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A Solution of the Solar-Neutrino Problem
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Comparison of the results from the Kamiokande neutrino-electron scattering experiment with those
from the chlorine experiment and with solar models shows that the explanation of the solar-neutrino
problem probably requires physics beyond the standard electroweak model with zero neutrino masses.
The experimental results, including the shape of the electron-recoil energy spectrum measured by
Kamiokande, are in excellent agreement with a nonadiabatic solution of the Mikheyev-Smirnov-
Wolfenstein effect, yielding a neutrino mass difference of 4m ' =1 & 10 sin 'eI eV'.

PACS numbers: 96.60.Kx, 12.15.Ff, 14.60.Gh

(Act)ci, &l ear& =7.9 ~ 2.6 SNU, (3)

where the indicated error refers to the total theoretical
uncertainty. The diAerence between the values given in

Eqs. (1) and (3) has constituted for two decades the
"solar-neutrino problem. " The measurement cited in

Eq. (2) points the way to a solution of this long-standing
puzzle.

Recently, ' the Kamiokande II Collaboration has re-
ported on 1040 days of observations of solar neutrinos
via neutrino-electron scattering. These results are of
fundamental significance since the angular dependence
of the scattered electrons shows that the detected neutri-
nos originate in the Sun and since the observation pro-
vides a specific measurement of the scattering rate of the
highest-energy B solar neutrinos. Moreover, the
Kamiokande II results show that the B neutrino Ilux is
independent of time, despite strong hints from the
chlorine observations of a time dependence.

In this paper we assume the correctness of the follow-

ing experimental results, a chlorine detection rate of

(pa)c(,„p, =2.1+ 0.3 SNU (lo error)

(where SNU denotes solar-neutrino units) for neutrinos
above the 0.81-MeV threshold energy and a neutrino-
electron scattering rate of'

(per), ,= [0.46 ~ 0.05 (stat) +' 0.06 (syst) ) (po'), &,d (2)

for recoil electrons with energies greater than 7.5 MeV.
Here stnd refers to the rate calculated assuming the
correctness of the standard solar model and the standard
electroweak theory with zero neutrino masses. The
chlorine detector is sensitive to lower-energy neutrinos
(E & 2 Mev) from the pep reaction, from 'Be electron
capture, and from the decay of ' N, ' 0, and ' F, as
well as the higher-energy B neutrinos. The theoretical
expectation for the event rate in the chlorine detector is

We do not know of any modifications of the astrophys-
ical calculations of the state of the solar interior that
could lead to the reconciliation of Eqs. (1)-(3) without
requiring new physics for the neutrino. To see the
reasons for this situation, suppose that electroweak
theory with zero neutrino masses is exactly correct.
Then the shape of the neutrino energy spectrum pro-
duced in the Sun can be calculated accurately from labo-
ratory data. Using the known relative eSciencies of the
two detectors, Eq. (2) implies an event rate of 2.8~0.3

SNU in the chlorine detector from B neutrinos alone.
In addition, the pep neutrinos, whose Ilux can be calcu-
lated with an accuracy of 5%, contribute another 0.2
SNU. The 'Be neutrinos contribute 1.1 SNU in the
standard solar model and are much less sensitive to
changes in the model than are the B neutrinos (total un-

certainty 15% compared to 37% for the B neutrinos).
Crudely speaking, the Be neutrinos depend upon T,
whereas the B neutrinos depend upon T,", where T, is

the central temperature of the solar model. We conclude
that solar models, including models with weakly interact-
ing massive particles, that are consistent with Eq. (2)
will predict a chlorine rate near 4 SNU (without includ-

ing the eA'ects of CNO neutrinos). This rate is outside
the range observed in the chlorine experiment. Our con-
clusion that the solar-neutrino problem requires new

physics does not depend upon knowledge of the results
from gallium experiments or from Mikheyev-Smirnov-
Wolfenstein (MSW) calculations.

The MSW solution with a relatively large mass
difference can be excluded because Kamiokande II ob-
served a significant neutrino flux above 7.5 MeV. The
large-mass version of the MSW eAect predicts that
these higher-energy 8 neutrinos are almost entirely
missing.

The situation is diA'erent for the MSW eAect with a
small squared mass diA'erence hm . As is well known, in

this case the conversion of electron neutrinos v, to a
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second flavor neutrino that we shall call v,- is nonadiabat-
ic. The observed flux of electron neutrinos can then be
written 5—

pv, (E) =pv, (E)exp( —C,„p/E),
and the observed flux of other neutrinos satisfies

pv„(E) =pv, (E) [I —exp( —C,„p/E)] .

The constant C~Ump is given by

C~nsnp nP hm sin ev
—

1 2 . 2

(4)

(5)

(6)

4—

Cj p 10 5 ~5,5 MeV (7)

where ev is the neutrino mixing angle in vacuum and P
is the absolute value of the logarithmic derivative of the
electron density with radius, i.e., P= n,—'dn, /dr. For
the inner region of the Sun, P =10.54 per solar radius.

