arXiv:1110.0736v5 [hep-ph] 11 Oct 2011

Resolution of 8 inconsistencies with the OPERA result on superluminal neutrinos, and the best way to check it

Robert Ehrlich School of Physics, Astronomy and Computational Sciences, George Mason University, Fairfax, VA 22030

Abstract

Physicists have raised many troubling inconsistencies with the OPERA claim of superluminal neutrinos that cast doubt on its validity. This paper examines ways that 8 of these inconsistencies can be resolved. It also discusses the best way to check the result using two alternative experimental approaches, and then summarizes evidence that the electron neutrino is superluminal, based on previously published cosmic ray observations.

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

I. THE OPERA EXPERIMENT

The OPERA experiment sends a beam of neutrinos across a distance Δx=730 km, and observes their time of flight (TOF), and its difference from the light travel time, Δt = T OF − Δx/c . [1] Note, however, that OPERA does not measure Δt for individual detected neutrinos, but rather for ensembles of them by comparing the time displacement between the waveform of the pulsed protons at the CERN accelerator and that of the detected neutrinos 730 km distant. The result is that the neutrinos arrived earlier than light traveling at speed c, and therefore Δt > 0. Based on an analysis of over 16,000 neutrino events OPERA finds that Δt = 60.7 ± 6.7(stat) ± 7.4(syst) ns. If the systematic and statistical errors are added in quadrature, one obtains a 6σ result. Expressing the deviation from speed c, we have: (v − c)/c = [+2.48 ± 0.28(stat) ± 0.3(syst)] × 10^{−5}. If the neutrinos responsible for the effect were only one mass eigenstate, its mass would be m^2 ≈ −100^2MeV^2/c^4.

A. Resolution of inconsistencies in the OPERA result

1. The data shows no energy dependence in the size of the effect

OPERA examines the energy dependence of their effect by looking at Δt after dividing the data into two neutrino energy bins of nearly equal statistics . The result shows no statistically significant difference in Δt between the high and low neutrino energy data: Δt = 53.1 ± 20.2 ns for E_{avg} = 13.9GeV and Δt = 67.1 ± 19.6 ns for E_{avg} = 42.9GeV . One would expect that the size of Δt should go to zero as E_{avg} is reduced (so as to agree with SN1987A), but the OPERA data do not seem to bear this out. However, the size of the error bars on the two data points is simply unable to distinguish between an energy-independent effect or one that goes to zero (or rises) as E_{avg} is reduced. Additionally, the energies found for individual neutrinos are not indicative of the average energy of all the neutrinos in the pulse they are associated with, which would be roughly constant from pulse to pulse. Thus, it is unclear if the OPERA procedure of dividing the data into a high and low neutrino energy group could yield any information about the true energy dependence of the effect.

2. Superluminal neutrinos should not be found for E_{nu} > 12.5GeV

According to an article by A. Cohen and S. Glashow superluminal neutrinos would lose energy rapidly via the bremsstrahlung of electron-positron pairs.[2] For the superluminal neutrino velocity claimed by OPERA at the stated mean neutrino energy, they show that most of the neutrinos would have suffered several pair emissions en route, causing the beam to be entirely depleted of neutrinos exceeding a terminal energy: E_T = Cδ^{15}GeV, where C is a constant and δ =^1_c √ v_ν^2 − c^2 is the departure of the neutrino speed from that of light.

Using the reported value in OPERA for δ Cohen and Glashow quote a terminal energy: E_T = 12.5GeV well below the energies actually observed by OPERA.

