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MSW mediated neutrino decay and the solar neutrino problem

Abhijit Bandyopadhyay,* Sandhya Choubey,† and Srubabati Goswami‡

Saha Institute of Nuclear Physics, 1/AF, Bidhannagar, Calcutta 700 064, India
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We investigate the solar neutrino problem assuming the simultaneous presence of MSW transitions in the
Sun and neutrino decay on the way from the Sun to Earth. We do a globalx2 analysis of the data on the total
rates in Cl, Ga, and SuperKamiokande~SK! experiments and the SK day-night spectrum data and determine
the changes in the allowed region in theDm2 -tan2 u plane in the presence of decay. We also discuss the
implications for unstable neutrinos in the SNO experiment.
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I. INTRODUCTION

Global analysis of the total rates measured in the Cl,
@1#, and SuperKamiokande~SK! experiments and the day
night spectrum data of SK@2# indicate that the large mixing
angle~LMA ! Mikheyev-Smirnov-Wolfenstein~MSW! solu-
tion gives the best description of the solar neutrino data@3#.
However, before a particular solution can be established
should rule out other possibilities. In this spirit physicis
have considered various nonstandard neutrino properties
their implications for the solar neutrino problem@4#. In this
paper we consider a scenario where neutrinos are allowe
decay on their way from the Sun to Earth after undergo
MSW transitions in the Sun. Such a possibility was d
cussed earlier in@5#.

We consider two-flavor mixing betweenne and nm/nt
with mass eigenstatesn1 andn2. We assume that the heavie
mass staten2 is unstable, while the lighter neutrino ma
staten1 has a lifetime much greater than the Sun-Earth tr
sit time and hence can be taken as stable. There are
possible nonradiative decay modes.1

Model 1: If neutrinos are Dirac particles, one has the
cay channeln2→ n̄1R1f, wheren̄1R is a right handed sin-
glet andf is an isosinglet scaler. Thus all the final sta
particles for this model are sterile and there is no disti
signature of this decay apart from disappearance exp
ments. This model is discussed in@7#. In this model a light
scalar bosonf with lepton number22 and a singlet right
handed neutrino is added to the standard model. The neu
coupling to this scalar boson is given byg21nR1

T C21nR2
, C

being the charge conjugation operator.
Model 2: If neutrinos are Majorana particles, the dec

mode isn2→ n̄11J, whereJ is a Majoron, produced as
result of spontaneous breaking of a global U(1)Le2Lm

sym-
metry@8#. In this model the neutrino masses are generated
extending the Higgs sector of the standard model. Tho
the original triplet Majoron model proposed by Gelmini a
Roncadeli@9# is ruled out from the CERNe1e2 collider

*Email address: abanerjee@tnp.saha.ernet.in
†Email address: sandhya@tnp.saha.ernet.in
‡Email address: sruba@tnp.saha.ernet.in
1Radiative decays are severely constrained@6#.
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LEP data onZ decay to invisible modes@10#, the model
discussed in@8#, which needs two additional triplet boson
and one singlet scalar boson in the theory, can avoid con
with the LEP data and at the same time predict a fast eno
neutrino decay necessary to solve the solar neutrino prob
In this model then̄1 can be observed as an̄e with a prob-
ability uUe1u2 and as an̄m / n̄t with a probabilityuUe2u2.

In both the decay scenarios the rest frame lifetime ofn2 is
given by @11#

t05
16p

g2

m2~11m1 /m2!22

Dm2
, ~1!

where g is the coupling constant,mi is the n i mass, and
Dm25m2

22m1
2. Assumingm2@m1 Eq. ~1! can be written as

g2Dm2 ;16pa, ~2!

wherea is the decay constant related tot0 asa5m2 /t0. If
we now incorporate the boundg2,4.531025 as obtained
from K decay modes@12#, we get the bound2 Dm2.106a.
Since for a typical neutrino energy of 10 MeV, one sta
getting decay effects over the Sun-Earth distance fora
*10213 eV2, the corresponding limit onDm2 is Dm2

*1027 eV2. In an earlier paper we considered high valu
of Dm2 (.1023 eV2) so that matter effects inside the Su
can be neglected and one can have decay as well asDm2

independent average oscillations@14#. In this paper we con-
sider 1026<Dm2<1023 eV2 such that matter effects insid
the Sun are important. We incorporate Earth matter effect
well.

