hep-ph/9903329 11 Mar 1999

hep-ph/9903329

Coherence and the Day - Night Asymmetry in the Solar Neutrino Flux

Amol S. Dighe^1, Q. Y. Liu^1, Alexei Yu. Smirnov^{1;2}

1 The Abdus Salam International Center for Theoretical Physics, Strada Costiera 11, 34100, Trieste, Italy.

2Institute for Nuclear Research, RAN, Moscow, Russia.

Abstract

We consider the day-night asymmetries predicted by MSW solutions of the solar neutrino problem. The integration over the neutrino energy, as well as over the production region or over the time intervals of more than a day leads to the averaging of oscillations on the way to the earth. This is equivalent to considering the neutrino state arriving at the surface of the earth as an incoherent mixture of the neutrino mass eigenstates (even if there is no divergence of wavepackets). As a consequence, the ˚_e-regeneration effect inside the earth is incoherent, in contrast with the result in hep-ph/9902435.

1. The day-night effect – difference in the ν_e fluxes during the day and the night due to the earth matter – is one of the key signatures of the MSW solutions of the solar neutrino problem [1]. (The effect is negligible for the vacuum oscillation solution.) Moreover, the zenith angle distribution of the events during the night is different for the large mixing angle (LMA) and the small mixing angle (SMA) solutions. (For recent discussions, see [2].) Therefore, the day-night asymmetry and the zenith angle dependence of the flux, if established, will not only prove the MSW solution, but also distinguish among the different MSW solutions.

Existing Super-Kamiokande (SK) results on the day-night asymmetry and the zenith angle dependence [3] already exclude a significant range of the parameters Δm^2 and sin^2 2θ of the LMA solution and some part of the SMA solution [4, 3]. SK results after 708 days show a 6% excess of the number of events during the night [5]. This indication of the day-night effect is not yet statistically significant (1.3σ).

The earth matter effect has been calculated, taking into account the divergence of the neutrino wave packet [6] and the averaging effects [2, 6, 7]. The neutrino state arriving at the earth was considered to be an incoherent mixture of the mass eigenstates ν_1 and ν_2. The calculations give specific zenith angle (Θ_z) distributions of the number of events during the night, depending on the solution. In the case of the SMA solution, the excess during the night is expected to be in the largest zenith angle bin cos Θ_z = −1.0 ÷ −0.8, when the neutrinos cross both the mantle and the core of the earth [2, 8]. In the case of the LMA solution, the excess of events will be distributed nearly uniformly in all the night bins. Existing SK data [3] shows that the excess is not concentrated in the largest Θ_z bin, but is distributed in all the bins, thus indicating towards the LMA solution.

In a recent paper [9], the beam of neutrinos arriving at the earth was taken to be in a coherent state so that the phase between the flavor eigenstates is independent of the neutrino energy, the point of production, or the time of the year. This leads to a significant (a factor of 6) enhancement of the day-night asymmetry and to the modification of the zenith (nadir) angle distribution of the events. (For the SMA solution, the distribution is predicted to be more uniform, with a wide maximum in the bins cos Θ_z = −0.8 ÷ −0.4.) Clearly, this would significantly change the implications of the SK data.

In this paper, we show that due to averaging, the coherence is effectively lost and the results of [9] are not valid.

The need to take the averaging effects into account has already been pointed out in [6, 7, 10]. Here we shall explicitly show where and how the averaging occurs and discuss the conditions that need to be satisfied in order to observe the coherence effects, at least in principle.

2. For simplicity, let us consider the 2-neutrino mixing case:

ν_e = cos θ ν_1 + sin θ ν_2 , ν_μ = sin θ ν_1 − cos θ ν_2 , (1)

where θ is the mixing angle in vacuum. (We will also use the notation c ≡ cos θ and s ≡ sin θ.) In general, the neutrino state at the surface of the sun can be written in terms of neutrino mass eigenstates as

ν_⊙ = a_1 ν_1 + a_2 ν_2 e^{iϕS} , (2)

where a_1 and a_2 are the absolute values of the amplitudes of ν_e → ν_1 and ν_e → ν_2 transitions inside the sun respectively. They can be expressed in terms of P_⊙ ≡ P (ν_e → ν_e), the averaged survival probability of ν_e inside the sun. Indeed, according to (1) and (2), the amplitude of probability to find ν_e at the surface of the sun equals

