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Abstract. The regeneration effect of solar neutrinos in the Earth leading to
the so-called day-night effect strongly depends on the neutrino energy, the
time of day, and the season. Classical neutrino experiments, such as Super-
Kamiokande, typically observe this effect cumulatively, i.e., virtually integrate
it over the year. We discuss various day-night effects that could become poten-
tially observable if time-weighted data processing is applied to neutrino events.
The procedure is similar to reception of radio-frequency modulated signals and
‘demodulation’ of the neutrino signal, for example, is able to reveal interesting
signatures in the high-energy tail of the electron recoil energy spectrum

1 Introduction

In a superheterodyne receiver, an amplitude-modulated signal f (t) = A(t) cosω0t, being a
product of an audible-frequency signal A(t) and a high-frequency carrier wave, is usually
received via a nonlinear process called mixing. In this process, the signal f (t) coming from
the antenna is contracted (multiplied and integrated over time) with another carrier wave
Ã cosω0t generated by the receiver itself, the result giving the sound A(t) playing in the
speakers. A Morse code receiver, in contrast, is only interested in the presence of the carrier
wave, i.e., whether A(t) = 0 or A(t) , 0, so it does not need the mixer circuit; however, such
a ‘naïve’ processing of the input signal loses a lot of information carried by it.

Observation (‘reception’) of the regeneration effect of solar neutrinos inside the Earth has
similar mathematical features. Namely, even though neutrino absorption inside it is virtually
zero, propagation inside the Earth modifies the neutrino oscillation patterns in a way that the
flavor composition on the exit from the Earth becomes a function of the neutrino path inside
of it. This path depends on the position of the Sun, i.e., on the time of night and the season;
moreover, on the time scale of typical neutrino experiments, i.e., years, the regeneration
signal can be considered a rapidly-oscillating function (a ‘radio-frequency’ signal). The so-
called day-night effect (or day-night asymmetry) [1, 2] observed by the Super-Kamiokande
collaboration in 2014 [3] results from a simple time averaging of all the neutrinos observed
during the night and further subtraction of daytime neutrinos. The question we are studying
in the present paper is whether one can extract more information from the input neutrino
signal by ‘tuning in’ to its ‘carrier wave’.
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2 Temporally localized contributions to the day-night asymmetry

We will work within the two-flavor approximation and use the spherically-symmetric PREM
model of the Earth [4], for which the matrix ODE on the flavor evolution matrix R(x, x0; E)

iλ∂xR(x, x0) =

{(
− cos 2θ0 +

2EV(x)
∆m2

)
σ1 + sin 2θ0 σ3

}
R(x, x0), R(x0, x0) = 1 (1)

contains a piecewise-smooth Wolfenstein potential V(x) = GF
√

2ne(r(x,ΘN)) [5] for each
particular neutrino trajectory, the distance r from the center of the Earth depending on the
coordinate x along the ray and the nadir angle ΘN(t). The 8B neutrinos we will study here have
energies E = 5 − 15 MeV corresponding to vacuum oscillation lengths `osc = 4πE/∆m2 ≡

π/λ of several hundred kilometers (the latter are also approximately equal to the oscillation
lengths inside the Earth). The neutrino mixing parameters above are sin2 2θ0 ≈ 0.86 and
∆m2 ≈ 7.6 × 10−5 eV2. In a number of papers (see, e.g., [6, 7]), the above equation was
solved leading to the following νe observation probabilities

Pday(E) =
1
2

+
1
2

cos 2θSun cos 2θ0, (2)

Pnight(E; ΘN) =
1
2

+
1
2

cos 2θSun

cos 2θ−n + 2 sin 2θ0

n−1∑
j=1

∆θ j cos 2∆ψn, j

 . (3)

The notation in the above expressions is as follows. At night, for a given nadir angle ΘN, the
neutrino crosses n = n(ΘN) interfaces, including the air-to-crust ( j = 1) and the crust-to-air
( j = n) interfaces, where the potential is discontinuous and the effective mixing angle in the
medium experiences jumps ∆θ j; ∆ψn, j = ∆ψn, j(ΘN; E) is the oscillation phase incursion from
the jth to the nth crossing point, i.e., to the detector [8]; θ−n and θSun are the effective mixing
angles in the crust under the detector and in the solar core, respectively.

The oscillation phases in the nighttime observation probability rapidly change with time,
thus, Pnight contains one cumulative (constant) and a number of rapidly oscillating contribu-
tions. When integrated over time (possibly with a smooth enough weight function w(t)), the
oscillatory ones are smeared out, but not quite completely, as estimated by the well-known
stationary phase approximation

b∫
a

F(t)eiλS (t)dt ≈

√
2πi

λS ′′(t0)
F(t0)eiλS (t0) +

F(t)eiλS (t)

iλS ′(t)

∣∣∣∣∣∣b
a
, λ→ ∞ (4)

(assuming that there is only one stationary point t0 ∈ [a, b] such that S ′(t0) = 0). The above
approximation is indeed applicable to solar neutrinos inside the Earth, since the oscillation
phases 2∆ψn, j ∝ 2λr j � 2π (r j is the radius of the jth interface); this is the reason for using
the same notation λ for a large parameter in (4). Moreover, the boundary term vanishes in (4),
since the integration endpoints for the contribution of the jth interface in Eq. (3) correspond
to a neutrino passing tangentially to it, where S ′(t) → ∞. The leading contribution to the
net day-night asymmetry from the oscillatory term in (3) comes from the stationary points,
which are the midnights during the night and the two solstices during the year [9].

