arXiv:hep-ph/0212038 v2 9 Dec 2002

IMSc/2002/11/38 25 Nov 2002

Implications on neutrino oscillation plus decay from recent solar neutrino data

D. Indumathi, The Institute of Mathematical Sciences, Chennai 600 113, India

Abstract : Recently the Sudbury Neutrino Observatory (SNO) has measured both the rates as well as the day-night asymmetries in the flux of neutrinos from the Sun in the charged-current (CC), neutral-current (NC) and elastic scattering (ES) channels. Motivated by the small but negative daynight asymmetry in the NC channel at SNO (1.2 standard deviations away from zero), we consider whether such a non-zero asymmetry can be generated in a framework where active neutrinos can both oscillate and decay, since the NC day-night asymmetry is zero in a frame-work that includes pure oscillations of active flavours. We find that the neutral current day-night asymmetry is strictly zero when we include both oscillations and decay. The result holds for arbitrary number of active neutrino species, with some reasonable assumptions on the decay parameters. Hence, a non-zero asymmetry in the neutral current sector, if it survives, can only come from oscillations/decay into sterile flavours. We also examine the allowed region of parameter space coming from a combined analysis of the total event rates in the charged-current, neutral current and elastic scattering sectors in a two-flavour framework, and find that the neutral current rates are most sensitive to (and hence restrict considerably) the allowed values of the decay parameter involving the life-time of the heavier mass eigenstate to τ_{20} > 10^{−4} s for eV mass neutrinos. PACS numbers: 14.60.Pq, 26.65.+t

1 Introduction

There is now very good evidence for neutrino flavour oscillation from solar neutrino data [1, 2, 3, 4]. Combined analyses of these data seem to indicate [5, 6] a preference for the so-called Large Mixing Angle (LMA) solution in the mass-squared difference–mixing angle (δ-θ) parameter space (in the case of two-flavour mixing); on inclusion of a third flavour, these results still apply to the 1–2 mixing angle and corresponding mass-squared difference (δ_{12}-ω), ω ≡ θ_{12}, since the 1–3 mixing angle (ϕ ≡ θ_{13}) is known to be small [7].) This LMA solution is sensitive to solar matter effects on the propagating neutrino in a mildly energy-dependent way. The Small Mixing Angle (SMA) solution which is also a viable solution [5, 8] to the solar neutrino problem, on the other hand, has significant energy dependence due to solar matter effects. A detailed study of the various available data on solar neutrinos in order to isolate the allowed parameter regions in oscillation parameter space has been the subject of many rigourous analyses [6]. Analyses of data including decay have also been done for example in Refs. [9, 10, 11]. Detailed analysis of models including oscillation and decay, applicable to atmospheric and supernova neutrinos as well, can be found in Ref. [12]. In this paper, we concentrate on some constraints specifically arising from solar neutrino data (both from the rates and day-night asymmetries), particularly from the neutral current (NC) sector, at the Sudbury Neutrino Observatory (SNO) [4].

Information on Earth matter effects on neutrino mixing and hence flavour survival and conversion probabilities is available through a study of the day-night asymmetry, A^{N D}, defined as A^{N D} ≡ 2 N^N − N^D N^N + N^D , where N^i is the event rate measured during i = Night, Day. Here data from elastic scattering (ES) of neutrinos on electrons at Super-K [3] has been augmented by data from SNO [4]. The SNO data includes the day-night asymmetry in ES, in charged current (CC) ν_e d interaction as well as in the NC ν_x d interaction.

The SNO and Super-K ES data are consistent with each other, within error-bars. They indicate a small day-night effect. The SNO CC asymmetry is positive (about 2 σ away from zero) while the NC asymmetry is barely negative (1.2 σ away from zero).

It is well-known that oscillations among purely active neutrino flavours cannot generate a NC day-night asymmetry. In this paper, we examine whether it is possible to include interactions that generate even a small (whether positive or negative) day-night asymmetry in the NC sector. We find that this is impossible even with the inclusion of decay into the oscillation framework. In other words, if, for example, neutrino decay occurs through Majoron emission,

ν_2 → ν_1 ϕ ,

even the inclusion of both decay effects in the neutrino sector as well as of the antineutrinos that are produced in the decay does not yield rates that depend on the Earth-matter effects (that is, whether it is day or night at the time of detection). Hence the NC day-night asymmetry remains zero, as in the pure oscillation case. This is true for arbitrary number of (active) flavours, with some assumptions on the decay lifetimes.

We then analyse the rates in the NC, CC, and ES channels in a two-flavour framework, which is justified since the 1–3 mixing angle is small [7]. The parameters are the two mixing parameters (δ_{12} and ω), and a decay parameter α_2 that involves the life-time of the heavier mass eigenstate. It turns out that the contribution of the antineutrinos to the rates in any channel is small (depending on the life-time of ν_2). Also, there is not much variation in the allowed oscillation parameter space for a large range of the decay parameter α_2 in the CC and ES channels. However, the NC channel is very sensitive to α_2 and thereby to the oscillation parameters. In fact, it turns out that the NC channel is the most sensitive measurement that constrains the decay parameter α_2.

In summary, the day-night NC asymmetry is strictly zero in a framework involving both neutrino oscillations and decay (of active neutrino species). Of course, pure oscillations cannot also generate a day-night NC asymmetry. The contribution of anti-neutrinos to CC and ES day-night asymmetry is also small. Hence a clean signature for antineutrinos and hence for decay cannot come from the observation of such asymmetries: the best method remains to look for such signals in the rates rather than in the asymmetries: this will be signalled by two neutrons in coincidence with positron in the CC sector at SNO. However, the decay parameter itself is rather tightly constrained from the NC rates data.

In Section II we calculate the day-night asymmetries in a scenario that includes both neutrino oscillation and decay, for the NC, CC and ES channels. We show that the NC asymmetry is zero (leaving details to the Appendix), with some reasonable assumption on the decay life-times. Section III contains some numerical results on the allowed mixing parameter space from analysis of the CC, NC and ES rates at SNO [4] and the corresponding day-night asymmetries. Section IV contains a short discussion and conclusions. The Appendix includes some details of the day-night asymmetry calculations.