The inapplicability of the Cohen-Glashow objection to the OPERA result hinges on realizing that OPERA does not measure Δt for the individual events with specific E_ν values, but only for a collection of pulses each of which may yield only one neutrino event at the detector. Each pulse from the source consists of a full spectrum of neutrino energies as well as several neutrino mass eigenstates. The energy limit that Cohen and Glashow give applies only to the those neutrinos that are causing the anomaly seen in OPERA, which presumably are associated with a heavier mass eigenstate. The energies of individual neutrino events recorded in the detector with E_ν > 12.5 GeV might well all be associated with the light neutrino mass eigenstate whose speeds would be much closer to c (smaller value of δ ) and whose terminal energy would be much higher than 12.5 GeV. This same argument applies equally well to work by X. Bi et. al. who cite an even lower terminal energy (5 GeV) for superluminal neutrinos.[3]

3. The data is inconsistent with the c - v departure seen in SN1987A

The neutrino burst from SN1987A a distance L = 168,000 lightyears away arrived about 3 hours before the first light appeared from the distant supernova. [5] Statistically, there is little question that this neutrino burst of 24 events was associated with the supernova, but most physicists do not consider the 3 h early arrival to be evidence of superluminal neutrinos, given the headstart neutrinos had over light that took a longer time before reaching the star’s surface from its core. Nevertheless, based on the connection between neutrino energy and arrival time, one can set a limit on the deviation from light speed as: (v − c)/c = 2 × 10^{−9} which is a factor of 10^4 less of a departure than for the much higher energy OPERA neutrinos.

The SN1987A neutrinos travel to Earth in several mass eigenstates. Let us assume a typical E_ν = 20MeV , a heavy mass eigenstate m_1^2 ≈ −100^2MeV^2/c^4 as the OPERA result suggests, and two light mass eigenstates. m_2^2 ≈ m_3^2 ≈ −1eV^2/c^4. Both photons and the two light neutrino mass eigenstates from SN1987A take 168,000 years to reach Earth. However the heavy neutrino mass eigenstate travels at a speed

v = c √ 1 − γ^{−2} = c √ 1 − m^2c^4/E^2 = 5.0c (1) and would have reached Earth 135,000 years ago. Furthermore, time difference in arrival between the 2 and 3 eigenstates is near zero. Essentially the reason that only a single neutrino burst was observed is not because the effect was too small to see, but it was much too large, not having neutrino detectors 135,000 years ago. Interestingly, the one other long baseline accelerator experiment done at a lower energy than OPERA (MINOS) reports a result equal to twice the OPERA effect: (v − c)/c = 5.1 ± 2.9 × 10^{−5} only 1.7σ, but encouragingly in the right direction, i.e., bigger effect at lower energy.[6]

4. The OPERA result implies an m_ν^2 bigger than all known neutrino mass limits

Given the average energy of OPERA neutrinos (17 GeV), we may compute a neutrino mass: m^2 = 2E^2(c−v)/v ≈ −119^2MeV^2/c^4. This is a much larger value than the upper limit for m_{ν τ} < 18.2MeV/c^2 or m_{ν μ} < 0.17MeV/c^2 (95% confidence). The discrepancy between the computed mass from the OPERA result and the much smaller measured upper limits for either m_{ν,τ} or m_{ν,μ} can be resolved however given that upper limits (at 95% confidence) are |m_{best}^2 + 2σ| only when m_{best}^2 > 0. When m_{best}^2 < 0 , one needs to use |m_{best}^2 − 2σ| which can be considerably larger than |m_{best}^2 + 2σ| . Thus the proper way to find an upper limit requires fitting the data to a likelihood analysis that extends below zero for m^2 which was apparently not reported either by the one experiment that PDG uses to report its best value of m^2 or for most of the others as well.[7]

5. There are very few tau neutrinos in the beam

The observed OPERA result is due to ν_μ ’s which have some component of the heavy eigenstate found more prominently in ν_τ ’s.

6. Muon neutrinos cannot be superluminal

A recent paper by Drago et. al. notes that they cannot be superluminal based on the energy independence of the OPERA result, but we have shown earlier that energy independence cannot be inferred from that data.[8] Moreover the authors further argue that a superluminal ν_μ of 100 MeV mass could not possibly come from pion decay. This objection is also inapplicable if ν_μ has only a relatively small component of the heavy mass eigenstate then its mass would be appreciably less than 100 MeV.

