arXiv:hep-ph/0009334 v2 6 Jan 2001

Weak and Electromagnetic Nuclear Decay Signatures for Neutrino Reactions in SuperKamiokande

Shmuel Nussinov^{(a,b) ∗}, Robert Shrock^{(b) †} (a) Sackler Faculty of Science Tel Aviv University Tel Aviv, Israel (b) C. N. Yang Institute for Theoretical Physics State University of New York Stony Brook, N. Y. 11794, USA

We suggest the study of events in the SuperKamiokande neutrino data due to charged- and neutral-current neutrino reactions followed by weak and/or electromagnetic decays of struck nuclei and fragments thereof. This study could improve the prospects of obtaining evidence for τ production from ν_μ → ν_τ oscillations and could augment the data sample used to disfavor ν_μ → ν_{sterile} oscillations.

∗email: nussinov@post.tau.ac.il

†email: robert.shrock@sunysb.edu 1

The very large SuperKamiokande (SK) underground water Cherenkov detector has contributed greatly to our knowledge of solar and atmospheric neutrino physics [1–4], as well as yielding stringent limits on nucleon decay [5]. The atmospheric data has, with high statistics, provided evidence for neutrino oscillations and hence neutrino masses and lepton mixing; the best fit is to ν_μ → ν_τ , with Δm^2_{atm} ∼ 3.5 × 10^{−3} eV^2 and maximal mixing, sin^2 2θ_{atm} = 1 [3]. These values are also consistent with data from the Soudan-2 [6] and MACRO [7] experiments, as well as the K2K long baseline experiment [8]. SK has also obtained a large sample of solar neutrino events, yielding a confirmation of a factor of 2 deficit relative to calculations, measurement of the energy distribution, and tests of day-night asymmetry and seasonal variation.

The main neutrino reactions that have been analyzed in SK include, for solar neutrinos, ν_ee elastic scattering and, for atmospheric neutrinos, quasi-elastic charged-current (CC) scattering, ν_ℓ + n → ℓ^− + p, ν̄_ℓ + p → ℓ^+ + n, where ℓ = e, μ [3], and neutrino-induced single and multi-pion production [4]. These all involve prompt particle production. However, because the primary neutrino reactions can lead to excited levels of nuclei or to nuclei with unstable ground states (g.s.), γ and delayed β and βγ decays can occur in conjunction with these primary neutrino reactions and the hadronic cascade which may accompany them. This is particularly true of atmospheric neutrinos because their energies extend to ∼ GeV, as contrasted with the 14.5 MeV upper end of the solar^8B ν_e’s. When the released energy from these decays exceeds about 5-6 MeV, they should be detectable. Indeed, SK has successfully measured scattered electrons with energies of 5 MeV in their solar neutrino data sample, despite the backgrounds that become increasingly severe at low energies [1,2]. Here we suggest the study of these events and analyze some of their signatures. In 1144 days of running, SK has obtained 9178 atmospheric neutrino events that are fully contained (FC) in the 22.5 kton fiducial part of the 50 kton total volume [3,4]; from this it has been estimated that SK should have approximately 70 events involving charged-current τ^± production by ν_τ and ν̄_τ originating from the inferred ν_μ → ν_τ and ν̄_μ → ν̄_τ oscillations [3]. The additional information that the γ, β and βγ decays provide could improve the understanding of both single-ring and multi-ring events, helping the efforts to pick out these τ^± events.

