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Abstract: We use the recent KamLAND observations to predict the solar antineutrino
spectrum at some confidence limits. We find a scaling of the antineutrino probability
with respect to the magnetic field profile –in the sense that the same probability function
can be reproduced by any profile with a suitable peak field value– which can be utilised
to obtain a general shape of the solar antineutrino spectrum. This scaling and the upper
bound on the solar antineutrino event rate, that can be derived from the data, lead to: 1)
an upper bound on the solar antineutrino flux, 2) the prediction of their energy spectrum.
We get φν̄ < 4.9 × 10−3φ(8 B) or φν̄ < 1.3 × 10−3φ(8 B) at 95% CL, assuming Gaussian or
Poissonian statistics, respectively. For 90% CL these become φν̄ < 4.4 × 10−3 φ(8 B) and
φν̄ < 1.0 × 10−3 φ(8 B). This provides an improvement by a factor of 3-10 with respect to
existing bounds. These limits are quite general and independent of the detailed structure
of the magnetic field in the solar interior.

The recent KamLAND experiment [1] searching for antineutrinos of Eν > 1.8 M eV
via
νe + p → n + e+

(1)

has provided strong indications through the observation of reactor antineutrinos that the
solution to the solar neutrino problem is dominated by matter oscillations with a large
mixing angle (LMA). Before the appearance of KamLAND data, the resonant spin flavour
precession (RSFP) [2–4] with Majorana neutrinos based on a transition magnetic moment,
provided very good fits to the solar neutrino data [5]. After adding the KamLAND result,
it has become clear that SFP solutions, both resonant and non-resonant, may only be
accepted at 99.86%C.L. or 99.88%C.L. respectively [6]. Hence SFP cannot be the leading
solar neutrino problem solution. It can however be present at a subdominant level. Such a
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possibility was recently investigated [7], its signature being the appearance of antineutrinos
from the Sun [3, 8, 9]. The production of these antineutrinos must predominantly occur as
a vacuum oscillation from the Sun to the Earth [7]
νeL → ν̄µR → ν̄eR ,

(2)

with the first step in this sequence (SFP) taking place inside the Sun.
The amplitude for the νeL → ν̄µR transition was evaluated in perturbation theory for
small µB, the product of the neutrino magnetic moment by the solar magnetic field and
found to be, assuming the LMA solution to be dominant [7]
A(νeL → ν̄µR ) =

µB(ri ) sin2 θ̃(ri , E)
.
0
g2 (ri )

(3)

where the factor 1/2 comes from averaging over the vacuum oscillations, θ is the vacuum
mixing angle [7], fB represents the neutrino production distribution function for Boron
neutrinos [11] and the integral extends over the whole production region.
The essential point is that the 8 B production spectrum is sharply peaked around 0.054
of the solar radius so this probability is almost independent of the shape of the solar field
profile. This can be made clear if one considers the limiting case of an infinitely peaked
8 B production spectrum

P (νe → ν̄eR ) =

µ2
sin2 2θ
2

Z

B 2 (ri )sin4 θ̃(ri , E)
δ(0.054 − ri )dri .
0
g22 (ri , E)

(5)

Hence
P (νe → ν̄eR ) =

µ2 sin2 2θ B 2 (0.054)sin4 θ̃(E, 0.054)
.
0
2g22 (E)

(6)

This probability Pν (E) is just a function of the neutrino energy E and the dependence
on the field is through the value B(0.054) only. This argument would be wrong for pp
neutrinos, since their production spread is much larger. So there is an approximate scaling
factor for the solar antineutrino production probability Pν (E) [10].
Pν [B(r), E] = k(E)Pν0 (E) ,

(7)

where Pν0 (E) is the antineutrino production probability corresponding to an arbitrary reference field profile. This scaling factor can be evaluated from (3) and (4) which yields