The value of C~ p can be fixed by requiring that the
calculated rate for the chlorine experiment be equal to
the observed rate, Eq. (1). For the range of B neutrino
fluxes allowed by the standard solar model,

10 13 14
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FIG. l. Electron recoil spectrum. Here P(T) is the proba-

bility that an electron has a recoil kinetic energy T (in MeV).
The threshold energy is assumed to be 7.5 MeV. The solid
curve refers to the unmodified recoil spectrum (C„„,=0.0)
and the dashed curve refers to the MSW-modified recoil spec-
trum. The error bars are taken from Ref. l.

The best-estimate value of C„„pcan be used to calculate
the rate for the Kamiokande neutrino-electron scattering
experiment. We find

($&)Msw 0.46(err)stnd, E, & 7.5 MeV

for electrons with recoil energies above 7.5 MeV and

(p+)Msw =0 49(po')stnd, E, & 9.3 MeV

(8)

(9)

=1.0x 10 8 sin ey e (10)

for electrons with recoil energies above 9.3 MeV. Both
of these results are in fortuitously good agreement with
the observed rates the difl'erence between calculated
and observed rates is only 0.01(po)„„d, which is much
less than the quoted errors.

The Kamiokande II team stressed that their results
are consistent with the spectrum of recoil electrons pre-
dicted by the standard (unmodified) neutrino spectrum.
Can our model be ruled out by these measurements?

Figure 1 compares the normalized energy distribution
P(T) of recoil electrons with kinetic energies T comput-
ed using the unmodified neutrino spectrum with the en-

ergy distribution obtained using the modified neutrino
spectra given in Eqs. (4) and (5). The error bars are
typical values taken from the experimental paper. ' We
see that the shape of the spectrum of recoil electron en-
ergies is practically the same for the MSW-modified flux
and for the standard neutrino flux. The reason is that at
the neutrino energies of interest (large compared to
m, c ) the scattered neutrino and electron receive compa-
rable amounts of the recoil energies.

We conclude that the nonadiabatic MSW solution is
the most likely explanation of the solar-neutrino prob-
lem. The neutrino mass difI'erence that corresponds to
C;„p=10.5 MeV is

This result is essentially the same as that of Rosen and
Gelb, Eq. (10). In that important paper, Rosen and

Gelb showed, using less precise data from Kamiokande,
that the nonadiabatic solution was a viable possibility. If
we arbitrarily assume e& equals the Cabibbo angle, 13',
then sin ey=0.05 and ~m =2x10 eV . Since neu-

trinos of the nonelectron flavor, Eq. (5), contribute 20'%%uo

of the calculated v-e scattering rate for a threshold of 7.5
MeV (and 18% for a threshold of 9.3 MeV), we note
that there is marginal experimental evidence that the
second neutrino flavor v, is not sterile. Independent of
solar models, the allowed range of B neutrinos that are
produced in the Sun is

o 35 —Ppr~/Pstnd —I 8

The lower limit follows directly from the Kamiokande II
measurements; the upper limit is obtained by considering
the MSW solution for the lowest ratio of chlorine to e-v
reductions (relative to the expected value) that is con-
sistent with both observations.

We consider unlikely the large-mixing-angle solution
discussed by Rosen and Gelb. We expect that the mass
matrix of neutrinos is similar to the Kobayashi-Maskawa
matrix in which the nondiagonal elements, i.e., the mix-

ing angles, are small. Bahcall and Haxton' have shown

that the solution with large mixing angles is viable if the
event rate in the gallium experiment exceeds 20 SNU.

The explanation discussed here has a number of exper-
imental consequences. The best-estimate rate for the
gallium experiments that are just getting started" is 5

SNU, much smaller than the standard-model prediction
of 132 SNU. This dramatic reduction occurs because
essentially all of the lower-energy neutrinos that contrib-
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ute almost all of the event rate in the standard model are
converted to v, . The best-estimate rate of 5 SNU refers
to the neutrinos as they come out of the Sun. Some of
the neutrinos will be reconverted to v, in the vacuum be-
tween the Earth and the Sun and some will be reconvert-
ed at night when passing through the Earth to reach the
detector. '

The expected event rates for the D20 experiment' are
not decreased dramatically from the standard model.
The neutral-current disintegration rate will be un-

changed and the charged-current absorption and the
neutrino-electron scattering rates will each be decreased

by factors of order 3 depending upon the precise detec-
tion thresholds.

The rates for neutrino-electron scattering by 'Be neu-

trinos (a feasible scintillator experiment approved for the
Gran Sasso Laboratory' ) is 0.21 of the standard predic-
tion and the neutrino-electron scattering by pp neutrinos

(perhaps observable with the liquid-helium detector's or
with other bolometric detectors' ) is 0.27 of the standard
prediction. For both these experiments (pp neutrinos
and Be neutrinos), the entire event rate is due to the
"other flavor" v„of neutrinos. The nonadiabatic MSW
solution makes an observable prediction also for the al-

tered shape of the spectrum of the recoil electrons for the
low-energy Be neutrinos: The recoil spectrum should
turn up in the last hundred keV of recoil electron energy.
This behavior is to be contrasted with the monotonically
decreasing spectrum predicted if only electron-type neu-

trinos are present and can be seen clearly in Fig. 8.5 of
Ref. 4. The day-to-night eA'ect may be observable in v-e

scattering experiments' and would be very informative.
Coherent neutrino-nucleus scattering' should yield

the rate calculated from the standard model since this
process is independent of neutrino flavor.
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