⟨ν_e|ν_⊙⟩ = a_1 cos θ + a_2 sin θe^{iϕS} . (3)

Then P_⊙ ≡ |⟨ν_e|ν_⊙⟩|^2 = a^2_1 cos^2 θ + a^2 sin^2 θ , (4) where averaging over the phase ϕ_S has been done. ¿From (4), we find

a^2 ≡ 1 − a^2_1 = cos^2 θ − P_⊙ cos 2θ

. (5)

Let us assume that there is no loss of coherence due to the spread of the wave packet on the way to the earth. (This loss of coherence would further dilute the interference effects [6, 9], but we shall not consider it here.) Then, on the way from the sun to the earth, the state (2) evolves to

ν_E = a_1 ν_1 + a_2 ν_2 e^{i(ϕS+φ)} , (6)

where φ = 2π L ℓ_ν = L Δm^2 2E (7) is the (relative) phase acquired by the mass eigenstates on the way from the sun to the earth. Here L ≈ 1.5 × 10^{13} cm is the distance between the sun and the earth.

The key point is that, for the MSW solutions of the solar neutrino problem, the distance L is much greater than the oscillation length ℓ_ν . Indeed, for the SMA solution characterized by Δm^2 ≈ 5 × 10^{−6} eV^2, and for the typical energy of Boron neutrinos (E ∼ 10 MeV), we get ℓ_ν ≈ 5 × 10^8 cm, so that ℓ_ν L ∼ 3 × 10^{−5} . (8)

For the LMA solution (Δm^2 ∼ 2 × 10^{−5} eV^2) this ratio is even smaller : ℓ_ν /L ∼ 10^{−5}. For the low Δm^2 solution (Δm^2 ∼ 10^{−7} eV^2) this ratio is ℓ_ν /L ∼ 1.5 × 10^{−3}, still quite small.

From (7), we find that the phase φ varies with the energy as

Δφ = LΔm^2 2E ΔE E = 2π L ℓ_ν · ΔE E . (9)

Therefore, the change in energy as small as ΔE E ≈ ℓ_ν L leads to the change in the oscillation phase by 2π. As a consequence, the integration over even small intervals of neutrino energy will lead to the averaging of oscillations and the observed effect will be equivalent to that due to an incoherent mixture of ν_1 and ν_2.

3. Let us consider this in more details. Denoting the amplitudes of ν_1 → ν_e and ν_2 → ν_e transitions inside the earth by b_{e1} and b_{e2} respectively, we can write the amplitude for finding ν_e in the detector as

⟨ν_e|ν_D⟩ = a_1 b_{e1} + a_2 b_{e2} e^{i(ϕS +φ)} , (10)

then the probability of observing ν_e at the detector is

P = a^2_1 |b_{e1}|^2 + a^2 |b_{e2}|^2 + 2 Re[a_1 a_2 b^∗_{e1} b_{e2} e^{i(ϕS +φ)}] . (11)

Introducing P_{2e} ≡ |b_{e2}|^2 and using (5), we get P = P_⊙ − s^2 + P_{2e}(1 − 2P_⊙) cos 2θ

+ P_{coh}(E) , (12)

where P_{coh} ≡ 1 cos 2θ √ (P_⊙ − s^2)(c^2 − P_⊙)P_{2e}(1 − P_{2e}) cos(ϕ_S + ϕ_E + φ) , (13)

with ϕ_E = Arg(b^∗_{e1}b_{e2}). The first term in (12) represents the incoherent part of the probability and it coincides with the one used in the literature [6, 7, 2]. The second term P_{coh} corresponds to the interference contribution, which appears in the case of coherence.

Let us consider the observable effects of P_{coh}. In the case of the SK detector, the number of events due to this “coherent” term is given by

N_e(E_e) ∝ ∫ dE^′_ef(E_e, E^′_e) ∫_∞ E^0_e dE_ν dσ(E_ν , E^′_e) dE_e F (E_ν)P_{coh}(E_ν ) , (14)

where F (E_ν) is the original flux of neutrinos at the detector without oscillations and f(E_e, E^′_e) is the (electron) energy resolution function of the detector.

