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Abstract. The evidence of solar neutrino deficit can be inter-
preted as a signal of solar electron neutrinos conversion into
different states. We present an updated analysis of the cur-
rent solar neutrino phenomenology in the framework of fla-
vor neutrino oscillations into active states, showing the zones
of mass–mixing oscillation parameters compatible with all
the data.

1 Introduction

The observation of solar neutrinos is the privileged tool to
obtain direct information about the nuclear reactions power-
ing the Sun. However, there is a strong evidence for a sup-
pression of about a factor two of the solar neutrino flux [for
a review on solar neutrino deficit, see Bahcall (1989)]. Al-
though there is still room for an astrophysical explanation
of this anomaly, the most plausible solution is to invoke a
phenomenon of transition of the solarνe’s in other states.
Among other exotic possibilities, the more natural model for
neutrino transitions are neutrino flavor oscillations mediated
by a non–zero neutrino mass (Pontecorvo, 1967; Maki et al.,
1962). Moreover, the interaction of the neutrinos with solar
and earth matter can enhance the oscillations (Wolfenstein,
1978; Mikheyev and Smirnov, 1985, 1986).

In this note we analyze the recent solarν phenomenol-
ogy in the framework of two–generation neutrino oscilla-
tions. This paper is organized as follows: In Sec. 2 we briefly
review the theory of solar neutrino oscillations. In Sec. 3 we
show analyze the current solar neutrino data. In Sec. 4 we
draw our conclusions.

2 Solar neutrino oscillations

If neutrinos are massive, flavor eigenstatesνe, νµ, andντ
could not have a definite mass, but are related to three mass
eigenstatesνi (i = 1, 2, 3), with massesmi, through a “mix-
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ing” matrix U:

να =
3∑
i=1

Uαiνi , (1)

whereα = e, µ, τ . Although in principle solar neutrinos
should be analyzed in a general 3ν framework, the2ν ap-
proximation is sufficiently accurate (Gonzalez–Garcia et al.,
2001; Fogli et. al., 2001a). In fact, solar neutrino are essen-
tially described by the oscillations of the “quasi degenerate”
doubletν1, ν2 (with m1 ' m2), while the mixing with the
“lone” stateν3 (m3 > m1,2 or m3 < m1,2) must be very
small (U2

e3 < 0.1) to fit recent data. For this reason, in the
following, we limit our analysis to only two generations of
neutrinos.

With only two neutrinos (that we conventionally callνe
andνµ) the mixing matrixU can be parametrized in term of
a single variableθ, called “mixing angle”:

U =
[

cos θ sin θ
− sin θ cos θ

]
. (2)

Oscillation are thus described by the mixing angleθ and the
difference of square masses∆m2 = m2

2 − m2
1. Without

loss of generality we can chooseθ ∈ [0, π/2] and∆m2 ≥
0. In absence of matter effect, theνe survival probability at
distanceL from the production point is given by:

P (νe → νe, L) = 1− 1
2

sin2 2θ
(

1− cos
∆m2L

2E

)
, (3)

whereE is the neutrino energy. (We have used the natural
unitsh̄ = c = 1.)

When the neutrinos cross the matter, theνe component
interacts with the electrons in the medium through neutral
and charged current interactions, while theνµ (or ντ ) com-
ponent can interact with matter only through neutral current
interactions. The net effect is a supplementary potential af-
fecting the neutrino transition amplitude (Wolfenstein, 1978;
Mikheyev and Smirnov, 1985, 1986). In particular, neutrino
masses and mixing can assume different values in matter.
Thus, the survival probabilityP (νe → νe) depends, in gen-
eral, by the detailed profile of the electron density crossed
by the neutrinos. For a nice review on vacuum and matter
oscillations see Kuo and Pantaleone (1989).
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In the case of solar neutrinos, from quantum mechanical
arguments we can derive the a general expression for proba-
bility that aνe produced in the interior of the Sun is detected
as aνe on the Earth (Petcov and Rich, 1991; Lisi et al., 2001):

