that the third eigenstate be superluminal M^2 < 0.

B. Sterile neutrinos and a possible mirror neutrino model

One might object that masses as large as 4.0 and 21.4 eV are incompatible with the three existing neutrino oscillation results for Δm_{i,j}^2, that suggest very small values for the masses themselves, however, one could accommodate those measured values if there were three sterile neutrinos two of which were nearly degenerate with the 4.0 eV and 21.4 eV active neutrinos. Results of the entire collection of neutrino oscillation experiments (as of 2011) can be accommodated with one or more sterile neutrinos, and they fit better with more than one.[26, 28] Given that sterile neutrinos could be the right handed versions of the three active neutrinos, it seems plausible to suggest that three of them should exist. One can then construct a (3 + 3) mirror neutrino model assuming three active/sterile pairs, which differs significantly from earlier models,[27] because (a) one pair is superluminal, and (b) there is no need to invoke a see-saw mechanism, thereby allowing each active-sterile pair to remain nearly degenerate. Thus, suppose that the three active neutrinos have masses: m^2_1 = 4.0^2eV^2, m^2 = 21.4^2eV^2, and m^2_3 = −M^2eV^2, and three sterile neutrino masses are: m^2_4 = (4.0^2 + α)eV^2, m^2_5 = (21.4^2 + β)eV^2, and m^2_6 = (−M^2 + γ)eV^2, then with a proper choice of the very small quantities α, β, γ and the superluminal mass −M^2 one easily could satisfy the three well established values of Δm_{i,j}^2. One possible mass assignment satisfying these constraints is depicted in Fig. 2, where the three sterile neutrino states are designated by the subscript R for right handed chirality, and the mass splittings between the two m^2 > 0 states are taken to be the values found from neutrino oscillation experiments. It is interesting that the two mass splittings when expressed as a fraction of each state’s m^2, are identical within experimental uncertainties, i.e.,^{Δm12}_{m12} ≈^{Δm22}_{m22} ≈ 5 × 10^{−6}. If the fractional mass splitting for the third (superluminal) mass state has the same value, and Δm_3^2 ≈ 1eV^2 as suggested by short-distance accelerator and reactor neutrino experiments,[28] we then find an approximate mass of the superluminal mass state: m_3^2 = −^{Δm32}_{5×10−6} ≈ −0.2keV^2. In the final section of this paper a test is proposed to seek evidence for such a superluminal state using a heretofore unexamined aspect of the existing SN1987A neutrino data.

FIG. 2: A mirror neutrino model involving three active and three sterile neutrinos arranged in nearly degenerate pairs, with the third pair having m_3^2 < 0.

IV. m^2 VALUES OF FLAVOR EIGENSTATES

The best limits on the electron neutrino mass comes from experiments on tritium beta decay. In the 2010 Particle Data Group (PDG) compilation the results of eleven such experiments are listed.[29] In each case a best value with a 1σ uncertainty is given for m_{νe}^2. Nine out of the eleven experiments report best values of m_{νe}^2 < 0. However in reporting their best estimate for m_{νe}^2 = −1.1 ± 2.4eV^2 , the PDG excludes all but two of those eleven experiments citing ”troubling systematics which result in improbably large negative estimators of m_{νe}^2 .”

There is little question of systematic errors in some of the experiments, since if no experiments are dropped one finds an unacceptably high χ^2 = 44.4 (10 dof) with a probability p = 000003. However, only two of the eleven experiments report m_{νe}^2 < 0 by statistically significant amounts: m_{νe}^2 = −130 ± 20eV^2/c^4 (4.6σ below zero), and m_{νe}^2 = −22 ± 4.8eV^2 (6.5σ below zero). If the first of these experiments is dropped, one obtains a weighted average for the remaining ten: m_{νe}^2 = −5.4 ± 2.0eV^2 with a χ^2 = 19.7 (9 dof, p = 2%), while if the second one is also dropped, one obtains m_{νe}^2 = −1.8 ± 2.2eV^2 with a χ^2 = 5.2 (8 dof, p = 73%). Thus, while there is good justification for dropping one or possibly two experiments, the basis for PDG dropping the other seven of nine experiments is unclear. Some of those measurements may have had systematic errors, but if so they did not result in ”improbably large negative estimators of m_{νe}^2.” The m_{νe}^2 value with only one or two experiments dropped out of eleven is of course more suggestive of the electron neutrino being a tachyon. Moreover, while the m_{νe}^2 values noted above could easily be a statistical fluctuation, a definitive test may soon be forthcoming. The Katrin experiment is planning the most precise tritium beta decay measurement ever made (scheduled for 2014), and they expect to be able to measure electron neutrino masses down to 0.2eV or equivalently to test at the 5σ level values of m^2_{νe} differing from zero by > ±0.13eV^2. [30]