7. The OPERA m_ν^2 does not agree with known Δm_ν^2 values

This assertion is based on models involving three mass eigenstates. However, there are neutrino models having four mass eigenstates that agree with the Δm_ν^2 from oscillation experiments, and for which m_1 < m_2 << m_3 < m_4.[9]

8. There are stringent bounds against Lorentz Invariance Violation (LIV) not compatible with OPERA[3]

LIV implies adding a small term to the Lorentz transformation, which can result in ordinary (m^2 > 0) particles becoming superluminal. Some very small amount of LIV can be inferred from quantum gravity, although it is too small to account for the OPERA result.[4] On the other hand, LIV is not necessary to have superlumniality in the case of particles that always have superluminal speed, as in the case of the original formulation of the idea.[10]

II. THE BEST WAYS TO CHECK THE OPERA RESULT

A. Accelerator produced nwutrino beam

Conventional wisdom holds that the effect OPERA sees if genuine would be largest at higher neutrino energies and in an experiment having a long baseline. However, both of these beliefs are mistaken if the analysis of the OPERA inconsistencies discussed here is correct. If the effect really is due to a heavy mass eigenstate m^2 ≈ −100^2MeV^2/c^4, then the speed will have a much greater excess above c, the lower the neutrino energy – see Eq. 1. Thus, one should use muon neutrinos produced in an accelerator at a low energy, perhaps of order 1 GeV, where the pion production cross section is large, and which would be an abundant source of neutrinos from decaying muons, many of which will have energies of order 100 MeV, which should have a speed v = 1.4c. One would not want to use reactor energy neutrinos, since the beam needs to be pulsed to use the technique OPERA used based on pulse shape.

The best baseline choice is based on two competing considerations. First, a long baseline gives a larger Δt, but since the departure from light speed predicted is so large anyway, this may be unimportant. Second, a short baseline has a greater neutrino flux at the detector, which varies essentially as 1/r^2. For example, a long baseline such as the ”far” detector in the MINOS experiment subtends an angle of only 0.003 degrees, and at low E_ν only a miniscule fraction of neutrinos would lie inside a cone having such an opening angle. In addition a short baseline makes it easier to be certain of the actual separation distance and the synchronization of clocks at each end. Using neutrinos of average energy 100 MeV, one should get an unambiguous result using a baseline of only a few hundred meters, for which light would cover in roughly 600 ns, and 1.4c neutrinos in 840 ns.

B. Neutrinos associated with solar flares

Perhaps the very best and easiest way to check whether neutrinos are superluminal involves an analysis of existing data. It has been suggested by Ryazhskaya et. al. that medium energy neutrinos should accompany solar flares.[11] The frequency of solar flares depends on whether the sun is quiet or active, and varies between several per day to less than one a week, with large flares less common than small ones. Several neutrino detectors have now been operating for over 15 years, in which time there might have been on the order of 3000 solar flares. Consider a neutrino detector whose background rate is around 0.1 events per second, or 1 event in each 10 second time bin, which is consistent with the background seen in the SN 1987A data. Neutrinos from a real source could easily produce an extra 2 neutrinos in a given 10s time bin and not be recognized as a source if one was not expecting anything in that particular bin. If the neutrino data taken around the time of each of the 3000 solar flares were combined setting t = 0 as the time when the flare is most intense they could under a best case scenario yield 6000 events (due to the flares) on top of a background of 3000 events (39σ). This peak would not be at t = 0, given the extra headstart that neutrinos have over photons. Presumably one should also see a smaller peak corresponding to the heavy mass eigenstate earlier in time by an amount that depends on the average neutrino energy. If E_ν = 20MeV the v = 5c neutrinos would arrive 6.4 min earlier than the light mass neutrinos.