Many of the primary charged- and neutral-current (CC and NC) neutrino interactions, as well as secondary interactions of pions, nucleons, and possibly larger nuclear fragments, occur on the^{16}O nuclei. These interactions can involve charge exchange, further emission of one or more nucleons, breakups into fragments, and excitations that promptly decay via nucleon emission. In many of these cases, these process leave unstable nuclei at the locations (vertices) of the original neutrino reactions. These nuclei may have been excited to higher levels that decay electromagnetically to the respective ground states promptly via photon emission. Such decays coincide, to within the experimental time resolution of the SK detector, with the initial event and yield monochromatic γ’s. There can occur ground states of nuclei (Z, A) that subsequently beta decay to neighboring nuclei (Z ± 1, A). For several nuclei with A ≤ 16, the maximum e^± energies, i.e., Q_β values, exceed the expected 5-6 MeV threshold for detection above background. The lifetimes of these beta decays range between ∼ 0.01 sec and 10 sec, well beyond the time window of the original event. Hence these beta decays occur during a time when the original Cherenkov signals from the primary reaction have ceased, and therefore would be not be confused with them. The same struck oxygen nucleus will serve as the origin for the Cherenkov cone associated with the delayed β (and a fortiori any prompt γ) and one or several cones in the initial neutrino event and its associated hadronic cascade. The beta decay times are short enough to prevent any significant motion of the radioactive nuclei away from the location of the primary vertex due to the momentum transfer in the primary neutrino reaction or the motion of the water owing to its recirculation (at a rate of 50 tons/hour [9]). The recoil of the nucleus or fragment in question is of order the Fermi momentum p_F ∼ 300 MeV/c (larger momentum transfers typically result in further fragmentation); hence the range of this nucleus is much shorter than the spatial resolution with which the location of the primary event vertex can be reconstructed. This spatial resolution depends on the angle with respect to the Cherenkov cone and with the lepton energy [3]; here, to be conservative in our background estimates, we shall take it to be 1 m.

Accidental backgrounds are negligible for the cases of decays of excited nuclei by prompt photon emission, since these are simultaneous, to detector time resolution, with the initial event. Next consider beta decays. From the 9178 fully contained atmospheric neutrino events in 1144 days, it follows that these events occur at an average rate of 0.33 per hour. The key discriminant here is that the Cherenkov cones or showers associated with the delayed β and/or βγ decays must originate from a volume of ∼ 1 m^3 out of the 2.25 × 10^4 m^3 fiducial volume. Over a time window after the primary reaction of 30 sec, say, accidental background events of this type should therefore be negligible. A particular background arises from decays of nuclei that are spallation products of collisions of through-going muons. These were also a background for the solar neutrino signal and were effectively removed by rejecting events in which a beta emerges from a cylindrical region around the path of the through-going muon during a time from msec to O(10) sec after this muon traverses the detector [1,2,10]. The same method could be used here. An additional check on backgrounds is obtained from the SK data on e-type single-ring solar neutrino events as a function of angle with respect to the sun, cos θ_{sun} [1]. This data showed a background, of ∼ 0.09 events/day/kton/bin, isotropic in cos θ_{sun} (and the solar neutrino signal above it, at cos θ_{sun} ≃ 1); this number yields, in 1 m^3 volume, over a 30 sec time window, a negligibly small rate for this background. Having outlined the general idea, we proceed to specific cases.

As a first example for atmospheric neutrinos, consider the reaction

ν̄_ℓ +^{16} O → ℓ^+ +^{16} N (1)