As with the electron neutrino, the PDG may also be too ready to dismiss the possibility that the muon neutrino is a tachyon, in that it lists a best value for the muon neutrino: m^2 = 0.016 ± 0.023MeV^2, which is consistent with zero.[29] A PDG footnote, however, does note that an alternate (tachyonic) value was reported in the same experiment, m^2 = 0.143 ± 0.024MeV^2 based on an alternate solution for the mass of the positive pion. This alternative value can be regarded as an equally likely possibility (based on an alternate possible configurations of the electronic K-shell population of pionic atoms).[31]

V. THE SHAPE OF THE HIGH ENERGY COSMIC RAY SPECTRUM

Normally, if the decay of a particle is energetically forbidden in its rest frame, it will be forbidden in all reference frames. However, the situation changes when tachyons are among the decay products because the sign of a tachyon energy can reverse if it is observed in certain reference frames. Using this property of tachyons, Chodos et. al. in 1985[32] suggested that one could test whether neutrinos are superluminal (tachyons) based on the beta decay of stable particles whose energy exceeds some threshold. In 1999, following a suggestion by Kostelecky,[33] Ehrlich adopted this idea to modelling the cosmic ray spectrum.[34, 35] It is well known that the observed spectrum satisfies a power law^{dN}_{dE} ≈ E^{−γ} where γ changes value relatively abruptly at an energy in the vicinity of 4 PeV, which is known as the knee of the spectrum. One can interpret the presence of the knee using the Chodos et. al. idea that protons are decaying with this energy as their threshold, and they are increasingly depleted from the spectrum above this value. For protons, the threshold energy is inversely related to the tachyon mass squared (in eV^2) through:

E_{th} = 1.7P eV √ −m^2_{νe} (6) A second change in the power law known as the ankle occurs around 10^4P eV. In Ehrlich’s model a good fit was obtained to the high energy spectrum (including both the knee and the ankle), by assuming values for the electron neutrino mass in the range m_{νe}^2 = −0.06 to −0.25eV^2. It should be noted that the model simply assumed that the spectrum of cosmic rays at their source follows a single power law (constant γ) which need not be the case. In addition, there are more conventional explanations of the knee of the spectrum, including interactions at the cosmic ray source, which even may explain some fine structure seen at the knee.[36]. Likewise, other more conventional explanations exist to explain the ankle in the spectrum.[37] None of this, however, constitutes opposing evidence, but rather alternative more conventional explanations. One important prediction of the model was the existence of a neutron line in the cosmic ray spectrum that occurred right at the knee.[34]

VI. NEUTRAL HADRONS IN THE COSMIC RAYS FROM CYGNUS X-3

Evidence for a neutron line at the knee was subsequently reported based on cosmic rays pointing back to Cygnus X-3, an X-ray binary having a 4.79 h period.[38] At PeV-scale energies cosmic rays pointing back to a particular distant source constitutes evidence that those primary cosmic rays are neutral particles, given the strength of the galactic magnetic field. Four groups had reported high energy cosmic rays from this source during the 1970^′s and 1980^′s with signal strengths at the 4-5 σ level, although only the Lloyd-Evans group had events above 1 PeV.[39] The most striking feature of the Lloyd-Evans data was the presence of a 4.5P eV peak in the cosmic ray spectrum – see Table 1. The only two energy bins showing a statistically significant count excess are the two that straddle 5 PeV. We see that there is an excess of 28.4 events in these adjacent energy bins, with an uncertainty in the two bin total of 5.0 events, i.e., N = 28.4 ± 5.0 (5.7σ). The energy at which the peak occurs came very near the knee of the spectrum, which was previously interpreted as the threshold for protons to beta decay into neutrons.