P (νe → νe) =
1
2

+
(

1
2
− Pc

)
cos 2θ cos 2θ0

m

− sin 2θ cos 2θ0
m

√
Pc(1− Pc) cos ξ , (4)

whereθ0
m is the mixing angle in matter in the production

point, Pc is the “crossing probability” (i.e., the probability
that a mass eigenstate in matter flips into the other) and:

ξ =
∆m2L

2E
+ δ , (5)

whereL is the Earth–Sun distance andδ is a phase which de-
pends on the solar electron density profile. Both the crossing
probabilityPc and the phaseδ can be calculated through an
accurate semianalytical approximation (Parke, 1986; Krastev
and Petcov, 1988; Lisi et al., 2001). For∆m2 < 10−10 eV2,
Pc ' cos2 θ andθ0

m ' π/2, so the vacuum oscillation prob-
ability (3) is recovered. This (vacuum) regime is called “Just
So”. Conversely, for∆m2 > 10−8 eV2 the oscillating term
in (4) is averaged away by many decoherence effects. In
this regime, matter effects are dominant. In the intermediate
range,∆m2 ∈ [10−10, 10−8] eV2, both vacuum oscillations
and matter effects are important. This so–called “Quasi Vac-
uum Oscillation” (QVO) regime have been studied recently
by Friedland (2000) and Fogli et al. (2000a).

During nighttime, neutrinos cross the Earth before detec-
tion. The evolution inside the Earth can be computed by
evolving analytically the MSW equations at any given nadir
angleη, using the technique described in Lisi and Montanino
(1997), which is based on a five-step biquadratic approxima-
tion of the Earth density profile from the Preliminary Refer-
ence Earth Model (PREM) (Dziewonski and Anderson, 1981)
and on a first-order perturbative expansion of the neutrino
evolution operator.

3 Solar neutrino data and analysis

Figure 1 shows the solar neutrino deficit as a discrepancy be-
tween data and expectations (total event rates) in the chlorine
(Cl) Homestake experiment, Lande (2001)], gallium (Ga)
[SAGE experiment, Gavrin (2001); GALLEX–GNO experi-
ment, Bellotti (2001)], and SuperKamiokande (Suzuki, 2001).
In each plane, the gray ellipses represent 99% C.L. contours
for two degrees of freedom (i.e.,∆χ2 = 9.21) for the ex-
perimental data (1 SNU= 10−36 neutrino captures per target
atom and per second). The projection of an ellipse onto one
of the axis gives approximately the±3σ range for the corre-
sponding rate. White ellipses show the Standard Solar Model
(SSM) theoretical expectation using the latest theoretical so-
lar ν fluxes and uncertainties (Bahcall et al., 2000).1 The

1Tables and other information about the SSM can be found at
the J.N. Bahcall homepage, http://www.sns.ias.edu/∼jnb.

Fig. 1. The solar neutrino deficit. See the text for details.

calculation has been made taking into account the spectra for
the relevant sources in the sun as well as the detectors char-
acteristics (neutrino cross section, energy resolution, thresh-
olds, etc.). For the technical details of the analysis and the
statistical treatment of the data see Fogli et al. (1999) and
references therein.

Figure 2 shows the allowed zones at 90, 95, and 99% C.L.
in the oscillation parameter space(∆m2, tan2 θ) by thetotal
rate information coming from the SuperKamiokande (SK),
Homestake (Cl), SAGE, and GALLEX–GNO (Ga) experi-
ments. The survival probability has been calculated as in
Eq. (4) and integrated over the neutrino production zone for
each neutrino source. One can notice three solutions at large
mixing angle (LMA, LOW and “Just So” solutions) and one
at small mixing angle (SMA solution). The best fit is (for to-
tal rates only) reached for the SMA solution. Figure 3 shows
the experimental and the theoretical ellipses (as in Fig. 1) for
case of the SMA solution. Notice the excellent agreement
between data and theory.