Let us consider the integration over the neutrino energy: I ≡ ∫ dE_ν · K(E_ν ) · cos[ϕ_S(E_ν ) + ϕ_E(E_ν ) + φ(E_ν )] , (15)

where K(E_ν) ≡ dσ(E_ν, E^′_e) dE_e F (E_ν) 1 cos 2θ √ (P_⊙ − s^2)(c^2 − P_⊙)P_{2e}(1 − P_{2e}) . (16)

The crucial point is that K(E_ν) is a slowly varying function of energy as compared to φ(E_ν ). Indeed, the typical scale of the change of cross-section, flux and probability in (16) is O(ΔE/E) ∼ O(1). In particular, the variation in the probability P_{2e} is of the order of 1 over an interval of ΔE/E ∼ ℓ_ν /(2R_E), where R_E is the radius of the earth, and the latter ratio is ∼ 1.

The integration of the smooth function K(E_ν ) with the rapidly oscillating function cos(ϕ_S + ϕ_E + φ) gives a result very close to zero. Indeed, the integration in (15) can be performed first over small intervals ΔE and then the results can be summed: I ≈ kmax∑ k=0 ∫ E_{0+(}k_{+1)Δ}E E0+kΔE dE_ν K(E_ν ) · cos[ϕ_S(E_ν) + ϕ_E(E_ν ) + φ(E_ν)] , (17)

where E_0 = E^′_e. Choosing the interval ΔE such that^{ℓν}_L ≪^{ΔE}_E ≪ 1, so that the change of K(E) over this interval can be neglected, we can write I ≈ ∑ k K(E + kΔE) ∫ ΔE dE cos(ϕ_S + ϕ_E + φ) ≈ ∫ dE^′ K(E^′) 1 ΔE ∫ ΔE dE cos(ϕ_S + ϕ_E + φ) ≈ 1 2π E ΔE ℓ_ν L · ∫ dE^′ K(E^′) , (18)

where E is the typical energy in the interval of integration. The contribution of the coherent part of the integral in comparison with the incoherent part can thus be estimated as N^{coh} N^{incoh} ∼ 1 2π E ΔE ℓ_ν L . (19)

Taking^{ΔE}_E ∼ 0.1 we conclude, that to avoid the averaging, one should measure the energy of the neutrino with an accuracy of better than ∼ 10^{−5}, which looks practically impossible.

In the case of the LMA solution, the Boron neutrino appears at the surface of the sun as a mass eigenstate ν_2, which corresponds to a_1 = 0, and the regeneration in the earth is described by P_{2e} only, without any additional interference effects.

In the case of the low Δm^2 solution, the high energy part of the Boron neutrino spectrum can be at the non-adiabatic edge, which means that a_1 ≠ 0, though it is rather small. Again, we need to measure the energy with an accuracy better than ℓ_ν /L ∼ 10^{−3} to disentangle the coherence effects.

4. Notice that even for a fixed energy, an “averaging” occurs due to our lack of knowledge about the neutrino production point in the production region. The size of the production region for Boron neutrinos inside the sun is nearly 0.1R_⊙ = 7·10^9 cm, an order of magnitude larger than the oscillation length in vacuum.

One can estimate the averaging effects due to the production of neutrinos from different points of the solar disc in the following way. For a small mixing angle, the transitions occur in a very thin resonance layer. Before the neutrinos enter this layer, their oscillations are strongly suppressed due to the large density, and after they exit the layer, one can consider just vacuum oscillations. For the SMA solution, the resonance layer is situated near R ∼ 0.2R_⊙. The difference in the path length of neutrinos produced in different points of the solar disc after they have crossed the resonance layer is thus ΔL ∼ 0.1R_⊙ and the averaging occurs since

Δφ =

Δm^2 2E ΔL = 2π ΔL ℓ_ν (20)

and ΔL/ℓ_ν ≫ 1 for the SMA and LMA solutions. For the small Δm^2 solution, the effect due to this averaging will be small.

Note that in this approach, no averaging occurs due to the production of neutrinos along the line of sight.

Another origin of averaging is related to the eccentricity of the orbit of the earth. Indeed, φ is also a function of the time t of the year, with Δφ ∼ ΔL ℓ_ν ( Δt 1 year ) , (21)

where ΔL is the variation in the distance from the sun to the earth over one year. ΔL ≈ 5 × 10^{11} cm so that ΔL/ℓ_ν ∼ 10^3 for the SMA and LMA solutions. The integration over time t of the year is then reduced to the integration over the rapidly oscillating function ∫ dt cos[ϕ_S + ϕ_E + φ(t)] .