The identification of the events associated with Cygnus X-3 being neutrons is supported by the observation of anomalous underground muons at depths of 700 m, indicating the primary particles were hadrons.[40] Given the neutron lifetime, it is normally assumed that there is no way that neutrons in the primary cosmic rays could reach Earth from such a distant source as Cygnus X-3 without decaying. There is, however, a way that neutrons could be the particles if neutrinos are tachyons, since as noted earlier protons can decay into neutrons above some threshold energy, resulting in a decay chain p → n → p → n → · · · , with the nucleon spending most of its time as a neutron en route, given the long neutron lifetime. Thus, Ehrlich interpreted the 4.5 PeV peak associated with Cygnus X-3 as a confirmation of the earlier prediction of a neutron line at the knee of the cosmic ray spectrum. Based on Table 1, we can say based on Eq. 7 that the peak position lies between 3 and 11 PeV. Given this range in values, we find a value for the electron neutrino rest mass of: m_{νe}^2 = −(0.17 ± 0.15)eV^2 – a value which is consistent with that from the spectrum fit, and testable in the Katrin beta decay experiment. It can be risky finding peaks based on a background subtraction when the background is uncertain, and where a peak occurs very near the end of phase space. In the present case, however, the background shape is wellknown based on cosmic rays pointing back to Cygnus X-3 that lay outside the narrow phase window noted in the table caption.

Today many cosmic ray researchers express skepticism about the reality of those early reports of cosmic rays from Cygnus X-3. The conventional wisdom is that the only primary cosmic rays pointing back to sources at PeV energies are photons or neutrinos. In fact, a more recent high statistics cosmic ray study failed to observe non-episodic cosmic rays from Cygnus X-3 at PeV energies.[41] However, it should be noted that this negative result need not disprove the validity of the earlier observations since Cygnus X-3 is known to be an episodic source that is especially intense at times of strong radio flares. Additional more recent evidence for neutral hadrons from Cygnus X-3 consists of deep underground muon signals from its direction which have continued to be recorded but only at times of major radio flares from that source well into the decade of the 1990’s.[42]

VII. THEORETICAL CONSIDERATIONS

There are of course theoretical reasons for being skeptical of superluminal neutrinos, including the magnitude of the violation of Lorentz (VLI) that they might entail.[43] However,

E (in PeV) Observed Expected Excess ±1σ 1-3 16 13.9 2.1± 3.9 3-5 34 16.4 17.6± 4.2 5-11 17 6.2 10.8± 2.7 11-18 4 2.4 1.6± 1.8 18-36 3 4.3 −1.3± 2.3 36-72 6 3.4 2.6± 2.1 72-140 2 0.8 1.2± 1.3 >140 0 0.6 −0.6± 1.3

TABLE I: Observed and expected event counts for cosmic rays pointing back to Cygnus X-3 reported by Lloyd-Evans et al. in differential energy bins for the phase interval 0.225-0.250.[39] The “Expected” counts for each energy interval are based on the average over all phases of the binary star. Therefore, the background subtraction makes no assumptions about the shape of the background.

while these VLI constraints might conflict with a result as large as the recent OPERA value of δ they do not rule out much smaller values, and VLI has been shown to be compatible with extensions of the standard model.[44] Aside from VLI, one of the most persuasive objections to the OPERA claim of superluminal neutinos was suggested by A. Cohen and S. Glashow who show that superluminal neutrinos above some terminal energy E_T ∝ δ^{−7.5} GeV would lose energy rapidly via the bremsstrahlung of electron-positron pairs.[45] The δ (initially) claimed by OPERA, yields E_T = 12.5GeV, well below the energies actually observed, implying a contradiction in the experiment. As with VLI, the Cohen-Glashow argument, however, would be inapplicable for smaller values of δ than OPERA originally claimed, so it is not an argument against superluminal neutrinos in general. While there is yet no commonly accepted field theory of tachyons, a number of researchers have made important steps towards such a theory.[46–48]

VIII. SUMMARY AND FUTURE TESTS OF THE HYPOTHESIS

The conclusions from the five observations are summarized below.