where ℓ = e or μ. The g.s. of the^{16}N nucleus beta decays, with half-life t_{1/2} = 7.1 sec, to various levels of^{16}O, primarily the g.s., with branching ratio BR = 26 % and maximum e^− energy Q_β = 10.42 MeV, and the 3^− state, with BR = 68 % and Q_β = 4.29 MeV, which then decays promptly (in 18 psec) to the g.s. via emission of a monochromatic 6.13 MeV photon (this and other nuclear properties are from [11]). The selection criteria for these events would be (i) fully contained (FC) within the 22.5 kton fiducial volume, with (ii) a Cherenkov ring from the initial ℓ^+, (iii) for ℓ^+ = μ^+, a second, e-type ring from the μ^+ decay, (iv) in a timing window of 0 ≤ t ≤ 30 sec after the initial signal the appearance of an e^− with a reasonable fraction of 10.4 MeV, from the direct decay, or a 6.13 MeV γ from the branched decay, satisfying the requirement that (v) the e^− Cherenkov showering cone or the shower from the γ extrapolate back to the vertex reconstructed from the initial ℓ^+ Cherenkov signal. Note that SK has achieved an accuracy of better than 1 % in the energy scale and about 15 % in ΔE/E for 10 MeV electrons in its solar neutrino data [1,2]. Some relevant cross section calculations for the primary atmospheric neutrino reactions are [12], [13]. For a rough estimate of the fraction of the reactions (1) that yield^{16}N_{g.s.}, we may refer to the CRPA (continuous random phase approximation) calculations of analogous CC neutrino reactions on^{12}C [14] (see also [15], [16]) performed to compare with LSND data [17]. It was found that reactions yielding nuclides close to the valley of beta stability occurred with sizable fractions of the inclusive yield; e.g., the flux-averaged cross sections for^{12}C(ν̄_μ, μ^+)^{12}B_{g.s.} and^{12}C(ν̄_μ, μ^+n)^{11}B_{g.s.} comprised, respectively, 6 % and of 34 % of the inclusive process^{12}C(ν̄_μ, μ^+)X. From these, we estimate that the atmospheric neutrino flux-averaged cross section for^{16}O(ν̄_ℓ, ℓ^+)^{16}N_{g.s.} could be ∼ O(10) % of^{16}O(ν̄_ℓ, ℓ^+)X. Using this ratio and the flux-averaged σ’s for ν̄_ℓp → ℓ^+n and^{16}O(ν̄_ℓ, ℓ^+)X from [12], we estimate that of the 3107 e-like and 2988 μ-like single-ring FC events in the 1144 day SK data, there could be O(10^2) events of type (1) leading to^{16}N_{g.s.}, of which about 40 % would have E_e > 6 MeV.

Another pathway for producing^{16}N is a regular fully contained event ν_μn → μ^−p where the μ^− is captured on another oxygen nucleus via^{16}O(μ^− , ν_μ)^{16}N, followed by the beta decay of the^{16}N. Such an event can be distinguished from those which we propose to study because for typical E_μ, the μ^− travels sufficiently far from the primary event vertex that criterion (v) above would not be satisfied; for example, the μ^− range R ∼ 2 m for p_μ = 500 MeV/c. We note that SK has been able to measure beta decays of^{16}N nuclei produced both artificially, by the^{16}O(n, p)^{16}N reaction, and naturally, by stopping μ^− ’s captured on 16O [18]. In 1004 days of data, a rate of 11.4 ± 0.2 events/day from the^{16}O(μ^− , ν_μ)^{16}N reaction and subsequent^{16}N beta decay in an inner 11.5 kton fiducial volume was measured, in agreement with a prediction of 11.9 ± 1.0 events/day. Note that SK, in its search for the nucleon decay p → ν̄K^+, used as an event criterion the observation of a 6.32 MeV photon from a resultant excited^{15}N nucleus [5].

Neutrino reactions can lead to the fragmentation of the^{16}O nucleus with emission of protons, neutrons, and higher-A fragments. For example, consider

ν̄_ℓ +^{16} O → ℓ^+ + p +^{15} C . (2)

The g.s. of^{15}C beta decays, with t_{1/2} = 2.4 sec, to (i) the g.s. of^{15}N, with Q_β = 9.77 MeV, BR = 32 %, and (ii) the 5.30 MeV level, with Q_β = 4.47 MeV, BR = 68 %, followed promptly by decay to the g.s. with emission of a 5.30 MeV photon. Although the branched decay would be difficult to detect, the energy of the e^− could be large enough to detect.

Higher-A fragmentation reactions include

ν̄_ℓ +^{16} O → ℓ^+ +^3 He +^{13} B . (3)

The^{13}B nucleus beta decays with t_{1/2} = 17 msec, mainly (BR = 93 %) to the g.s. of^{13}C, emitting an e^− with Q_β = 13.4 MeV. A second example is

ν̄_ℓ +^{16} O → ℓ^+ +^4 He +^{12} B . (4)

Here the^{12}B nucleus beta decays with t_{1/2} = 20 msec to several levels of^{12}C, mainly (BR = 97 %) to the g.s. with Q_β = 13.4 MeV. A third case is