2 Neutrino and antineutrino survival probabilities with de- cay We consider a framework where neutrino flavours ν_α are mixtures of the mass eigenstates, ν_i, and the heavier mass eigenstates ν_i, i ≠ 1, decay with life time τ_i (ν_1 is assumed to be stable). We have, |ν_α⟩ = ∑ i U_{αi}|ν_i⟩ , (1) where the mixing matrix U_{αi} can be expressed in terms of the mixing angles. We ignore any phase dependence in the mixing matrix. The time evolution of the heavier mass eigenstates includes a decay term apart from the phase factor, exp(−iEt):

|ν_j (t)⟩ = exp(−iE_j t) exp[−t/(2γ_j τ_{j0} )] |ν_j (0)⟩ ,

where τ_{j0} is the life-time in the neutrino rest frame and γ_j = E_j /m_j is the usual Lorentz factor.

The (electron-type) neutrinos are produced in the core of the Sun. On their way out, they can interact with solar matter, and then reach the Earth. Depending on whether it is day or night at the detector, the neutrinos may further pass through Earth matter. The neutrino survival (or conversion) probabilities thus depend on the mixing matrix in the Sun, in the Earth, and the lifetime of the heavier eigenstates. We will begin with the well-known expressions for the day-time probabilities. Details are included in the Appendix.

2.1 Day rates

The neutrino produced in the core at time t_0 propagates as a mass eignestate ν_i in the Sun until the time t_R when it can undergo non-adiabatic transitions to another eigenstate, ν_j . It then continues to propagate outwards, leaving the Sun at time t_1 and reaching the Earth at time t_2, where it is detected. The probability of a flavour α produced in the core being detected as flavour β on Earth in the day-time can be written in a factorised form [13] as, ⟨P^D_{αβ} ⟩ = ∑ j P^S_{αj} P_{jβ} f^D_j , (2)

where the superscript S indicates the dependence on solar parameters. The braces over P indicate an averaging over the resonance region (or equivalently, an average over the production region [13]). We will always assume such an averaging and drop the braces in what follows. Note that the assumption of such a phase averaging restricts the neutrino mass-squared difference to be at least ∼ 10^{−8} eV^2.

The first term in the expression above represents the probability that the produced flavour ν_α will traverse the solar matter and exit it as the mass eigenstate ν_j . The second term is the (vacuum) probability of detection of this state as the flavour ν_β in the detector. The factor f^D_j contains the decay information which also factors out, provided we make a single assumption about the decay life-times, as follows.

From Eq. 1, we see that, apart from the phase factor that arises on propagation, the probability amplitude includes decay terms that involve factors of the type,

∼ exp [ − ∫_F I dt 2τ_j ] , = exp [ − ∫_F I m_j 2τ_{0j} dt E_j ] , where (I, F ) refer to any of the time intervals (t_0, t_R), (t_R, t_1), or (t_1, t_2). Now, if the decay rate is very large (life-time is small compared to the time taken to traverse the Sun-Earth distance), most of the neutrinos would have decayed by the time they reached the Earth. This is certainly ruled out by observations. Hence, the relevant life-times are at least of the order of the Sun-Earth distance. Due to this, only the time interval (t_1, t_2) (when the neutrino propagates from the Sun to the Earth) is relevant for decay, and the other decay factors involving shorter time intervals can be neglected. With this single assumption, the decay factor f^D_j factorises out of the probability expression in Eq. 2. Note that f^D = 1 for the case of pure oscillations as well as the lightest (stable) neutrino. Detailed expressions for these terms are given in the Appendix. We note here that f^D_j can be written in terms of the parameter α_j as f^D_j = exp(−α_j /E_j ), where α_j involves the average Sun-Earth distance R and a matter-independent term: α_j = Rm_j /τ_{j0} [9] where m_j are the (unknown) masses of the heavier eigenstates.

Similarly, the probabilities for an electron neutrino to be detected as an antineutrino, P_{αβ} , at the detector can be computed and are also dependent on the decay parameters α_j . An equation similar to Eq. 2 holds, with the matter-dependent mixing angle, ω_m, being redefined with the opposite sign for the matter dependent term. For details, see the Appendix.

Finally, the event rate in the day time can be obtained by multiplying the incident flux, P_{eβ} Φ_e with the corresponding cross-section for detecting ν_β over the detector volume.

2.2 Night rates

It turns out that the conversion probabilities at night can also be written in a factorised form as the product of probabilities. While this is straightforward for the case of pure oscillations, in the case of decay, the factorisation again needs the assumption on the decay life-times used earlier. We have (see the Appendix for details),

P^N_{αβ} = ∑ j P^S_{αj} P^E_{jβ} f^N_j , (3)

where P^S_{αj} is the same as for the day probability, but the second term includes an Earth matter effect that depends on the path length traversed through the Earth. Furthermore, within the approximations used, it turns out that f^N_j = f^D_j . Again, a similar equation (with A → −A in the matter-dependent terms) holds for the case when ν_β is an antineutrino. It is important that the factorised form of the probabilities holds in both the day and night cases, for particle and antiparticle production; this is a crucial ingredient in showing that the NC asymmetry is zero.

Number conservation, or unitarity, implies that, for any j, ∑ α P_{jα} = 1 , ∑ α P^E_{jα} = 1 .

The first expression is valid in vacuum, the second in Earth. Similar expressions hold for the antineutrino case as well. In the neutral current channel, all flavours contribute equally. The expression that occurs in the NC night rates calculation below is, ∑ α P^N_{eα} = ∑ j P^S_{ej} f^N_j ∑ α P^E_{jα} , = ∑ j P^S_{ej} f^N_j , (4)

where we have used unitarity in the second line. This is independent of the Earth-matter effects and hence is the same as the day rate expression for the same sum that involves the vacuum probabilities,

P_{jα}: ∑ α P^D_{eα} = ∑ j P^S_{ej} f^D_j ∑ α P_{jα} , = ∑ j P^S_{ej} f^N_j , (5)

where we have used f^D_j = f^N_j . This equality also holds for the sum ∑ α P_{eα}. This is a key ingredient in our result.