Observations Conclusion Time of flight experiments small δ = (v − c)/c > 0 possible SN 1987A m_{ν1} = 4.0eV and m_{ν2} = 21.4eV requires m_{ν3}^2 < 0 m_{ν3}^2 ≈ −0.2keV^2 conjectured Tritium beta decay small m_{νe}^2 < 0 possible Cosmic ray spectrum suggests m_{νe}^2 = −(0.16 ± 0.15)eV^2 Cygnus X-3 suggests m_{νe}^2 = −(0.17 ± 0.15)eV^2

TABLE II: Summary of the conclusions drawn from the five observations.

A collection of observations that under certain assumptions are consistent with neutrinos being tachyons is, of course, a far cry from one replicable experiment. There are at least two kinds of experiments (aside from results from the upcoming Katrin experiment on tritium beta decay) that could confirm the hypothesis. The first would be a low energy measurement of δ, given that its magnitude is predicted to increase with decreasing energy by Eq. 1. Ideally, the beam should consist of short pulses, and it could have a relatively short baseline to test for δ > 0 neutrinos – at least for tachyonic masses on the order of MeV^2. One possible astronomical test of the tachyonic neutrino hypothesis involves large solar flares. Although existing searches for neutrinos from solar flares have been negative or inconclusive, Ryazheskaya et. al. estimate that a large flare could yield 25 neutrino events in a detector with a threshold of 300 MeV that is capable of detecting 3000 atmospheric neutrino events per year.[49] The pulse width of the light curves for typical solar flares, however, is on the order of a minute.[50] While the pulse width associated with emitted neutrinos from a large flare would almost certainly be shorter than the optical pulse, it would need to be significantly shorter in order to obtain constraints on the neutrino mass based on any observed correlation between neutrino arrival time and neutrino energy. Unfortunately, here too the baseline is not long enough to test for a m_{ν3}^2 ≈ −0.2keV^2 neutrino. A third test would depend on the fortunate occurence of another supernova in a nearby galaxy. Such an observation could either refute or confirm the existence of two mass eigenstates claimed for the SN 1987A data, and by implication the need for a third superluminal mass eigenstate.

A. The signature of a superluminal m_{ν3}^2 ≈ −0.2keV^2 neutrino

There would be no hope of searching for a m_{ν3}^2 ≈ −0.2keV^2 neutrino based on an Earthly time-of-flight experiment. However, an unreported and possibly unexamined aspect of the existing data on neutrinos from SN 1987A could furnish a most surprising and unambiguous test for the existence of a superluminal eigenstate having m_{ν3}^2 ≈ −0.2keV^2. For a typical neutrino energy of 20 MeV, such neutrinos would have arrived around 25 min earlier than the main neutrino pulse. Of course, based on the previous discussion any such superluminal neutrinos would be spread over many minutes and would not be recognized as a pulse above background because of their spread in energy. However, nearly all the background events in the Kamiokande detector have energies below 12 MeV – the height of the dashed line in Fig. 3 (lower graph). This 17 minute time interval depicted in Fig. 3 (lower) includes the 12 event neutrino burst reported by Kamioka seen just after 7:35 UT. In order to investigate background more thoroughly Kamioka has provided similar plots for 7 other time intervals selected at random, some before the 12 event pulse and some after. If we exclude the one 17 minute interval that happens to fall in the one hour before the 12 event burst, Kamioka shows only one background event out of about 1000 that has an energy above 12 MeV in the entire 7 x 17 = 119 minutes, or about 0.5 background events per hour. Thus, selecting only events having E > 12MeV is an extremely powerful background suppressor.

