Neutrino decay and Solar Neutrino Seasonal effect
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We consider the possibility of solar neutrino decay as a sub-leading effect on their propagation
between production and detection. Using current oscillation data, we set a new lower bound to
the ν2 neutrino lifetime at τ2 / m2 ≥ 7.2 × 10−4 s . eV−1 at 99% C.L.. Also, we show how seasonal
variations in the solar neutrino data can give interesting additional information about neutrino
lifetime.
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1. Introduction

2. Formalism
After production in the solar core, neutrinos propagate outwards undergoing flavor oscillation
and resonant flavor transition due to the solar matter potential. After emerging from the Sun, they
travel across the interplanetary medium until they reach the Earth’s surface where they can be
detected either promptly or after traversing Earth’s matter — on which they may also be subject to
matter effects.
The transition amplitude for an electron neutrino produced in the Sun to be detected on Earth
as a neutrino of flavor α, νe → να , for the standard case of neutrino oscillations with MSW effect,
can be written as [6]
⊕
Aeα = ∑ Aei Avac
(2.1)
ii Aiα ,
where Aei is the transition amplitude of an electron neutrino produced in the solar core to be in a
νi mass-eigenstate in the solar surface, Avac
ii is the transition amplitude for the propagation between
⊕
Sun and Earth surfaces, and Aiα is the transition amplitude of a νi to be in a να state upon detection
on Earth.
The transition probability is given as P(νe → να ) = |Aeα |2 . In the LMA parameter region one
can neglect coherence effects [7] and simply write the incoherent sum of probabilities:
⊕
P(νe → να ) = ∑ Pei Pim/tau
,

(2.2)

i

where Pei = |Aei |2 is the probability of the produced νe to be found as a νi at the surface of the Sun,
⊕
2
and Piα
= |A⊕
iα | is the probability of a νi to be detected as a να on Earth.
Considering the current limits to their lifetime, neutrinos do not decay inside the Sun and it is
sufficient to consider their decay on their way to Earth. The survival probability for the invisible
decay of a neutrino mass-eigenstate i, with energy Eν , after propagating a distance L, is
 
 
mi
surv
Pi
= exp −
L ,
(2.3)
τi Eν
1

PoS(ICHEP2016)464

The question if the neutrino decay is as old as the idea of neutrino oscillations. Now after
oscillation was confirmed in different experiments [1] it is interesting time to look again for the
possibility that the neutrino decay.
The decay scenario is possible when we introduce a imaginary term in the Hamiltonian, E → E
m
-iΓ/2 for neutrino mass eigenstate. The parameter Γ in the lab system is given by Γlab =≡ τE
where
E is the neutrino energy. For the solar neutrino oscillations the more relevant mass eigenstates are
the states 1 or 2. The state 3 is less relevant due the smallness of θ13 mixing parameter compared
with other mixing parameters. Then we will focus on the decay parameter of mass eigenstate 2.
For now on we will use mτ22 as the decay parameter.
Some previous constrains on mτ came from previous analysis on solar neutrino data only. For
solar neutrinos, the decay of the mass-eigenstate ν2 into the lighter state ν1 is disfavored by the
data and the current bound to ν2 lifetime for invisible non-radiative decays [2] is τ2 /m2 ≥ 8.7 ×
10−5 s . eV−1 at 99% C.L.. Most recently, Ref. [3] argues for τ2 / m2 ≥ 7.1 × 10−4 s . eV−1 at 2σ .
Constrains for the other decay parameter, τ3 /m3 are possible [4, 5].
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where mi is the eigenstate mass, τi is the eigenstate lifetime and L is the Sun-Earth distance.
For the assumption that only the ν2 mass-eigenstate is unstable, the electron neutrino survival
probability including decay and oscillation for three neutrino families is
h
i
P(νe → νe ) = c413 Pe1 P1e⊕ + Pe2 (P2surv ) P2e⊕ + s413 ,
(2.4)
where si j = sin θi j and ci j = cos θi j and Pisurv is given in Eq. (2.3) and Pei and Pie⊕ are the probabilities in Eq. (2.2).

One interesting consequence of the decay scenario that has was not discussed before is the
increase of the seasonal variation of solar neutrino flux. In the absence of decay, the neutrino
flux arriving on Earth is given by φν⊕ = φν /(4πr2 ), where r = r(t) is the time-dependent EarthSun distance. The ratio between maximum (at perihelion) and minimum (at aphelion) fluxes is
R0 = (1 + ε0 )2 /(1 − ε0 )2 , where ε0 = 0.0167 is the eccentricity of Earth’s orbit. Due the 1/r2
factor the neutrino flux have a seasonal dependence and different solar neutrino experiments have
searched for the seasonal effect as you can see in the left side of Figure (1).
When the neutrino decay the neutrino survival probability, Eq. (2.4) have an additional dependence on the distance due the P2surv factor. In the aphelion (perilhelion) the distance earth-sun is
the smallest (largest) distance. Then this implies that P2surv factor is respectivelly bigger (smaller)
compared with the value for the average distance. This implies that we increase the eccentricity in
the decay scenario compared with the no decay scenario. In the decay scenario the ratio between
the rates at aphelium and (perihelion is
R = R0

N(rper )
(1 + ε)2
=
,
N(raph ) (1 − ε)2

(3.1)

where raph (rper ) is the aphelion (perihelion) distance and N is the number of events calculated
from the convolution of the adequate probabilities and cross sections for each experiment. This
implies that R > R0 for all energies and thus, for any neutrino decay scenario, an enhancement in
the seasonal variation of the solar neutrino flux would be expected.
Thus, the measurement of an eccentricity ε > ε0 is a hint in the direction of the neutrino decay
scenario.

4. Results
Using the electron survival probability we can compute the rates and spectral information for
the solar neutrino data. Details of data used are listed in Ref. ([12]). In the decay scenario, beside

Figure 1: Left: Experimental values for ε/ε0 . Black lines are the best-fit values and darker (lighter) shades
are the 1σ (2σ ) ranges. Right: Dependence of the orbital eccentricity ε with the neutrino lifetime τ2 /m2 as
it would be measured by different experiments — the 7 Be line in Borexino (BOR), and the 8 B spectrum in
Super-Kamiokande (SK) and SNO.
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3. Seasonal Effect
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τ2 / m2 ≥ 7.7 × 10−4 s . eV−1 , at 99% C.L. ,

(4.1)

For the seasonal effect we compute the change in the effective eccentricity parameter due decay for different experiments. The results can be seen in the right side of Figure 1. We include this
constrains on our analysis. The combined solar neutrino data, KamLand, Daya Bay and seasonal
data give the following weaker constrain
τ2 / m2 ≥ 7.2 × 10−4 s . eV−1 , at 99% C.L.

(4.2)

5. Conclusion
We revisit the hypothesis of neutrino decay for solar neutrinos and discover that this scenario
produce a distinct seasonal effect on solar neutrinos. From solar neutrino data combined with Kam−1
−4
Land and Daya Bay data we get the decay parameter
to be

i τ2 / m2≥ 7.2×10 s . eV , at 99% C.L..
h 
2
L < exp 9. × 10−2 for a 10 MeV neutrino
Putting these constrain on the P2surv = exp − τm
2 Eν
energy. This implies that for all range of solar neutrino data the constrain obtain in this paper out
the decay as a sub-leading effect.
The use of the results of different experiments allows us for the first time to broken the degenerescence of neutrino oscillation parameters and to achieve the best known limit for neutrino
instability for the lighter mass eigenstate [13].
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