–2–

ahep2003

0

In this expression ri denotes the neutrino production point, g2 is a function of the interaction potentials Ve , Vµ and θ̃(ri , E) is the matter mixing angle. Recently we proposed
a more realistic case [10] in which we convolute the neutrino production distribution spectrum with the solar magnetic field profile. In this way, the overall antineutrino production
probability is obtained as
Z
1
P (νeL → ν̄eR ) = sin2 2θ |A(νeL → ν̄µR )|2 fB (ri )dri ,
(4)
2
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R
k(E) =

R




B(ri )sin2 θ̃(ri ,E)
0
g2 (ri ,E)
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2

B 0 (ri )sin2 θ̃(ri ,E)
0
g2 (ri ,E)

fB (ri )dri
2

(8)
fB (ri )dri

Ee0

Em

Here Q0 is a normalization factor which takes into account the number of atoms of the
detector and its live time exposure [1] and E is the antineutrino energy, related to the
0
physical positron energy by Ee = E − (mN − mP ) to zero order in 1/M , the nucleon
mass. We thus have Em = 1.804M eV . The parameter Ee is the measured positron energy
with a lower cut at Ee0 = 2.6M eV , as set by the KamLAND collaboration, in order to
eliminate the background posed by the geo-neutrinos. The functions  (' 80%) and R
denote the detector efficiency and the Gaussian energy resolution function of the detector.
The antineutrino cross section σ(E) was taken from ref.[12]. We considered energy bins of
size Ee = 0.425 M eV in the KamLAND observation range (2.6 − 8.125) M eV [1].
The almost uniqueness of the solar antineutrino spectrum can now be seen. First we
note that the spectral flux of solar antineutrinos can be written as
φν̄ (E) = Φν̄ f (E)

(10)

where Φν̄ denotes the total solar antineutrino flux and the function f (E) is normalized to
one. Alternatively one can obviously write
φν̄ (E) = Pν̄ (E)φB (E)

(11)

so the scaling behaviour that applies to P (E) also applies to the spectral flux φν̄ (E), in
other words the energy shape of φν̄ (E) is almost independent of the field profile as can be
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The effect of the scaling factor k can be seen in fig.1: different solar field profiles
lead to approximately the same antineutrino probability Pν0 (E) provided in each case a
convenient choice of peak field B0 is made and the magnitudes of B0 required may be
quite different for different profiles. In this way there are profiles more efficient than others
for ν̄ production. This efficiency is balanced by the field intensity B0 in the vicinity of
the neutrino production peak. In fig.2 we provide a comparison between the 8 B neutrino
production distribution and the possible magnetic field profile. Hence it is seen that profile
3 (dashed line) is the most efficient of the three.
As a consequence of the profile independence of the antineutrino probability shape,
it is possible to extract a general solar antineutrino spectrum from the recent KamLAND
observations. The normalization of the spectrum can, of course, only be obtained in future
from the possible solar antineutrino event rate as seen by KamLAND.
The positron event rate in the KamLAND experiment originated from solar antineutrinos can be written as
Z Eemax
Z EM
0
0
S = Q0
dEe
(Ee )R(Ee , Ee )φν̄ (E)σ(E)dE.
(9)
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seen in fig.3. Here the three curves, corresponding to the same profiles as in fig.2, were
obtained for quite different values of the peak field.
Finally we derive an upper bound on the solar antineutrino flux from the KamLAND
experiment Φν̄ . We apply separately Gaussian probabilistic considerations to the global
rate in the whole energy range, Ee = (2.6 − 8.125) M eV , and Poissonian considerations to
the event content in the highest energy bins (Ee > 6 MeV) where KamLAND observes no
signal. We take
Sνsun = Sobs − Sreact (LM A),

(12)

where Sobs = 54.3 ± 7.5 and Sreact (LM A) is the signal expected for the best fit parameters
of KamLAND (∆m221 = 6.9 × 10−5 eV 2 , sin2 2θ = 1), Sreact = 49 ± 1.3. At 90 (95)% CLs’
(13)

For the Gaussian case we equate for each arbitrary solar field profile the event rate S to
17.8 (20.2) events and extract the corresponding antineutrino flux
Z EM
Φν̄ =
φν̄ (E)dE
(14)
Em

generating that number of events. We obtain
Φν̄ < 0.0044ΦB (90%CL)

(15)

Φν̄ < 0.0049ΦB (95%CL).