Recall that on a plot of 1/E^2 versus neutrino arrival time events corresponding to a specific neutrino mass lie on a straight line whose slope is inversely proportional to m^2. Given that 8 of the 12 actual SN 1987A events observed in Kamioka have E > 12MeV (see Fig. 3), it would not be surprising that any superluminal eigenstate might have perhaps 4 neutrinos associated with it for which E > 12MeV. Fig. 3 (upper) shows what the signature might look like for such a m_{ν3}^2 ≈ −0.2keV^2 signal. Recall that there might be only perhaps 0.5 background events in the 1 hour interval before 7:35 UT, as long as we focus only on events having E > 12MeV. Thus, if the 1/E^2 versus t plot of the Kamioka neutrino data for this one hour period were to show 4 real events falling on a line through the origin having the predicted approximate slope corresponding to m_{ν3}^2 ≈ −0.2keV^2, this would constitute an unambiguous signature of a superluminal neutrino.

A tantalizing hint that this possibility might be realized is provided by the one real event (the square in Fig. 3) that falls in the only 17 min time interval falling in the one hour

FIG. 3: Lower graph: Fig. 4 (e) in Hirata et. al.[8]. 35 hits corresponds to a neutrino energy of about 12 MeV. Upper graph: Plot of 1/E^2 in MeV^{−2} for four randomly generated simulated events shown as small dots corresponding to a m_{ν3}^2 ≈ −0.2keV^2 signal. The four points have ±10% random energy errors. During this hour-long time interval there would be perhaps 0.5 background events on such a plot. Note that based on the choice of m_{ν3}^2 both the slope and y-intercept of the line passing through the four points has been predicted. The two vertical lines show the start and finish of the only 17 minute period in the one hour before the 12 event burst for which the results were shown in Hirata et. al.[8] The point labeled by a large square is the only real (non-simulated) event in this time interval having E > 12MeV.

before the 12 event burst. This event lies quite near the straight line. It is silly to provide a calculation of the probability of this occurring based on random background, given only one event, but it is probably on the order of 1/100. This estimate is based on the likelihood of a background event occuring in that 17 minutes (about 1/10), and its likelihood of lying very close to the predicted line (about 1/10). This one data point proves nothing, but it might offer enough incentive to Kamioka to reexamine the old data, so as to see if there is evidence for 4 (or more) events falling on the predicted line. The same can be said for the IMB and Baksan collaborations as well – if their E > 12MeV background suppression is as good as Kamioka.

Acknowledgment

I am most grateful to Masayuki Nakahata for calling my attention to a source on the energy dependence of the backgrounds in the Kamiokande detector at the time of SN 1987A.

[1] O.M.P. Bilaniuk, V.K. Deshpande and C.G. Sudarshan, Metarelativity, Am. J. Phys. 30, 718-723, (1962) [2] Review of particle properties, Phys. Rev. D 50, 11731826 (1994). [3] G. R. Kalbfleisch , Phys. Rev. Lett. 43, 1361 (1979) [4] MINOS Collaboration, P. Adamson et. al., Phys. Rev. D 76 (2007) 072005. [5] OPERA Collaboration, T. Adam et. al., ”Measurement of the neutrino velocity with the OPERA detector in the CNGS beam”. arXiv:1109.4897 (2011); Preprint submitted to the Journal of High Energy Physics (17 November 2011) [6] S. Bertolucci, presentation at Neutrino 2012 in Kyoto, on behalf of the Borexino, ICARUS, LVD, and OPERA collaborations, June 8, 2012.

[7] P.A. Adamson, presentation at Neutrino 2012 in Kyoto, on behalf of the MINOS collaborations, June 7, 2012.