Trivially, the following sum rule is satisfied: ∑ α [P_{eα} + P_{eα}] = 1 .

2.3 Day-Night Asymmetries

We are now ready to write down expressions for the asymmetries observed at SNO. There are three asymmetries, corresponding to the CC, NC and ES events. We begin with the neutral current asymmetry. The cross-sections for the three cases are known, both for incident neutrinos and antineutrinos [14, 15]. It turns out that the cross-section for neutrinos (or antineutrinos) on deuterium is flavour independent in the NC channel. This is another crucial ingredient to our null result on the pure NC asymmetry including decay.

The total number of events in the day-time for the NC case is given by,

N^D_{N C} = ∑ α [ N^D_α + N^D_α ] , = K_{N C} Φ_e ∑ α [ P^D_{eα}σ^α(E_ν ) + P^D_{eα}σ^α(E_ν ) ] , where P_{eα} involves both the energy of the produced ν_e and that of the decay product, ν_α. A similar expression holds for the night-time rate, with the superscript D being replaced by N everywhere. The overall constant factor K_{N C} includes the detector volume (number of target atoms) as well as the time over which the measurement is made^1. We now make use of the equality of the NC cross-sections, σ^α = σ for all flavours, α, and write,

N^D_{N C} = K_{N C} Φ_e [ σ ∑ α P^D_{eα} + σ ∑ α P^D_{eα} ] , N^N_{N C} = K_{N C} Φ_e [ σ ∑ α P^N_{eα} + σ ∑ α P^N_{eα} ] , = K_{N C} Φ_e [ σ ∑ α P^D_{eα} + σ ∑ α P^D_{eα} ] . (6)

We see from Eqs. 4 and 5 that the day and night rates (when accumulated over the same period) are the same. Hence the NC day-night asymmetry, A^{ND}_{N C} = 0 , in a frame-work including both oscillation and decay of (active) neutrino flavours. This result does not hold if the decay occurs to a sterile flavour, since neutrinos are then “lost” and number conservation (the unitarity argument used above) does not hold. Finally, note that in deriving this

1Due to differences in lengths of day over the year, the day and night data are usually accumulated over different times; hence, the rates are to be normalised appropriately when calculating the asymmetry.

result, no assumptions have been made on the details of the matter-dependence either in the Sun or in the Earth.

For completeness, we list the other asymmetries in the Appendix. The CC asymmetry involves only the electron neutrino interactions while the ES asymmetry includes the muon neutrino as well (and of course the antiparticles). We now move on to a numerical analysis of the data.

3 Numerical Calculations for rates and asymmetries

In this section, we compute the event rates in the CC, NC, and ES channels in an oscillation framework including decay. For simplicity, we work in a 2-flavour scenario so the parameters involved are the mixing parameters δ_{12} and ω and the decay parameter α_2. In a 3-flavour frame-work, apart from additional mixing angles, ϕ = θ_{13} and ψ = θ_{23}, and the corresponding mass-squared differences, there is another decay parameter, α_3. However, there is very little sensitivity to the 1–3 mixing angle ϕ [8] which is known to be small, and no dependence at all of solar neutrino rates on the 2–3 angle ψ. Furthermore, in the limit of small U_{e3} (and hence small ϕ), which is driven by the CHOOZ result [7], it was shown in Ref. [9] that the α_3 dependence drops out of the expressions for the day-time rates so the decay is still governed only by the second-heaviest eigenstate through α_2. In short, the 2-flavour analysis is sufficiently sensitive to most of the features of the model; we shall therefore present numerical results within such a frame-work.

The detailed expressions for the rates in a two-flavour frame-work are listed in the Appendix. We shall use these formulae to explicitly compute the rates in the CC, NC, and ES channels. We use a chi-squared minimisation program to best-fit the free parameters and obtain the allowed regions in the parameter-space. We also compute, for completeness, the day-night asymmetry in these channels corresponding to the best-fit values of the parameters.

3.1 Allowed parameter region from rates analysis

As stated before, we use the cross-sections given by Ref. [15] for the neutrino-deuteron CC and NC cross-sections and that given by Ref. [14] for the ES cross-sections. We assume a nearly massless majoron so that the antineutrino produced by decay has half the energy of the initial neutrino.

We use the fiducial volume of 0.77 ktons of heavy water and the zenith angle dependence for 128.5 “days” of day data and 177.9 “days” of night data as given by SNO [16]. We use the normalisation of NC events (with kinetic energy of detected electron T_e > 5 MeV) as indicated by SNO [16]. We also use the resolution function for the CC, ES and NC case as given by SNO. For the theoretical predictions, we use the standard solar model of Bahcall, Pinsonneault and Basu [17]. We use the Boron neutrino flux and ignore the hep contribution. Note that there are about 20% errors on the Boron flux of neutrinos.

We use a simple one-slab model of the Earth with an average density of 5 gm/cc. Due to the latitude location of SNO, it detects neutrinos that have passed through the (outer) core of the Earth roughly 8.7% of the time. (SNO does not see any solar neutrinos that pass through the inner core of the Earth). By assuming a one-slab model that only incorporates the mantle, we have effectively neglected the contribution from this fraction of events. We use the 2-flavour expressions for the probabilities as given in the Appendix; the parameters to be determined by comparison with the SNO data are the mass squared difference δ_{12}, the mixing angle ω and the decay parameter α_2.

Before we begin the actual numerical calculation, we note that the NC event rate is amenable to some approximations. Since the antiparticle cross-section is small (the cross-section depends non-linearly on the energy and the average energy of the antiparticles is half that of the particles), the contribution from the antineutrino sector can be neglected. (This is also true in the CC case).