ν_ℓ +^{16} O → ℓ^− +^4 He +^{12} N (5)

followed by the beta decay^{12}N → e^+ +ν_e+^{12}C with t_{1/2} = 11 msec, mainly (BR = 94 %) the g.s. with Q_β = 16.3 MeV. For a rough estimate of the cross sections for (4) and (5), we note that for the similar CC reactions on^{12}C, the CRPA calculation of [14] found that the fluxaveraged σ’s for^{12}C(ν_μ, μ^− α)^8B,^{12}C(ν_μ, μ^−pα)^7Be,^{12}C(ν̄_μ, μ^+α)^8Li, and^{12}C(ν̄_μ, μ^+nα)^7Li comprised 7.5 %, 18 %, 7.5 %, and 13 % of the respective inclusive reactions^{12}C(ν_μ, μ^− )X and^{12}C(ν̄_μ, μ^+)X. This suggests that, if comparable rates apply for (4) and (5), the current SK data could contain O(10^2) events from these reactions, summed over e and μ type (anti)neutrinos, and 60 % (74 %) of the resultant^{12}B (^{12}N) beta decays would yield e^∓ energies above 6 MeV.

There are also events of the form^{16}O(ν̄_ℓ, ℓ^+)^{16}N^∗ in which the final state^{16}N is in an excited state. Except for low-lying levels with excitation energies less than 0.4 MeV above the g.s., these decay promptly with neutron emission.

Among neutral-current reactions one has, for atmospheric neutrinos,

(ν_ℓ, ν̄_ℓ) +^{16} O → (ν_ℓ, ν̄_ℓ) + π^+ +^{16}N . (6)

The selection criteria for events of this type would be (i) FC, (ii) Cherenkov ring from the π^+, (iii) observation of the β or βγ decay of the^{16}N, as described after (1). One could also look for the reactions

(ν_ℓ, ν̄_ℓ) +^{16} O → (ν_ℓ, ν̄_ℓ) + π^0 +^{16}O^∗ (7)

which populate excited states of the^{16}O nucleus. Although the lowest excited state, at 6.05 MeV, is a 0^+ state and hence cannot decay to the 0^+ g.s. with the emission of a single photon, the 1^− state at 7.12 MeV decays promptly (in 8 fs) via an E1 transition, and one could try to detect the resultant photon. The selection criteria would be (i) FC, (ii) two photons with invariant mass M_{γγ} = m_π0 , (iii) a third photon from the primary event vertex, to within experimental uncertainty, with E_γ = 7.12 MeV. Similar comments apply for electromagnetic decays from other excited states. This event selection could augment the sample of neutral-current (NC) events that might be used to disfavor further the ν_μ → ν_{sterile} transition, strengthening the results of [4]. Although there is some uncertainty in theoretical model calculations of cross sections for NC pion production, and hence also of (6) and (7), direct measurements of neutrino-induced pion production in the K2K near detector [8] should ameliorate this problem.

Nucleons and pions emitted in primary reactions can lead to secondary ones, via n + (Z, A) → p+(Z −1, A), p+(Z, A) → n+(Z +1, A), and π^± +(Z, A) → π^0 +(Z ±1, A) chargeexchange processes. Other possibilities include (p, d), (n, d) reactions, etc. The probability of excitation of any specific nuclear state in the primary (anti)neutrino-oxygen or secondary (pion or nucleon)-oxygen collisions may be low, and SK does not have 100 % efficiency for detecting the resulting, relatively low-energy γ, β, or βγ signal. However, we are considering the inclusive rate for producing the (g.s. or excited state) of a nucleus with the requisite γ, β, or βγ decay. Just as the many exclusive neutrino reactions sum up to yield a linearly rising inclusive neutrino cross section for energies beyond ∼ 1 GeV, so also, the sum of the specific exclusive reactions considered here, leading to nuclear states that decay by γ, β, or βγ emission, should be a significant fraction of the total. We note further that in a generic high-energy neutrino event or when a τ^± is produced and decays, there is substantial probability for one or more pions to be emitted. There can thus be a resultant hadronic cascade involving collisions with several oxygen nuclei, leading to nuclear states that decay via γ, β, or βγ decays. Indeed, this tends to happen precisely in the complex, multi-ring events that are difficult to analyze and for which even partial additional information locating a particular emission vertex would be useful. As noted, the study of these reactions could thus aid in extracting τ ’s in the atmospheric data.