[8] K. Hirata, et. al., ”Observation of a neutrino burst in coincidence with supernova 1987A in the Large Magellanic Cloud,” Phys. Rev. Lett. 58, 14901493 (1987) [9] ICARUS Collaboration: M. Antonello et. al., ”A search for the analogue to Cherenkov radiation by high energy neutrinos at superluminal speeds in ICARUS,” http://arxiv.org/abs/1110.3763 [10] R.M. Bionta et. al., ”Observation of a neutrino burst in coincidence with supernova 1987A in the Large Magellanic Cloud,” Phys. Rev. Lett. 58, 14941496 (1987)

[11] Alekseev, E. N., Alekseeva, L. N., Krivosheina, I. V., and Volchenko, V. I., ”Detection of the neutrino signal from SN 1987A using the INR Baksan underground scintillation telescope,” ESO Workshop on the SN 1987A, Garching, Federal Republic of Germany, July 6-8, 1987, Proceedings (A88-35301 14-90). Garching, Federal Republic of Germany, European Southern Observatory, 237-247 (1987).

[12] Aglietta, M. et. al., On the Event Observed in the Mont Blanc Underground Neutrino Observatory during the Occurrence of Supernova 1987a, Europhys. Lett. 3 (12) 1315.

[13] See extensive list of references in: G. Pagliaroli, F. Vissani, M. L. Costantini, and A. Ianni1, ”Improved analysis of SN1987A antineutrino events,” Astroparticle Phys., 31, (3), 163-176 (2009) [14] David N. Spergel, John N. Bahcall, ”The mass of the electron neutrino: Monte Carlo studies of SN 1987A observations,” Phys. Lett. B, 200, (3), 366-372 (1988) [15] W. D. Arnett, and L.J. Rosner., ”Neutrino mass limits from SN1987A,” Phys. Rev. Lett., 58, 1906-1909 (1987).

[16] Ehrlich, R., Evidence for two neutrino mass eigenstates from SN 1987A and the possibility of superluminal neutrinos, Astropart. Phys. (2012), doi:10.1016/j.astropartphys.2012.02.002 [17] ”Neutrino mass speculation on the neutrino events from the supernova LMC 1987 A,” Huzita, H., Mod. Phys. Lett. A2 (1987) 905-911.

[18] R. Cowsik, ”Neutrino masses and flavors emitted in the supernova SN1987A,” Phys. Rev. D 37, 16851687 (1988) [19] T.Totani, K.Sato, H.E. Dahled, and J.R. Wilson, Future detection of supernova neutrino burst and explosion mechanism, Ap.J., 496, 216-225 (1998) [20] S.W. Bruenn, ”Neutrinos from SN1987A and current models of stellar-core collapse, Phys.

Rev. Lett. 59, 938941 (1987) [21] E.S. Myra, A. Burrows, ”Neutrinos from type II supernovae - The first 100 milliseconds,” Ap.J. 364, 222-231 (1990) [22] T. J. Loredo, and D. Q. Lamb, ”Bayesian analysis of neutrinos observed from supernova SN 1987A,” Phys. Rev. D, 65, 063002 (2002) [23] G. Pagliaroli, F. Vissani, M. L. Costantini, and A. Ianni1, ”Improved analysis of SN1987A antineutrino events,” Astroparticle Phys., 31, (3), 163-176 (2009) [24] Private communication.

[25] P. C.W. Davies and G. Moss, ”Cosmological bounds on tachyonic neutrinos,” arXiv:1201.3284v1, 16 Jan 2012.

[26] Kopp, J., Maltoni, M. and Schwetz, T. Phys. Rev. Lett. 107, 091801 (2011). [27] Z. G. Berezhiani and R.N. Mohapatra, ”Reconciling present neutrino puzzles: Sterile neutrinos as mirror neutrinos,” Phys. Rev. D 52, 66076611 (1995) [28] W. C. Louis, ”Particle physics: Sterile neutrinos,” Nature 478, 328329 (2011) [29] K. Nakamura et al. (Particle Data Group), JPG 37, 075021 (2010) (URL: http://pdg.lbl.gov) [30] K. Valerius, for the Katrin experiment, ”Systematics and background suppression in the Katrin experiment, http://arxiv.org/pdf/0710.4906.pdf [31] B. Jeckelmann, P.F.A. Goudsmit, H.J. Leisi, ”The Mass of the negative pion,” Phys. Lett.