Set α_2 MeV δ_{12} eV^2 ω^∘ χ^2 LMA 0 2.7 10^{−5} 33.5 0.18 1 2.7 10^{−5} 36.1 0.55 5 9.2 10^{−5} 11.7 2.43 SMA 0 6.4 10^{−6} 2.2 0.10 1 1.9 10^{−6} 4.0 0.30 5 5.8 10^{−6} 2.2 3.28

Table 1: Best fit solutions for fixed α_2 from a combined analysis of CC NC, and ES rates at SNO [4] and the corresponding χ^2 per degree of freedom. Best fit points corresponding to the so-called LMA and SMA regions are shown. The entire allowed parameter space is shown in Fig. 1.

We have, N ∝ Φ [ (P^S_{e1} + P^S_{e2} exp(−α_2/E_2))σ + P^S_{e2}(1 − exp(−α_2/E_2))σ ] , = Φ [ σ − P^S_{e2}(1 − exp(−α_2/E_2)) {σ − σ} ] , (7) ∼ Φσ [ 1 − P^S_{e2}(1 − exp(−α_2/E_2)) ] . (8)

Note that the NC events are independent of mixing in the absence of decay. Hence, when α_2 = 0, the second term is zero and the NC rate is independent of the mixing parameters. In fact, it is proportional to Φσ, which is the total rate in the absence of neutrino oscillation/decay. As decay is turned on (so that α_2 ≠ 0), the NC rate begins to depend on the mixing parameters through P^S_{e2} (= 1 − P^S_{e1} for two-flavours). Since the NC rates are well within that predicted by the standard solar model, to counteract the effect of a non-zero α_2, the parameter space in mixing gets squeezed in order to minimise P^S_{e2} (or to maximize P^S_{e1}) so that the second term remains small. Since it is not possible to squeeze P^S_{e1} beyond a point (as it is bounded by unity), larger values of α_2 get ruled out by the SNO result that the NC event rates are within 1 σ of the standard solar model [4]. Hence it turns out that the NC channel is the best suited to constrain the decay parameter. Finally, such a squeezed solution will be a bad fit for the CC and ES rates, since here the rates are depleted compared to expectations. Hence a combined analysis of the CC, NC, and ES data will severely constrain α_2.

With this heuristic discussion, we proceed to calculate the rates from different channels at SNO. We have performed a combined chi-squared analysis of the total rates at SNO. The CC and NC rates are strongly anticorrelated while the CC/NC and ES rates are mildly anticorrelated; however, we have not included this correlation in our analysis.

While SNO CC data favours a LOW solution (low mass squared difference, large mixing angle) we know that when combined with data from other experiments such as GALLEX [2], this solution is ruled out [8]. Hence we concentrate on solutions, including decay, around the “pure oscillation” LMA and SMA solutions. When α_2 = 0 the solutions are determined by the CC and ES rates alone. In fact this turns out to have the lowest χ^2 value when α_2 is turned on. The best-fit values to the parameters for different values of α_2 are shown in Table 1. It is seen that α_2 = 5 MeV is disallowed at 2 σ.

The 1 σ and 2 σ allowed parameter space from fitting the combined CC, NC and ES rates in (δ_{12}, tan^2 ω) for α_2 = 0, 1, 5 MeV are shown in Fig. 1. There is very little difference between the allowed regions for α_2 = 0, 1 MeV. However, there are no solutions at 1 σ for α_2 = 5 MeV. This is a much stronger result than the limit α_2 < 18 MeV obtained by considering only the CC and ES data [9]. The 2 σ allowed regions are shown on the right hand side of Fig. 1. We see that the “usual” LMA region for α_2 = 5 MeV is disallowed by the pinching effect on the NC rates described earlier.

This result is easy to understand if we examine the allowed regions from the individual channels. We find that the 1 σ allowed parameter space in mixing for a given α_2 from CC data and ES data overlap almost completely, while the allowed region from NC data is very different. The allowed regions coming from individual analyses of NC and CC rates are shown in Fig. 2.

We know that the NC rate is independent of mixing parameters for α_2 = 0. Even when α_2 = 1 MeV, the entire parameter space is allowed at 1 σ level as can be seen from the left hand side of Fig. 2. For α_2 = 5 MeV, there is no overlap region between the allowed regions from CC/ES and NC data; hence there are no 1 σ allowed regions for such large values of α_2. In the LMA region, for instance, the allowed region from the NC channel shifts towards smaller ω in an attempt to maximise P^S_{e1}, as discussed earlier. This results in eliminating the region in parameter space that is preferred by the CC rate.

Note that we have fitted the total rates and not the energy-dependent spectrum. Inclusion of larger amounts of decay will distort the spectrum significantly and so it seems as if analysis of the spectrum may limit the decay parameters better than the rates. However, as α_2 becomes large, there is no allowed parameter space and hence no observable spectral distortion; a rates analysis is therefore unlikely to further constrain this result. This is borne out by the consistency of our results with the detailed spectral analysis, including decay, found in Ref. [10], where a limit α_2 < 5.7 MeV is obtained.

3.2 The day-night asymmetries

We calculate the day-night asymmetries for CC and ES channels using the best-fit values of the parameters for different values of α_2 as given in Table 1. We find that the CC asymmetry is roughly 0.2 and positive for allowed α_2 in the LMA region of mixing parameters, while the ES asymmetry is slightly smaller and also positive. The asymmetries are much smaller in the SMA case. When α_2 exceeds 4 MeV or so, the asymmetries are nearly zero.

The corresponding day-night asymmetries are shown as a function of the observed kinetic energy of the electron in Fig. 3. There is a negligible contribution from the antiparticles, which contribute only at low energies, T < 5 MeV. The energy-averaged values of the SNO CC and ES asymmetries are shown alongside for comparison. Most of the events correspond to lower energies; hence the average asymmetry is closer to the value at the lower energy end. There is no significant constraint on the decay parameter coming from the day-night asymmetries; this of course may change with the availability of more data from SNO.

