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Abstract

Considering the neutrino state like an open quantum system, we analyze its propagation in vacuum or
in matter. After defining what can be called decoherence and relaxation effects, we show that in general
the probabilities in vacuum and in constant matter can be written in a similar way, which is not an obvious
result for such system. From this result, we analyze the situation where neutrino evolution satisfies the
adiabatic limit and use this formalism to study solar neutrinos. We show that the decoherence effect may
not be bounded by the solar neutrino data and review some results in the literature, in particular the current
results where solar neutrinos were used to put bounds on decoherence effects through a model-dependent
approach. We conclude explaining how and why these models are not general and we reinterpret these
constraints.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

We present a study on dissipative effects on neutrino evolution, such as the decoherence and
relaxation effects, and their consequences in neutrino oscillations. These effects are obtained
when we consider neutrinos as an open quantum system [1-3]. In this approach, neutrinos are
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considered as a subsystem that is free to interact with the environment that presents a reservoir
behavior.'

The decoherence effect is the most usual dissipative effect. In the neutrino oscillation phe-
nomenon, the decoherence effect acts only on the quantum interference, dynamically eliminating
the oscillating terms in oscillation probabilities. This feature has been investigated in a number
of previous studies [7—14].

The relaxation effect acts in a different way and it does not affect the oscillating terms. It
changes only the pure mixing terms in the probabilities, leading all averaged conversion prob-
abilities to 1/n, where n is the number of neutrino families. Then, the relaxation effect can
change the probability behavior even when the oscillation terms are not important, like the solar
neutrino case [3]. The relaxation effect can be confused with the decoherence effect and this can
occur in those particular cases where quantum coherence is averaged out in neutrino oscillations.
In Ref. [11], the authors analyzed quantum decoherence effect with solar and KamLAND neu-
trinos. However, for solar neutrinos the decoherence effect could be investigated only using a
model-dependent approach, because in general, the quantum coherence is averaged out for solar
neutrinos and just relaxation effects can be investigated.

There are some experimental bounds on dissipative effects and we will compare some con-
crete bounds obtained from some experimental data analyses found in the literature. All these
limits were obtained for neutrino propagation in vacuum and in two neutrino approximation. For
example, in Ref. [14], the analysis was made considering MINOS experiment. There, the deco-
herence parameter has a superior limit given by y < 9.11 x 1072* GeV at 95% C.L. and this
result agrees with the upper limit found in Ref. [8] where y < 4.10 x 10723 GeV at 95% C.L.,
which was obtained for atmospheric neutrino case.

A very interesting upper limit was introduced by Ref. [11] obtained in a model-dependent ap-
proach that constrain decoherence effect using solar neutrinos. It was obtained that decoherence
parameter is limited to y < 0.64 x 10724 GeV at 95% C.L. As it is known, the matter effect is
important in this case, and we will address this issue later on this article. In [16] an analysis using
only reactor neutrinos found different bounds on the decoherence effect, y < 6.8 x 10722 eV at
95% at C.L. All bounds presented above can be found in Table 1.”

In general, bounds on dissipative parameters come from e¢~7* < 1 since this is the kind of
damping terms which appear in the oscillation probabilities. This can be checked to work rea-
sonably well for all the limits presented above, with terrestrial experiments with a typical baseline
x =102~ 10?2 GeV~! (20 ~ 2000 km).

However for the numbers presented in [ 1 1], using the bound found for y < 0.64 x 10724 GeV,
the exponential term tends strongly to 1. As it will be clear in this work, the model-dependent
approach used in Ref. [11] also constrains the relaxation effect with e,y < 1072 GeV at 95%
C.L. For solar-neutrinos x = 10%° GeV’l, and the exponential term in this case makes the sur-

1 Some possible sources of violations of quantum mechanics fundamentals include the spontaneous evolution of pure
states into mixed decoherent states [4] induced by interactions with the space—time at Planck scale [5] which unavoidly
appear in any formulation of a quantum gravity theory. Such sources of decoherence was first analyzed in Ref. [6] which
considered oscillating systems propagating over large distances and the corresponding damping effects in the usual
interferometric pattern characterizing the oscillation phenomenon.

2 Following the arguments of the present article, decoherence effect can be described by one parameter and relaxation
effect by another parameter. However, in the case of three neutrino oscillation there are three different decoherence
parameters and two different relaxation parameters. As we can see in Ref. [15], the decoherence parameters describe the
quantum effect between specific families and then, the decoherence bound for accelerator or atmospheric neutrinos can
be different from the one for reactor neutrinos.
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