(16)

and

For the five highest energy bins Ee = 6 − 8.125M eV no positrons from reactor
antineutrinos are expected. Here KamLAND observes no signal. We translate this negative
result into an upper bound on the solar antineutrino flux, the one that can generate events
in this range. We use Poisson statistics. Confidence intervals are [0, CL ] where CL denotes
the maximum allowed number of events at each particular CL: CL = 2.44 for 90%CL and
3.09 for 95%CL. We therefore get
Φν̄ < 0.0010ΦB (90%CL)

(17)

Φν̄ < 0.0013ΦB (95%CL).

(18)

These results are 3 to 10 times stricter than previously existing bounds from LSD [14].
Finally, the near independence of the antineutrino probability leads to an antineutrino
spectrum which is a modification of the parent 8 B one in a profile independent way. A
comparison of the two spectra is displayed in fig. 4 which clearly shows the peak shift and
distortion introduced by the antineutrino probability.
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Sobs − Sreact = kSν̄0 < 17.8 (20.2).
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To summarize, now that SFP is ruled out as a dominant effect for the solar neutrino
deficit, it is important to investigate its still remaining possible signature in the solar
neutrino signal, namely an observable ν̄e flux. From the antineutrino production model
expound here, an upper bound on the solar antineutrino flux can be derived, namely φν̄ <
4.9 × 10−3 φ(8 B) and φν̄ < 1.3 × 10−3 φ(8 B) at 95% CL, assuming respectively Gaussian or
Poissonian statistics. For 90% CL we found φν̄ < 4.4×10−3 φ(8 B) and φν̄ < 1.0×10−3 φ(8 B)
which shows an improvement relative to previously existing bounds from LSD [14] by a
factor of 3-10. These are practically independent of the detailed magnetic field profile in
the core and radiative zone and the energy spectrum of this flux is also found to be nearly
profile independent. Furthermore, in view of the relation φν (E) = φB (E)Pν̄ (E), the same
effect also leads to a profile independent antineutrino spectrum.
Note Added
At the time of preparation of the present manuscript we learned that the KamLAND
Collaboration has presented new data [15] corresponding to 0.28 kton-year (251 days) and
derived a new upper bound on solar antineutrinos of 2.8 × 10−4 of the standard solar model
8 B flux. This bound improves ours by a factor 3-4.
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International Workshop on Astroparticle and High Energy Physics

Joao Pulido

[14] M. Aglietta et al., Pisma Zh. Eksp. Teor. Fiz. 63, 753 (1996) [JETP Lett. 63, 791 (1996)].
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Figure 1: Antineutrino probabilities for three different solar field profiles (see also fig.2). Upper
panel: the peak field is chosen in each case so as to produce the same event rate in KamLAND.
Lower panel: the same value of the peak field (B0 = 107 G) is seen in each case to lead to probabilities
of quite different magnitudes.
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Figure 2: Upper panel: 8 B neutrino production spectrum (in arbitrary units) as a function of the
radial coordinate. Lower panel: the three solar field profiles considered in the main text normalized
to B0 , the peak field value.

Flux

Profile 1
Profile 2
Profile 3

0

0

5

10

15

20

Antineutrino Energy (MeV)

Figure 3: Solar antineutrino spectra for three different solar field profiles.
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Figure 4: The expected solar antineutrino spectrum (red) and the 8 B neutrino one (black) [11],
both normalized to unity, showing the peak shift and the distortion introduced by the antineutrino
probability. Units are in MeV.
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