4 Discussion and Conclusions

We have shown that the neutral current day-night asymmetry is zero, in a frame-work of neutrino mixing that includes oscillations plus decay, with a reasonable assumption on the size of the neutrino life-time. We discussed the effect of decay on the neutral-current, charged-current and elastic scattering rates in a two-flavour frame-work. In all cases, it turns out that the contribution from antiparticles is small in the region of allowed decay parameter space. This is because of small crosssections owing to small (roughly half) energies of antineutrinos compared to those of neutrinos. Hence, even if there are large decay rates, very few events will be seen. We find that the neutralcurrent rates constrain the decay parameter quite stringently. On comparing with SNO data for the total rates in the CC, NC, and ES channels, we get α_2 < 5 MeV, which translates to a bound on the life-time of the heavier mass eigenstate of τ_{20} > 10^{−4} s for eV mass neutrinos (equivalently, this is the bound on τ_{20} /m for an unknown neutrino mass m in eV). This is very close to the bound that already been obtained in a detailed analysis of solar neutrino data in Ref. [10]. This is much stronger than the bound α_2 < 18 MeV obtained in Ref. [9] using only the charged-current SNO data; in fact, it is the limiting bound that can be obtained, given the Sun-Earth distance [11]. It is interesting that this limit is obtained only on including the neutral-current data.

Here we have mainly highlighted the dual role of the NC SNO data: it is most constraining of the decay parameter as far as total event rates are concerned; however, the NC day-night asymmetry is completely oblivious to the parameters of either mixing or decay. An in-depth analysis of available solar neutrino data, in a 2- and 3-flavour frame-work including decay, has been done in Ref. [10], where detailed energy correlations as well as rates from other experiments such as the Chlorine and Gallium experiments [1, 2], have been analysed along with the energy-dependent spectra and day-night asymmetries from Super-K and SNO [3, 4]. Our results are consistent with this detailed analysis.

Given the allowed range of α_2 coming from the rates analyses, we see that the corresponding day-night asymmetries are not very sensitive to the mixing parameters or indeed to the decay parameter. Hence, the best way to put limits on, or observe neutrino decay, will be by a direct measurement of the rates and not the asymmetries. A distinctive signature of an “electron” detected in coincidence with two neutrons will signal the capture of an antineutrino. This occurs through the direct observation via the CC interaction in heavy water at SNO:

ν_e d → e^+n n . (9)

Two neutrons must be seen in coincidence with the positron. If the neutrons are not observed, then this process is indistinguishable from the dominant one of ν_e d → e^−p p , since water Cerenkov detectors cannot distinguish electrons from positrons. Furthermore, both the ν_e and the ν_e interactions have precisely the same angular dependence (which is 2 : 1 backwardforward asymmetric) so that angular distribution cannot be used to separate the two signals. Finally, even if the antineutrino energy is half that of the decaying neutrino, SNO will still be able to detect them through the neutron coincidence measurement. It is expected that there will soon be a substantial improvement in the neutron detection efficiency (with the inclusion of salt in the SNO detector); it may then be possible to detect these channels with good efficiency.

Note here that while the interaction of (electron) antineutrinos on protons in water is very large (about 100 times the cross-section of neutrinos in water at solar neutrino energies), Super- Kamiokande will not see these antineutrinos since their angular distribution is roughly isotropic and Super-K cuts out non-forward events.

Finally, a remark about the NC day-night asymmetry measured by SNO. After all, this was the motivating factor for this calculation. Currently, this asymmetry is barely negative (about 1.2σ away from zero). If, with improved statistics, this asymmetry persists, it will be difficult to find a source for the effect. It is possible then that there are sterile neutrinos involved in the oscillation frame-work; however, the extent of conversion to steriles is limited by the total NC event rate (which is already consistent with the BP2000 standard solar model prediction) which admittedly has large theoretical errors (of about 20%). Another possible source for a non-zero NC asymmetry could be that the NC cross-sections for ν_e and ν_μ, ν_τ scattering on deuteron are not the same.

So, with the improved detection of neutrons, and the accumulation of more data, SNO will be in a good position to set strong bounds on neutrino decay and oscillations into sterile flavours.

Acknowledgements: I thank M.V.N. Murthy and G. Rajasekaran for many discussions and a critical reading of the manuscript.

Appendix

We derive the neutrino conversion probabilities in a frame-work that includes both oscillation and decay. A flavour |ν_α⟩ that is produced in the core of the sun (actually, an electron type neutrino), can be expressed in terms of the mass eigenstates |ν_i⟩, as |ν_α⟩ = ∑ i U^S_{αi}|ν^S_i ⟩ , where U_{αi} is the usual mixing matrix that can be expressed in terms of a mixing angle ω in the case of two-flavours, or three angles (ω, ϕ, ψ) for the three-flavour case (we ignore any CP violating phases). The superscript S indicates that these are the mass eigenstates in the Sun. The effect of decay is to modify the phase factor that determines the time-evolution of the mass eigenstates so that the time evolution is given by,

|ν_i⟩_t = exp[−iE_it] exp[−t/(2τ_i)]|ν_i⟩_0 .

The lifetime can be expressed in terms of that in the rest frame: τ_i = γ_iτ_{0i} , γ_i = E_i/m_i.

The neutrino, produced at a time t_0 in the core of the Sun, propagates adiabatically upto the resonance point t_R, where it can undergo non-adiabatic conversion to a different mass eigenstate, and then continues to propagate adiabatically to the edge of the Sun which it reaches at t_1. Then, depending on whether it is night or day, the neutrino propagates upto the Earth and gets detected at time t_2, or traverses a further distance L through the Earth and gets detected at time t_3.

Hence, the probability of a flavour α being detected as a flavour β on Earth in the day-time is given by P^D_{αβ} = ∑ ij |U_{βj} |^2|U^S_{αi}|^2|M^S_{ji}|^2f^D_j , where U is the vacuum mixing matrix, and we have averaged over the resonance region [13]. The decay factor f^D_j will be defined below. Here M^S_{ji} represents the non-adiabatic transition probability amplitude from i → j so that |M^S_{ji}|^2 is the usual Landau Zener transition probability [18] in the Sun.