Similar comments can be made about neutrino reactions on^{12}C, the nucleus (in addition to H) in a liquid scintillator. Indeed, as part of the selection criteria for^{12}C(ν_ℓ, ℓ^− )^{12}N_{g.s.} events, the LSND experiment included detection of the e^+ from the beta decay^{12}N → e^+ + ν_e +^{12} C (t_{1/2} = 11 msec). The mini-BooNE experiment at Fermilab will also measure the CC ν_μ reaction on carbon.

In the solar neutrino data, there is the NC reaction

ν_e +^{16} O → ν_e +^{16}O^∗ (8)

producing an excited state of^{16}O. In contrast to the case with atmospheric neutrinos, here the transitions to the excited states are somewhat suppressed since much of the^8B ν_e flux is below threshold. The 0^+ state at 6.05 MeV (reached via an allowed 0^+ → 0^+ Fermi transition) does not decay via single photon emission. The other low-lying excited states, e.g. the 1^− level at 7.12 MeV, require higher-L transitions from the 0^+ g.s. of^{16}O. Neutral current neutrino-nucleus reactions on nuclei as means of observing solar and supernova neutrinos have also been discussed in [20,21].

In future work it would be worthwhile to carry out a unified Monte Carlo simulation with joint particle-nuclear inputs of the numerous nuclear production and decay pathways. In general, complicated phenomena can be better understood when viewed with a variety of wavelengths and/or times. Our discussion illustrates this [22]. Other examples include SN1987A seen via neutrinos [23] and in the optical, and gamma ray bursts seen with X-ray and via optical afterglows.

S. N. would like to thank the Israeli Academy for Fundamental Research for a grant. The research of R. S. was partially supported by the U.S. National Science Foundation under the grant PHY-97-22101.

[1] Y. Fukuda et al. Phys. Rev. Lett. 81, 1158 (1998); ibid. 82, 1810, 2430 (1999). [2] See, e.g., Y. Suzuki, talk at Neutrino-2000, Int’l Conf. on Neutrino Physics and Astrophysics, http://www.nrc.ca/confserv/nu2000/, Y. Takeuchi at ICHEP-2000, Int’l Conf. on High Energy Physics, Osaka, http://ichep2000.hep.sci.osaka-u.ac.jp. Recent discussions of flux calculations are in J. Bahcall, Phys. Rept. 333, 47 (2000), talk at Neutrino-2000, and http://www.sns.ias.edu∼jnb/.

[3] Y. Fukuda et al., Phys. Lett. B433, 9 (1998); Phys. Rev. Lett. 81,1562 (1998); ibid., 82, 2644 (1999); Phys. Lett. B467, 185 (1999); H. Sobel, in Neutrino-2000, T. Toshito, in ICHEP-2000. Recent discussions of flux calculations are T. Gaisser, Nucl. Phys. (Proc. Suppl.) 87, 145 (2000) and P. Lipari, Astropart. Phys. 14, 153 (2000).

[4] S. Fukuda et al., Phys. Rev. Lett. 85, 3999 (2000).

[5] M. Shiozawa et al., Phys. Rev. 81, 3319 (1998); Y. Hayato et al., Phys. Rev. Lett. 83, 1529 (1999).

[6] W. Allison et al., Phys. Lett. B449, 137 (1999), A. Mann, talk at Neutrino-2000, hepex/0007031.

[7] M. Ambrosio et al., Phys. Lett. B478, 5 (2000); B. Barish, talk at Neutrino-2000. [8] M. Sakuda and K. Nishikawa, talks at ICHEP-2000, Osaka. [9] K. Ishihara, Doctoral thesis, Univ. of Tokyo (Dec. 1999), ICRR-457-2000-1. [10] K. Hirata et al., Phys. Rev. Lett. 63, 16 (1989); C. Yanagisawa, private communication. [11] R. Firestone et al., Table of Isotopes, 8th ed. (Wiley, New York, 1996), and National Nuclear Data Center, http://www.nndc.bnl.gov.