In Sec. II we discuss the usual two-flavor MSW solutio
to the solar neutrino problem. We perform ax2 analysis to
the global data on rates and SK day-night spectrum
present the allowed regions in theDm2-tan2 u plane. In Sec.
III we introduce the possibility of having one of the neutrin
statesn2 as unstable. We look for the effects of decay
the MSW solutions and present the allowed areas

2Since themee element of the mass matrix is zero in the Majoro
decay model considered, the 0n Majoron bb decay does not take
place in this model@8# and the more stringent bound ong from
Majoron emission inbb decay@13# is not applicable.
©2001 The American Physical Society19-1
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TABLE I. The best-fit values of the parameters,xmin
2 and the goodness of fit from the global analysis

the rates and day-night spectrum data for the MSW analysis involving two neutrino flavors.

Nature of Dm2 tan2 u xmin
2 Goodness

solution in eV2 of fit

SMA 5.4831026 5.7931024 43.22 19.01%
XB fixed LMA 4.1731025 0.35 37.33 40.78%
at SSM value LOW 1.5131027 0.64 39.54 31.48%

SMA 5.3531026 4.3431024 37.98 33.51%
XB varying LMA 4.2231025 0.25 34.20 50.67%

LOW 1.5131027 0.64 39.88 26.20%
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various values of the decay constant. We show that for
Majoron decay model~model 2! the SK data onn̄e-p events
restricts the allowed values of the decay constant to
tremely low values. In Sec. IV we discuss the implications
nonzero neutrino decay for the SNO experiment. We fina
present our conclusions in Sec. V.

II. MSW EFFECT FOR STABLE NEUTRINOS

As was first indicated in@15#, the interaction of electron
neutrinos propagating through the Sun modifies the vacu
mixing angleu to the matter mixing angleuM where

tan 2uM5
Dm2 sin 2u

Dm2 cos 2u22A2GFneE
. ~3!

Here ne is the ambient electron density,E the neutrino en-
ergy, andDm2 (5m2

22m1
2) the mass squared difference

vacuum. The vanishing of the denominator in Eq.~3! defines
the resonance condition, where the matter mixing angl
maximal.

The probability amplitude of survival for an electron ne
trino is given by

Aee5Ae1
( A11

vacA1e
% 1Ae2

( A22
vacA2e

% , ~4!

whereAek
( gives the probability amplitude of ane→nk tran-

sition at the solar surface,

Aek
( 5aek

( e2 ifk
(

, ~5!

ae1
( 25PJ sin2 uM1~12PJ!cos2 uM512ae2

( 2. ~6!

Here PJ is the nonadiabatic level jumping probability b
tween the two mass eigenstates for which we use the s
dard expression from@16#:

PJ5
exp~2g sin2 u!2exp~2g!

12exp~2g!
, ~7!

g5p
Dm2

E Ud ln ne

dr U
r 5r res

21

. ~8!

HereAkk
vac is the transition amplitude from the solar surfa

to Earth’s surface:
11301
e

x-
f
y

m

is

n-

Akk
vac5e2 iEk(L2R(), ~9!

whereL is the Sun-Earth distance andR( the radius of the
Sun.Ake

% denotes thenk→ne transition amplitudes inside th
Earth. We evaluate these amplitudes by assuming the E
to consist of two constant density slabs. Thene survival
probability is given by

Pee5uAeeu2

5ae1
( 2uA1e

% u21ae2
( 2uA2e

% u2

12ae1
( ae2

( Re@A1e
% A2e

% * ei (E22E1)(L2R()ei (f2,(2f1,()#.

~10!

It can be shown that the square bracketed term containing
phases average out to zero in the range ofDm2 in which we
are interested@17#.

Using Eq. ~10! as the probability we have done ax2

analysis of the current solar neutrino data on total rates fro3

Cl, Ga @1#, and SK and the 18118 bins of data on the day
night electron energy spectrum from SK@18#. The details of
the code used can be found in@19#. We use the 1117-day
data of SK and incorporate the 2000 Bahcall-Bas
Pinsonneault~BBP00! solar model@20#. The theory errors
and their correlations in the analysis of total rates are
cluded as in@21#. In addition to the astrophysical uncertain
ties included in@19# for the analysis of the total rates, w
have included the uncertainty in theS0 factor for the reaction
16O(p,g)17F @20#. For the day-night spectrum analysis w
have included the correlation between the systematic er
of the day and the night bins@22#. As in @23# we vary the
normalization of the spectrum as a free parameter wh
avoids the overcounting of the rates and spectrum data
SK. Hence for the day-night spectrum analysis we have
21 degrees of freedom~DOF! while for the total rates we
have 3, which makes a total of 38 DOF for the rat
1spectrum analysis with no oscillation. For the MSW ana
sis with two active neutrino flavors we present in Table I tw
sets of results:~i! with the 8B normalization factorXB in the