As has been pointed out earlier [13], it is possible to express the probability as a factor that is solar-matter dependent, times a solar-matter independent factor:

P^D_{αβ} = ∑ j P^S_{αj} P_{jβ} f^D_j , (1)

where P^S_{αj} = ∑ i |U^S_{αi}|^2|M^S_{ji}|^2 , and P_{jβ} = |U_{βj} |^2 . As explained in the main part of the text, the decay factor f^D_j in the expression for the probability amplitude involves a product of terms:

∼ exp [ − ∫_F I dt 2τ_i ] , = exp [ − ∫_F I m_i 2τ_{0i} dt E_i ] , with one such term coming from every propagation from t_I to t_F of a neutrino ν_i. In general, we can assume the modification of the energy eigenvalue due to the matter-dependent effects is small, so that the integral above reduces to ∼ (t_F − t_I )[m_i/(2τ_{0i} E_i)] . If the time interval of propagation is short, then the numerator is small compared to the life-time unless the latter is itself very small. In the latter case, we would expect most of the produced neutrinos to have decayed before reaching the Earth, but this is clearly not true. We therefore assume that the life-time of the heavier mass eigenstate is at least the Sun-Earth distance (divided by the speed of light). Then the decay exponentials are all small and can be dropped, except the terms containing the time interval (t_F − t_I ) = (t_2 − t_1) which is the Sun-Earth separation. The relevant integral contains the vacuum energy eigenvalue and hence is anyway matter-independent. The decay term that appears in the expressions for the probability is then the square of the above, with no cross terms, for the energy eigenvalue E_j corresponding to ν_j that propagates in vacuum from the Sun to the Earth,

f^D_j = exp(−α_j /E_j ) ,

where we have used α_j = Rm_j /τ_{0j} [9] where R is the Sun-Earth distance.

A similar formula holds at night-time, except that the vacuum probability P_{jβ} is replaced by an earth-matter dependent one: P^N_{αβ} = ∑ j P^S_{αj} P^E_{jβ} f^N_j , (2)

with the solar probability the same as before, and with

P^E_{jβ} = ∑ kk^′ U^{∗E}_{βk} U^E_{βk}′ M^E_{kj} M^{∗E}_k′_j exp [ −i ∫_{t3} t_2 (E^E_k − E^E_k′ )dt ] . Here M^E_{kj} = ⟨ν^E_k |ν_j ⟩ is the transition amplitude from j → k, where ν^E_k is the mass eigenstate just inside the Earth. We have assumed only one non-adiabatic transition occurs, when the neutrino encounters the discontinuity in density at the Earth’s surface. However, it is straightforward to generalise this to an arbitrary number of discontinuous jumps in Earth’s density, using the so-called slab model of the Earth. Details may be found in Ref. [13]. The decay factor is the same as in the day-time case since the matter effects (whether in Earth or in the Sun) due to decay are small due to the small distance of propagation in these. So the vacuum contribution is the only one that remains here as well. So we have f^N_j = f^D_j . (3)

Finally, the event rate can be obtained by multiplying the incident flux, P_{eβ} Φ_e with the corresponding cross-section for detecting ν_β over the detector volume.

Similar formulae hold for antineutrinos produced during decay, with all matter-dependent terms being redefined with A → −A, where A is the matter dependent term in the Sun or Earth. It is important that the factorised form of the probabilities holds in both the day and night cases, for particle and antiparticle production; this is a crucial ingredient in showing that the NC asymmetry is zero.

Number conservation, or unitarity, implies that, j, ∑ α P_{jα} = 1 , ∑ α P^E_{jα} = 1 .

The first expression is valid in vacuum, the second in Earth. Note that the second equation is valid even when Eq. 2 for the night-time probability is replaced by a more complicated one using a many-slab model of the Earth.

Similar expressions hold for the antineutrino case as well. In the neutral current channel, all flavours contribute equally. The expression that occurs in the NC night rates calculation is, ∑ α P^N_{eα} = ∑ j P^S_{ej} f^N_j ∑ α P^E_{jα} , = ∑ j P^S_{ej} f^N_j , (4) where we have used unitarity in the second line. This is independent of the Earth-matter effects and hence is the same as the day rate expression for the same sum that involves the vacuum probabilities, P_{jα}: ∑ α P^D_{eα} = ∑ j P^S_{ej} f^D_j ∑ α P_{jα} , = ∑ j P^S_{ej} f^N_j , (5)

where we have used f^D_j = f^N_j . This equality also holds for the sum ∑ α P_{eα}. From this it is clear that the NC rates are the same during the day or night for arbitrary numbers of active neutrino species; hence the NC day-night asymmetry is zero as explained in the main part of the text. If the decay is into a sterile flavour, of course, this is no longer true.

We now specialise to the two-flavour case where we list the detailed expressions for the probabilities needed for the computation of the rates and hence the asymmetries in the different channels at SNO. Then with the choice m_2 > m_1, ν_1 is stable so that τ_2 is the only relevant decay parameter. We have, f^D_2 = f^N_2 = exp[−α_2/E_2] .

We now list the various probabilities. Since the Earth’s density is much smaller than that in the solar core, there is only a small modification of the energy due to Earth-matter effects. Then we can define X = (t_3 − t_2)δ^E_{12}/(2E) , (6)

where δ^E_{12} is the mass-squared difference in (Earth) matter:

δ^E_{12} = δ_{12} cos(2(ω − ω_e)) − A_E cos 2ω_e ,

where the Earth matter dependent term is, A_E = 2 √ 2G_F N^E_e E with N^E_e the electron number density in the Earth and (t_3 − t_2) = 2R_E cos θ_z and the matter mixing angle is ω_e. Here 2R_E is the diameter of the Earth (= 5.1R_E (m)MeV/eV^2) and θ_z is the zenith angle of propagation of the neutrino with respect to the instantaneous direction of the Sun.