B335 (1994) 326-329 [32] A. Chodos, V. A. Kostelecky, R. Potting and E. Gates, Modern Physics Letters A 7, 467 (1992); and A. Chodos and V. A. Kostelecky, Phys. Lett. B 336, 295 (1994).

[33] V. A. Kostelecky, in F. Mansouri, J.J. Scanio (Eds.), Topics in Quantum Gravity and Beyond, World Scientific, Singapore, 1993.

[34] R. Ehrlich, ”Implications for the Cosmic Ray Spectrum of a Negative Electron Neutrino Mass^2,” Phys. Rev. D, 60, 17302 (1999) [35] R. Ehrlich, ”Neutrino mass^2 inferred from the cosmic ray spectrum and tritium beta decay, Physics Letters B 493 (2000) 229-232 [36] Wang Bo, Yuan Qiang, Fan Chao et al. A study on the sharp knee and fine structures of cosmic ray spectra. SCIENCE CHINA Physics, Mechanics & Astronomy, 2010, 53(5): 842-847 [37] T. Wibig and A.w. Wolfendale, ”The Ankle in the UHE Cosmic Ray Spectrum,” Proceedings of the 30th International Cosmic Ray Conference, Rogelio Caballero, Juan Carlos DOlivo, Gustavo Medina-Tanco, Lukas Nellen, Federico A. Snchez, Jos F. Valds-Galicia (eds.), Universidad Nacional Autnoma de Mexico, Mexico City, Mexico, 2008, Vol. 4 (HE part 1), pages 269272 [38] R. Ehrlich, ”Is There a 4.5 PeV Neutron Line in the Cosmic Ray Spectrum?” Phys. Rev. D, 60, 73005 (1999) [39] Lloyd-Evans et. al., ”Observation of rays > 10^{15}eV from Cygnus X-3.” Nature 305, 784 - 787 (27 October 1983) [40] Marshak, M L, et al, ”Evidence for Muon Production by Particles from Cygnus X-3’, 1985,

Phys. Rev. Lett. 54, 2079-82; Marshak, M L, ”Underground Muons Observed during the April 2000 Flare of Cygnus X-3,” ICHEP 2000, ichep2000.

[41] A. Borione et al., ”High Statistics Search for Ultrahigh Energy Gamma-Ray Emission from Cygnus X-3 and Hercules X-1,” Phys. Rev. D, 55 (1997), 1714.

[42] W.W.M. Allsion, et. al., ”Cygnus X-3 Revisited: 10 Years of Muon and Radio Observations,” arXiv:hep-ex/9905045v [43] R. Cowsik, S. Nussinov, and U. Sarkar, ”Superluminal Neutrinos at OPERA Confront Pion Decay Kinematics,” Phys. Rev. Lett., 107, 251801 (2011) [44] D. Colladay and V. Alan Kosteleck, ”Lorentz-violating extension of the standard model,” Phys. Rev. D 58, 116002 (1998) [45] A. G. Cohen, S. L. Glashow, ” New Constraints on Neutrino Velocities,” arXiv:1109.6562v1 [46] U. D. Jentschura, ”Tachyonic Field Theory and Neutrino Mass Running,” Central Eur. J.

Phys., in press, arXiv:1205.0145 [47] M. J. Radzikowski, ”Stable, Renormalizable, Scalar Tachyonic Quantum Field Theory with Chronology Protection,” arXiv:0804.4534v2 [48] J. Ciborowski, J. Rembielinski, ”Tritium Decay and the Hypothesis of Tachyonic Neutrinos, Eur. Phys. J. C8:157-161 (1999) [49] O.G. Ryazhskaya, L.V., Volkova, G.T. Zatsepin, ”Neutrinos from Solar Flares at the Earth,” Nucl. Phys. B (Proc. Suppl.) 110 358-360 (2002) [50] F. Longo, and G. Iafrat, ”Solar flares monitor with Fermi-LAT,” Nuclear Instruments and Methods in Physics Research Section A, 630, 258260, 2011