The integration of the number of events over a period of more than one day already leads to the averaging out of the interference term (for the SMA and LMA solutions). If the events are binned in time with Δt <∼ (ℓ_ν /ΔL) year, this averaging can be avoided.

5. The state which arrives at the earth can be written in terms of flavor eigenstates as

ν_E = 1 √ cos 2θ × [ (c √ P_⊙ − s^2 + s √ c^2 − P_⊙ e^{i(ϕS +φ)}) ν_e +(s √ P_⊙ − s^2 − c √ c^2 − P_⊙ e^{i(ϕS +φ)}) ν_μ ] . (22)

In the paper [9], the state which arrives at the earth has been taken as

ν_E = √ P_⊙ ν_e + √ 1 − P_⊙ ν_μ , (23)

so that the oscillation effects on the way from the sun to the earth have been overlooked. Moreover, the phase between the flavor eigenstates ν_e and ν_μ has been fixed independent of the production point and the energy of the neutrino. This coincides with the correct equation (22), only with either (i) s = 0 and ϕ_S + φ = π, or (ii) P_⊙ = s^2, which corresponds to the case when the transitions inside the sun are completely adiabatic and the state arriving at the earth is pure ν_2.

For a correct description, the coherence effects should be discussed in terms of the mass eigenstates.

6. To summarize, the relative phase between the neutrino mass eigenstates arriving at the earth depends strongly on (i) the energy of the neutrino, (ii) its production point and (iii) the earth-sun distance. With a finite uncertainty in the measurements of these quantities, the coherence effects due to this relative phase get averaged out. In order to be able to observe these coherence effects, one needs to (i) measure the energy of the neutrino to an accuracy of ΔE/E <∼ 10^{−5}, (ii) determine the direction of the neutrino to an accuracy of better than 1/10th the size of the disc of the sun and in addition, have some detailed knowledge about the production region, and (iii) bin the events in time with Δt of the order of a few hours.

In all the practical cases, one can use the expression (12) without the P_{coh} term, which corresponds to an incoherent mixture of the mass eigenstates. The calculations of the regeneration effect which neglect the coherence are then valid.

References

[1] S. P. Mikheyev and A. Yu. Smirnov, ’86 Massive Neutrinos in Astrophysics and in Particle Physics, proceedings of the Sixth Moriond Workshop, edited by O. Fackler and J. Trân Thanh Vân (Editions Frontières,

Gif-sur-Yvette, 1986), pp. 355; J. Bouchez et. al., Z. Phys. C 32, 499 (1986); E. D. Carlson, Phys. Rev. D 34 (1986) 1454.

[2] A.J. Baltz and J. Weneser, Phys. Rev. D 50 (1994) 5971; A.J. Baltz and J. Weneser, Phys. Rev. D 51 (1994) 3960; P. I. Krastev, hep-ph/9610339; Q.Y. Liu, M. Maris and S.T. Petcov, Phys. Rev. D 56 (1997) 5991; J.N. Bahcall and P.I. Krastev, Phys. Rev. C 56 (1997) 2839; M. Maris and S. T. Petcov, Phys. Rev. D 56 (1997) 7444.

[3] Super-Kamiokande Collaboration, Y. Fukuda et al., Phys. Rev. Lett. 82 (1999) 1810.

[4] J. N. Bahcall, P. I. Krastev and A. Yu. Smirnov, Phys. Rev. D 58 (1998) 096016.

[5] Y. Suzuki, talk given at ”17th International Workshop on Weak Interactions and Neutrinos”, Cape Town, South Africa, January 1999.

[6] S. P. Mikheyev and A. Yu. Smirnov, in Moriond 87, Proceedings of the 7th Moriond Workshop on New and Exotic phenomena, Les Arcs, France, 1987, edited by O. Fackler and J. Trân Thanh Vân (Frontières, Paris, 1987), pp. 405.

[7] A. J. Baltz and J. Weneser, Phys. Rev. D 35, 528 (1987) 528.

[8] J. M. Gelb, W. Kwong and S. P. Rosen, Phys. Rev. Lett. 78 (1997) 2296.

[9] J. Van Leusen and L. M. Sehgal, hep-ph/9902435.

[10] E. Lisi and D. Montanino, Phys. Rev. D 56 (1997) 1792.