The Day-time probabilities: In the two-flavour case, P_{e2} = 1 − P_{e1}; furthermore, we have,

P^D_{ee} = c^2P^S_{e1} + s^2P^S_{e2} exp(−α_2/E_2) , P^D_{eμ} = s^2P^S_{e1} + c^2P^S_{e2} exp(−α_2/E_2) , P^D_{ee} = c^2P^S_{e2}[1 − exp(−α_2/E_2)] , P^D_{eμ} = s^2P^S_{e2}[1 − exp(−α_2/E_2)] . (7)

Here c and s refer to cos ω and sin ω respectively. Defining the Landau-Zener probability P_{LZ} [18] for transition between the ν_1 and ν_2 eigenstates (note that the third mass eigenstate, even if included, does not participate in non-adiabatic transitions in the Sun, provided the relevant mass squared difference is that which solves the so-called atmospheric neutrino problem), we have

P^S_{e1} = s^2_mP_{LZ} + c^2_m(1 − P_{LZ} ) , (8)

where s_m and c_m refer to sin ω_m and cos ω_m in the solar matter, given by

cos 2ω_m = δ_{12} cos 2ω − A √ (δ^2_{12} sin^2 2ω + (δ_{12} cos 2ω − A)^2)

. (9)

The above formula holds for antineutrinos with A → −A and for neutrinos and antineutrinos in Earth matter as well, with A → A_E so that ω_m(±A) → ω_e(±A_E).

Note that

P^D_{ee} + P^D_{eμ} = P^S_{e1} + P^S_{e2} exp(−α_2/E_2) , P^D_{ee} + P^D_{eμ} = P^S_{e2}(1 − exp(−α_2/E_2)) , (10)

so that the total conversion probability into neutrinos and antineutrinos is conserved. When α_2 = 0 we recover the usual formulae for pure oscillation case.

Night-time probabilities: Here we need to compute, in addition, the Earth-matter effects. We have P^E_{1e} = 1 − 2c^2_e s^2_e − s^2 cos^2 2ω_e + 2csc_es_e cos 2ω_e

+2c_es_e(c_es_e cos 2ω − cs cos 2ω_e) cos X , P^E_{2e} = 1 − 2c^2_e s^2_e − c^2 cos^2 2ω_e − 2csc_es_e cos 2ω_e

−2c_es_e(c_es_e cos 2ω − cs cos 2ω_e) cos X , P^E_{1μ} = P^E_{2e} , P^E_{2μ} = P^E_{1e} , (11)

where X has been defined above and ω_e is the Earth-matter dependent mixing angle. Notice that, along with the usual number conservation, P^E_{1e} + P^E_{1μ} = 1, we have also P^E_{1e} + P^E_{2e} = 1 . Substituting in the transition probabilities, P^N_{αβ} , this gives us,

P^N_{ee} + P^N_{eμ} = P^S_{e1}(P^E_{1e} + P^E_{1μ}) + P^S_{e2}(P^E_{2e} + P^E_{2μ}) exp(−α_2/E_2) = P^S_{e1} + (1 − P^S_{e1}) exp(−α_2/E_2) . (12) Notice that the sum is independent of Earth matter effects and is exactly equal to the “Day” formula; this was already shown in the general case of arbitrary number of flavours.

For the detection of antiparticles at night, we have similar expressions to those for the neutrinos, with ω_e(A_E) → ω_e(−A_E): P^N_{ee} + P^N_{eμ} = P^S_{e1}(P^E_{1e} + P^E_{1μ}) , = (1 − P^S_{e1})(1 − exp(−α_2/E_2)) .

Again, the total probability is conserved and is independent of the Earth-matter effects. The event rates: With these probabilities, we now define the rates for CC, NC and ES events at SNO. We begin with the neutral current channel. The event rate at SNO in the NC channel is given by N^{N C} = N^e + N^μ + N^e + N^μ .

Hence, N^{N C}_{Day} = Φ [ P^D_{ee} σ^e + P^D_{eμ}σ^μ + P^D_{ee} σ^e + P^D_{eμ}σ^μ ] , = Φ [ σ − P^S_{e2}(1 − exp(−α_2/E_2)) (σ − σ) ] ; (13) N^{N C}_{N ight} = Φ [ P^N_{ee} σ^e + P^N_{eμ} σ^μ + P^N_{ee} σ^e + P^N_{eμ}σ^μ ] , = Φ [ σ − P^S_{e2}(1 − exp(−α_2/E_2)) (σ − σ) ] , = N^{N C}_{Day} . (14) These expressions leads us to the general result that we had shown earlier: that the NC day-night asymmetry is zero. Here σ (σ) is the flavour-independent neutral current cross-section of neutrinos (antineutrinos) on deuteron. For calculating the cross-section and hence the rates, we make the simple assumption that in the decay, the antiparticle carries away about half the energy of the parent neutrino. Hence, although the NC cross-sections for neutrinos and antineutrinos are roughly the same at the same energy, the contribution from antineutrinos is very small since the cross-section rises exponentially with energy. Indeed, for most values of α_2 the bulk of the contribution to the rates is still from neutrinos.

Similar expressions can be written for the CC and ES rates. In the former, only the ν_e (or ν_e) contribute. We have, N^{CC}_{Day} = Φ [ P^D_{ee} σ^e_{CC} + P^D_{ee} σ^e_{CC} ] , N^{CC}_{N ight} = Φ [ P^N_{ee} σ^e_{CC} + P^N_{ee} σ^e_{CC} ] , (15)

where the probabilities involved have been listed earlier and the cross-sections are taken from Ref. [15]. There is no simplification of the expressions although the anti-neutrino contribution is small here as well.