III. TWO ANALYSES OF COSMIC RAY DATA

Here we summarize published work exists from over a decade ago giving evidence that the electron neutrino is superluminal. Chodos et. al. in 1985 suggested that one could test whether neutrinos are superluminal (tachyons) based on the beta decay of stable particles whose energy exceeds some threshold.[12] Ehrlich in 1999 applied the Chodos et. al. suggestion to the high energy cosmic ray spectrum (mostly protons).[13] He found that the spectrum shape (especially the ”knee” or the relatively abrupt change in slope that occurs between 1 and 10 PeV) could be fit well under the assumption that protons were decaying with this energy as their threshold. Although the position of the knee differs in different experiments, using a typical value of 4.5 PeV would yield |m_{ν,e}| = 1.7P eV/E_{knee} = 0.4eV or m_{nu,e}^2 = −0.02eV^2/c^4. However. if the knee is actually as low as 1 PeV, as some cosmic ray experiment report, we find: m_{ν,e}^2 = −2.9eV^2/c^4.[14]

In a subsequent publication Ehrlich suggested additional evidence from other cosmic ray data associated with Cygnus X-3, an X-ray binary having a 4.79 h period.[15] Cygnus X-3 is one of the brightest X-ray sources in the galaxy, and there were four groups reporting PeV energy scale cosmic rays from it during the 1970^′s and 1980^′s with signal strengths at the 4-5 σ level.[16] Today however many cosmic ray researchers express skepticism about the reality of those early reports. There are at least three reasons for their skepticism, each of which may be challenged:

1. Many cosmic ray researchers do not believe those experiments are credible, and that the only primary cosmic rays pointing back to sources at PeV energies must be photons or neutrinos, since charged particles obviously should not point back at this energy, given the galactic magnetic field and the distance to Cygnus X-3.

2. Those cosmic rays alleged to point back to Cygnus X-3 would need to be either some unknown particle or neutrons, given that nomalous underground muons were detected in sychronism with the Cygnus X-3 period.[17] And there is no known way that neutrons in the primary cosmic rays could reach Earth from such a distant source without decaying, unless of course as Ehrlich has suggested protons can decay into them 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.

3. A more recent high statistics cosmic ray study failed to observe cosmic rays from Cygnus X-3 at PeV energies.[18] But note that this also is not a fatal flaw since Cygnus X-3 is known to be an episodic source that is especially intense at times of strong radio flares.

Ehrlich’s analysis assumes that the detections from the 1970’s and 1980’s were genuine, and uses the Cygnus X-3 data from Lloyd-Evans et. al., the only group of the four that had events above 1 PeV.[19] He noted the presence of a 4.5P eV peak in the cosmic ray spectrum (which had not been highlighted by the group taking the data) in good agreement with his prior cosmic ray analysis.[13] The observed minus the expected numbers of counts (the ”excess”) is shown in Table 1. The only two energy bins showing a statistically significant count excess are the two that straddle 4.5 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) at the predicted energy for a peak. This peak was interpreted as the signal consisting of neutral particles (in particular neutrons) that had originated from proton decay en route from Cygnus X-3 to Earth. Based on Table 1, we can say 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_{ν,e}^2 = −(0.17 ± 0.15)eV^2/c^4. Such an electron neutrino mass might be observable in a more precise beta decay measurement such as that planned by the Katrin collaboration that expects to achieve an accuracy in m_{ν,e} of 0.2eV/c^2. [20]

E (in PeV) Observed Expected Excess ±σ 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 reported by Lloyd-Evans et al. in differential energy bins for the phase interval 0.225-0.250.[19] The “Expected” counts for each energy interval are based on the average over all phases of the binary star. Therefore it makes no assumptions about the shape of the background.