Although the contributions of the stationary points are suppressed as λ−1/2, they have an
unusual property that lets one extract them from under the Poisson noise. Namely, these
contributions come from small neighborhoods of the stationary points (i.e., they are local-
ized) and the corresponding localization scale δt is such that |S (t0 + δt) − S (t0)| ∼ 2π/λ; for
8B neutrinos, typical localization scales are about a couple of hours around the midnights
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and 1–2 months around the two solstices. Due to localization of these contributions, if one
shrinks the observation time window ∆t down to δt, then the contribution of the stationary
point to the time integral will almost remain unchanged, while its contribution to the time
average will increase proportionally to 1/∆t. Note that nothing like occurs to the cumulative
contribution. Moreover, relative statistical uncertainties grow as 1/

√
∆t, so, somewhat coun-

terintuitively, the signal-to-noise ratio for the stationary-point contributions is improved for
reduced observation time windows (for details, incl. the localization scales, see Ref. [8]).

3 Numerical simulation of the temporally-weighted day-night effect

Based on the idea described above, we made a numerical estimation of the day-night asym-
metry to be observed at a typical water Cherenkov detector with temporal weighting of events
introduced to smoothly select those around the winter solstice stationary point (the summer
solstice gives a smaller contribution [8]). One should start here with the definitions of the
temporally-weighted quantities. Namely, from the weighted numbers of nighttime/daytime
neutrino events N(w)

night,day =
∑

k ϑ
(
±π/2 ∓ ΘN(tk)

)
w(tk) observed at times tk, one can construct

the ‘experimental’ asymmetry factor

A
(w)
dn =

2(N(w)
night/∆tnight −

˙̄Nday)

N(w)
night/∆tnight + ˙̄Nday

, (5)

where ∆tnight =
∫
ϑ
(
π/2 − ΘN(t)

)
w(t)dt is the weighted total observation time at night and

˙̄Nday is the average daytime rate of neutrino events, which is constant and does not depend on
weighting. Per narrow recoil energy bin [T,T + ∆T ], ∆T → 0, the above asymmetry factor
can be expressed in terms of the ‘probabilistic’ asymmetry independent of the detector [8],

A
(w)
dn ≈ A(w)

dn,mono(T ) =

∫
Φ(E)dE ∆

dσ(E,T )
dT Pday(E)Â(w)

dn (E)∫
Φ(E)dE

{
∆

dσ(E,T )
dT Pday(E) +

dσνx (E,T )
dT

} , (6)

Â(w)
dn (E) =

2
[
〈Pnight(E)〉w − Pday(E)

]
〈Pnight(E)〉w + Pday(E)

, (7)

where Φ(E) is the solar neutrino energy spectrum, while dσνx (E,T ) and dσνe (E,T ) ≡
dσνe (E,T ) + ∆dσ(E,T ) are the detection cross sections for neutrinos in the two flavor states.

Even though neutrino energies E and the ‘probabilistic’ asymmetry factor are unobserv-
able in elastic scattering channels, such as those used in SuperK and Borexino detectors, this
factor lets one clearly see how contibutions of the stationary points get enhanced for reduced
observation windows (see Fig. 1). The effect for nearly-monochromatic 7Be neutrinos shown
in the inset has been recently studied in Ref. [10]. It is vivid that the amplitude of the local-
ized contribution becomes even greater than the cumulative contribution if one shrinks the
observation sessions to hours around midnights during the two winter months around the sol-
stice. It is also worth mentioning that, unlike the cumulative effect, the localized one depends
quite strongly on the latitude of the detector, experiencing a substantial amplification around
the tropical latitude χ ≈ 23.4◦ [8, 9].

One could clearly argue that all the oscillatory signatures one can see in Fig. 1 will be
integrated out when one resorts to energy distributions of recoil electrons that are actually
observed in experiments. In order to estimate the degree of validity of this claim, we have
calculated the ‘experimental’ day-night asymmetry factor (6) as a function of the recoil en-
ergy T , for a tropical detector χ = 23.4◦ and a detector at the latitude of SuperK χ = 36.2◦
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Figure 1. The ‘probabilistic’ asymmetry (7) versus the neutrino energy E depending on the observation
time window for a detector at the latitude χ = 26◦. Inset: the same for the energies of 7Be neutrinos
(around E = 0.862 MeV)
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Figure 2. (a) The ‘experimental’ asymmetry (6) versus the electron recoil energy T depending on the
observation time window and the latitude χ of the detector. The solid red curve shows the recoil energy
distribution of the neutrino events in arbitrary units. (b) The same but smeared over a finite recoil energy
resolution of the detector

(Fig. 2(a)). From this figure, one observes that the high-energy tail of the recoil energy spec-
trum is affected and the signature of the effect depends significantly on the latitude. Of course,
this signature is hard to observe because only few recoil electrons will have such high ener-
gies (it would take about 12 years for a Super-Kamiokande event rate to see the effect above
the statistical noise [8]). Moreover, the recoil energy resolution of Super-Kamiokande is not
enough to resolve the ‘wiggles’ in Fig. 2(a). However, a resolution of a JUNO-class detector
[11] would be definitely enough for that (see Fig. 3(b)). Observation of such an interference-
like effect, namely, of a peak or a dip in the high-energy segment of the weighted day-night
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asymmetry, could also serve as a precision test of the neutrino mass-squared difference, as
clearly seen from Fig. 3.
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Figure 3. Signatures on the weighted ‘experimental’ asymmetry (6) for different neutrino mass-squared
differences ∆m2

Instead of a conclusion, we would like to make it clear that the effect we have described
above does not have to be visible at the Super-Kamiokande detector because of a higher
energy resolution and a larger number of events it requires. However, we cannot help noting
quite an interesting high-energy peak and a visually ‘wiggly’ pattern in the recoil energy
distribution observed at SuperK (see, e.g., Fig. 1 in Ref. [12]). These signatures are not quite
statistically significant, but what will take place if one applies temporal weighting to extract
them from under the noise?
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