The ES rates involves all particles and antiparticles, but with flavour-dependent cross-sections as given in Ref. [14]. We have, N^{ES}_{Day} = Φ [ P^D_{ee} σ^e_{ES} + P^D_{eμ}σ^μ_{ES} + P^D_{ee} σ^e_{ES} + P^D_{eμ}σ^μ_{ES} ] , N^{ES}_{N ight} = Φ [ P^N_{ee} σ^e_{ES} + P^N_{eμ} σ^μ_{ES} + P^N_{ee} σ^e_{ES} + P^N_{eμ} σ^μ_{ES} ] . (16)

The cross-section for elastic scattering of the ν_e is about 6 times larger than than of ν_μ (and even larger than the antineutrino cross-sections), although the values are energy dependent. The day-night asymmetries: The CC and ES asymmetries are not zero; the former depends only on P_{ee} and P_{ee} . These are different for the day and night-time. Hence, the CC asymmetry is non-zero by an amount proportional to N^{CC}_{N ight} − N^{CC}_{Day} = Φ ∑ i [ (P^N_{ei} − P^D_{ei} )σ^i_{CC} ] , (17)

where i = e, e. It is straightforward to similarly write an expression for the ES asymmetry, which has both charged-current and neutral-current contributions: N^{ES}_{N ight} − N^{ES}_{Day} = Φ ∑ i [ (P^N_{ei} − P^D_{ei} )σ^i_{ES} ] , (18)

where the summation includes contributions from electrons and muons (and their antiparticles as well).

References

[1] B.T. Cleveland et al., Astrophys. J. 496, 505 (1998).

[2] GNO Collab., M. Altmann et al., Phys. Lett. B 490, 16 (2000); SAGE Collab., J.N. Abdurashitov et al., Phys. Rev. Lett. 83, 4686 (1999).

[3] Super-Kamiokande Collab., S. Fukuda et al., Phys. Rev. Lett. 86, 5651 (2001).

[4] SNO Collab., Q.R. Ahmad et al., Phys. Rev. Lett. 89, 011301 (2002); ibid, 011302 (2002).

[5] J.N. Bahcall, M.C. Gonzalez-Garcia, Carlos Pena-Garay, JHEP 0207, 054 (2002) (hepph/0204314).

[6] V. Barger, D. Marfatia, K. Whisnant, B.P. Wood, Phys. Lett. B 537, 179 (2002) (hepph/0204253); Abhijit Bandyopadhyay, Sandhya Choubey, Srubabati Goswami, D.P. Roy, Phys. Lett. B 540, 14 (2002) (hep-ph/0204286); P. Aliani, V. Antonelli, M. Picariello, R. Ferrari, E. Torrente-Lujan, hep-ph/0205053; G.L. Fogli, E. Lisi, A. Marrone, D. Montanino, A. Palazzo, Phys. Rev. D 66, 053010 (2002) (hep-ph/0206162); M. Maltoni, T. Schwetz, M.A. Tortola, J.W.F. Valle, Nucl. Phys. B 643, 321 (2002) (hep-ph/0207157); G.L. Fogli, E. Lisi, A. Palazzo, A.M. Rotunno, hep-ph/0211414.

[7] The CHOOZ Collab., M. Apollonio et al., Phys. Lett. B 420, 397 (1998); Phys. Lett. B 466, 415 (1999) (hep-ex/9907037).

[8] C.V.K. Baba, D. Indumathi, M.V.N. Murthy, Phys. Rev. D 65, 073033 (2002) (hepph/0201031).

[9] Anjan S. Joshipura, Eduard Masso, Subhendra Mohanty, hep-ph/0203181.

[10] Abhijit Bandyopadhyay, Sandhya Choubey, Srubabati Goswami, preprint hep-ph/0204173, 2002; Abhijit Bandyopadhyay, Sandhya Choubey, Srubabati Goswami, Phys. Rev. D 63, 113019 (2001) (hep-ph/0101273).

[11] John F. Beacom and Nicole F. Bell, Phys. Rev. D 65, 113009 (2002) (hep-ph/0204111).

[12] Manfred Lindner, Tommy Ohlsson, and Walter Winter, Nucl.Phys. B 607, 326 (2001) (hepph/0103170); Manfred Lindner, Tommy Ohlsson, and Walter Winter, Nucl.Phys. B 622, 429 (2002) (astro-ph/0105309).

[13] Mohan Narayan, G. Rajasekaran, Rahul Sinha, Mod. Phys. Lett. A 13, 1915, (1998).

[14] See, for example, J. N. Bahcall, Neutrino Astrophysics, Cambridge University Press, 1989.

[15] S. Nakamura, T. Sato, V. Gudkov, and K. Kubodera, Phys. Rev. C 63, 034617 (2001). The data tables are available at http://nuc003.psc.sc.edu/ kubodera/NU-D-NSGK.

[16] SNO home page and data therein: http://sno.phy.queensu.ca

[17] J.N. Bahcall. M.H. Pinsonneault and S. Basu, Astrophys J. 555, 990 (2001). The data tables are taken from the web-site http://www.sns.ias.edu/ jnb/index.html.

[18] S.J. Parke, Phys. Rev. Lett. 57, 1275 (1986); see also the review by T. K. Kuo and J. Pantaleone, Rev. Mod. Phys. 61, 937 (1989).

Figure 1: 1 σ and 2 σ allowed regions in (δ_{12}–tan^2 ω) space from a combined analysis of CC, NC and ES rates at SNO [4] for fixed values of the decay parameter α_2 = 0, 1, 5 MeV (dotted, dashed and solid lines respectively). Notice that there are no 1 σ allowed regions for α_2 = 5 MeV. The best-fit values (that correspond to α_2 = 0) of the parameters in the LMA and SMA region as given in Table 1 are shown as solid dots in the figure.

Figure 2: 1 σ allowed regions in (δ_{12}–tan^2 ω) space from individual CC and NC rates at SNO (calculated with respect to the combined minimum as listed in Table 1) for different values of the decay parameter α_2. The NC allowed regions are shaded for contrast. Notice that there is no overlap between CC and NC allowed regions for α_2 = 5 MeV. The allowed regions from ES rates almost completely overlap the CC ones and hence are not indicated separately.

Figure 3: The day-night asymmetries for CC and ES (solid and dashed lines) rates for the best fit parameters for different values of α_2 as a function of the kinetic energy of the observed electron. The lines correspond to α_2 = 0, 1, 5 MeV with decreasing magnitude of asymmetry. The energy-averaged asymmetries measured by SNO are shown on the right hand side of the figure, for comparison.