IV. CONCLUSION

Additional inconsistencies may be identified in the OPERA result that may prove to be irrefutable, and other groups may fail to replicate it. However, while the world awaits either a confirmation or a refutation of the experiment one should not base their view of the existence of faster-than-light neutrinos on preconceived views, and should contemplate not only ways the experiment could be wrong, but also look for evidence that supports it. Two useful areas of study using existing data would be: (1) for groups reporting the masses of muon and tau neutrinos to do analyses that extend into the m^2 < 0 domain, and not merely report upper limits that assume m^2 > 0, and (2) for high energy cosmic ray groups to examine their data to see if there is any new evidence of cosmic rays pointing back to Cygnus X-3 having a sharp peak in the interval E = 1 to 10 PeV.

Acknowledgments The author is grateful to his colleagues Ernie Barreto, Bob Ellsworth, Rob Oerter, and Phil Rubin, and most especially to Pete Becker, and Mike Summers who made helpful suggestions on an earlier version of this paper.

[1] OPERA Collaboration, T. Adam et. al., ”Measurement of the neutrino velocity with the OPERA detector in the CNGS beam”. arXiv:1109.4897 (2011) [2] A. G. Cohen, S. L. Glashow, ” New Constraints on Neutrino Velocities,” arXiv:1109.6562v1 [3] X. Bi et. al., ”Constraints and tests of the OPERA superluminal neutrinos,” arxiv.org/abs/1109.6667v2 [4] .A., ”Quantum Gravity and Lorentz Invariance Violation in the Standard Model”, Phys. Rev.

Lett. 94, 221302,2005.

[5] A.W. David., and L.J. Rosner., ”Neutrino mass limits from SN1987A,” Phys. Rev. Lett., (ISSN 0031-9007), 58, May 4, 1987, p. 1906-1909.

[6] MINOS Collaboration, P. Adamson et. al., Phys. Rev. D 76 (2007) 072005. [7] K. Nakamura et al. (Particle Data Group), JPG 37, 075021 (2010) (URL: http://pdg.lbl.gov) [8] A Drago, I. Masina—, G. Pagliara—, and R. Tripiccione, ”The Hypothesis of Superluminal Neutrinos: comparing OPERA with other Data,” arXiv:1109.5917v1 [9] S. M. Bilenky, C. Giunti and W. Grimus, ”Four-neutrino mass spectra and the Super- Kamiokande atmospheric up-down asymmetry,” Zeitschrift fur Physik C Particles and Fields , Volume 1, Numbers 1-2, 247-253 [10] O. M. P. Bilaniuk, V. K. Deshpande, and E. C. G. Sudarshan, Am.J.Phys. 30 (1962) 718. [11] 0.C:. Ryazhskaya, L.V. Volkova. G.T. Zatsepina, Neutrinos from solar flares at the Earth,” Nuclear Physics B (Proc. Suppl.) 110 (2002) 358-360.

[12] A. Chodos, A. I. Hauser, and V.A. Kostelecky, ”The Neutrino as a Tachyon”, Phys. Lett., B 150 (1985) 295.

[13] R. Ehrlich, ”Implications for the Cosmic Ray Spectrum of a Negative Electron Neutrino Mass^2,” Phys. Rev. D, 60, 17302 (1999) [14] R. Ehrlich, ”Neutrino mass^2 inferred from the cosmic ray spectrum and tritium beta decay,

Physics Letters B 493 (2000) 229-232 [15] R. Ehrlich, ”Is There a 4.5 PeV Neutron Line in the Cosmic Ray Spectrum?” Phys. Rev. D, 60, 73005 (1999) [16] See Table 1 in previous reference for a list of the Cygnus X-3 experiments in the 1970’s and 1980’s.

[17] 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.

[18] 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.

[19] J. Lloyd-Evans et. al., ”High-energy astrophysics: Is Cygnus X-3 a source of gamma rays or of new particles?,” Nature, 305 (1983) 784.

[20] Katrin experiment, http://www-ik.fzk.de/tritium/