Besides the measurement of the total neutrino rate, Su-
perKamiokande has provided information about the scattered
electron energy spectrum (which is related to the original
neutrino spectrum) during day and night time (Suzuki, 2001).
The spectral information is crucial for a solar model inde-
pendent confirmation that oscillations (or, at least, energy–
dependent transitions) are at work. In fact, the survival prob-
ability in Eq. (4) is energy–dependent in general. Moreover,
differences in the spectrum between daytime and nighttime
would be a signal of neutrino conversion into the Earth mat-
ter. Unfortunately, there is no evidence for spectral distorsion
or time dependence of the signal. Figure 4 shows the zone
correspondingly excluded by the SK day and night spectra.
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Fig. 2. Solutions to the solar neutrino problem at 90, 95 and 99%
C.L. of Cl+Ga+SK rates. LMA = Large Mixing Angle; SMA =
Small Mixing Angle; JS = Just So (vacuum) solution.

Fig. 3. The SMA solution at best fit (total rates only). Note the
excellent agreement between theory and observations.

Combining the data used in Fig. 2 and Fig. 4, we obtain the
allowed zones for all the current solar neutrino phenomenol-
ogy in Figure 5. The best fit is now reached for the LMA
solution (χ2 = 35.1, 36 d.o.f. for∆m2 = 4.7 × 10−5 eV2

andtan2 θ = 0.36). The SMA solution is now disfavoured
but not yet excluded by the data (χ2 = 40.3, not a bad fit for
36 d.o.f.). Conversely, the JS solution is now excluded, since
in this case a strong distorsion of the recoil spectrum would
be expected. As a result of a compromise between the rate
and the spectrum data, a new solution appear roughly in the
range∆m2 ∈ [10−9, 10−7] eV2, corresponding to the QVO
regime described in Sec. 2.

4 Discussion and conclusion

In this paper we have analized the current solar neutrino phe-
nomenology in the framework of the flavor oscillation hy-
pothesis. We have found the zones of the mass–mixing pa-
rameters compatible with both the measurement of the to-
tal rates and the day and night electron energy spectrum in-
formation from SuperKamiokande. The results of this com-
bined analysis is shown in Fig. 5. In particular, the solutions
at large angle are favored by all the data, while the small
mixing angle solution (SMA) seems disfavored (although not
excluded) by the non observation of a distorsion in the SK re-
coil spectrum.

Unfortunately, at the moment there are no “smoking guns”
in favor of oscillations, and an astrophysical solution to the
solar neutrino problem cannot be ruled out definitely. A con-
clusive proof in favor of solar neutrino oscillations should
come from new experiments. In particular, the Subdury Neu-
trino Observatory [SNO, McDonald (2001)] is now taking
data. This experiment uses heavy water as target for neu-
trinos. The number of the neutral current (NC) dissociation
(να + d → να + p + n) events is a measure of the absolute
neutrino flux while the number of charge current (CC) inter-
action (νe + d → e− + 2p) is a measure of theνe flux. An
anomalous CC/NC ratio would be a proof of neutrino conver-
sion in active states. Moreover, the combined analysis of SK
and SNO CC recoil spectrum could give information about
theνµ, ντ component of the flux (Fogli et al., 2001b).

A second experiment, BOREXINO, is now in preparation
(Ranucci, 2001). This experiment will measure the flux of
neutrinos coming from the monoenergetic7Be source. Sev-
eral tests have been proposed in order to discriminate among
solutions, based on the study of day–night [see, for exam-
ple, Fogli et al. (2000b)] and seasonal (Fogli et al., 2000c;
De Gouvea et al., 2001) variations of the signal in SK, SNO,
GNO, and BOREXINO. Finally, a very long baseline reactor
experiment (∼ 200 km), KAMLAND, is now starting opera-
tions and will be able to (dis)prove directly the LMA solution
(Barger et al., 2001).
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Fig. 4. The excluded zone by the SK day and night recoil spectra.
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