[12] E. Bugaev et al., Nucl. Phys. A324, 350 (1979); T. K. Gaisser and J. O’Connell, Phys. Rev.

D34, 822 (1986); M. Nakahata, et al., J. Phys. Soc. Jpn. 55, 3786 (1986); W. Haxton, Phys. Rev. D36, 2283 (1987); T. Kuramoto, M. Fukugita, Y. Kohyama, and K. Kubodera, Nucl. Phys. A512, 711 (1990); S. Singh and E. Oset, Phys. Rev. C48, 1246 (1993); J. Engel, E. Kolbe, K. Langanke, and P. Vogel, Phys. Rev. D48, 3048 (1993); J. Marteau, J. Delorme, and M. Ericson, Nucl. Phys. A663, 783 (2000).

[13] Two reviews are K. Kubodera and S. Nozawa, Int. J. Mod. Phys. E3, 101 (1994), nuclth/9310014; P. Vogel, in Proc. of WEIN-98, nucl-th/9901027.

[14] E. Kolbe, K. Langanke, F.-K. Thielemann, and P. Vogel, Phys. Rev. C52, 3437 (1995). [15] S. Mintz and M. Pourkaviani, Nucl. Phys. A594, 346 (1995).

[16] J. Engel, E. Kolbe, K. Langanke, and P. Vogel, Phys. Rev. C54, 2740 (1996); E. Kolbe, K.

Langanke, and P. Vogel, Nucl. Phys. A613, 382 (1997); ibid., Nucl. Phys. A652, 91 (1999). [17] C. Athanassopoulous et al., Phys. Rev. C55, 2078 (1997); ibid. C56, 2806 (1997). There is agreement between this LSND data and theoretical model calculations for the reactions 12C(ν_ℓ, ℓ^−)^{12}N_{g.s.}, ν_ℓ = ν_e, ν_μ and the inclusive^{12}C(ν_e, e^−)X, while for^{12}C(ν_μ, μ^−)X, [14,16] obtains the flux-averaged result 1.9 × 10^{−39} cm^2, versus the measurement (1.12 ± 0.03± 0.18) × 10^{−39} cm^2. The comparisons between calculations by different groups [13], [14]- [16] and between these and the LSND data provide some measure of the accuracy of the calculations.

[18] E. Blaufuss et al., hep-ex/0005014.

[19] For KamLAND, the reactor ν̄_e’s have E <∼ 8 MeV and hence the^{12}C(ν̄_e, e^+)^{12}B reaction is not relevant, and the NC reaction^{12}C(ν̄_e, ν̄_e)^{12}C^∗ to the 2^+ excited state of^{12}C at 4.43 MeV is suppressed by the ΔJ = 2 angular momentum change. Early neutrino-nucleus NC cross section calculations include H. C. Lee, Nucl. Phys. A294, 473 (1978) and T. Donnelley and R. Peccei, Phys. Rept. 50, 1 (1979).

[20] R. Raghavan, S. Pakvasa, and B. Brown, Phys. Rev. Lett. 57, 1801 (1986); R. Raghavan, Phys.

Rev. D37, 849 (1988).

[21] K. Langanke, P. Vogel, and E. Kolbe, Phys. Rev. Lett. 76, 2629 (1996); J. Beacom, private communication.

[22] An old example is that soft pions from D^∗ → Dπ preceeding the D decay were useful in identifying the charm signal: S. Nussinov, Phys. Rev. Lett. 35, 1672 (1975).

[23] M. Goldhaber informs us that he suggested (unpublished) that some of the late-time electrons observed in the Kamiokande data from supernova 1987A might arise from beta decays of nuclei produced by neutrinos that arrived earlier during the interval of supernova neutrino data. A different method for possibly observing supernova neutrinos is given in M. Goldhaber and R. Shrock, Phys. Rev. C, in press.