3We use the weighted average of the rates from SAGE, GALLE
and GNO.
9-2
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total rates held at the SSM value;~ii ! with the 8B normal-
ization factorXB in the total rates kept as a free paramete

The best fit comes in the LMA region. In Fig. 1 we pl
the 90%, 95%, and 99% C.L. allowed regions for the tw
flavor MSW transition to an active neutrino. All the contou
have been drawn with respect to the global minimum w
XB fixed at the SSM value. We have also done ax2 analysis
for ne2ns MSW conversion,ns being a sterile neutrino, fo
both XB fixed at SSM andXB varying freely. The best-fit
values of the parameters,xmin

2 and the goodnes
of fit ~GOF! are Dm2 53.7431026 eV2, tan2 u55.2
31024, xmin

2 544.85, GOF514.79%, XB fixed at the
SSM value and Dm2 53.7131026 eV2, tan2 u54.72
31024, xmin

2 543.42, GOF515.53%, XB free.

III. MSW EFFECT AND UNSTABLE NEUTRINOS

If a neutrino of energyE decays while traversing a dis
tanceL, then the decay term exp(2aL/E) gives the fraction
of neutrinos that survive, wherea is the decay constant dis
cussed before. In Fig. 2 we plot this exp(2aL/E) as a func-
tion of a for two different energy values. Fora very small
the exponential term is'1 and there is no decay. Asa
increases one starts getting decay over the Sun-Earth
tance only fora*10213 eV2. As we have discussed in th
Introduction, since fromK decayDm2>106a, one can have
simultaneous MSW and decay for 1027 eV2,Dm2

,1023 eV2. Below this Dm2 the bound on the coupling
constant coming fromK decay restricts the decay constanta
to be small enough so that decay effects are negligible o
the Sun-Earth distance. So henceforth we will be concer
with only the LMA and small mixing angle~SMA! solutions,

FIG. 1. The 90%, 95%, and 99% C.L. allowed area from
global analysis of the total rates from Cl, Ga, and SK detectors
the 1117-day SK recoil electron spectrum at day and night, ass
ing MSW conversions to stable sequential neutrinos.
11301
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the low probability, low mass~LOW! region remaining un-
affected due to decay. ForDm2.1023 eV2 there will not be
any MSW effect.

The probability amplitude forne survival in the presence
of neutrino decay is again given by Eq.~4!, with Aek

( , Ake
% ,

andA11
vac as before, the only change being forA22

vac since the
n2 decays on its way from the Sun to Earth.A22

vac is given by

A22
vac5e2 iE2(L2R()e2a(L2R()/E2. ~11!

Then, thene survival probability is given by~ignoring the
phase part!

Pee5ae1
( 2uA1e

% u21ae2
( 2uA2e

% u2e22a(L2R()/E2. ~12!

The day-time probability~i.e., without the Earth effect! is
given by

Pee
day5cos2 u@PJ sin2 uM1~12PJ!cos2 uM#

1sin2 u@~12PJ!sin2 uM1cos2 uMPJ#

3e22a(L2R()/E2. ~13!

From Eq.~13! we note that the decay term appears with
sin2 u and is therefore appreciable only for large enoughu.
Thus we expect the effect of decay to be maximum in
LMA region. This can also be understood as follows. Thene
are produced mostly asn2 in the solar core. In the LMA
region the neutrinos move adiabatically through the Sun
emerge asn2 which eventually decays. For the SMA regio
on the other handPJ is nonzero andne produced asn2 cross
over to n1 at the resonance and come out as an1 from the
solar surface. Sincen1 is stable, decay does not affect th
region. Including the Earth effect the survival probability c
be expressed as

d
-

FIG. 2. The decay term exp(aL/E) vs a for two different neu-
trino energies.L is taken as the Earth-Sun distance.
9-3
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BANDYOPADHYAY, CHOUBEY, AND GOSWAMI PHYSICAL REVIEW D 63 113019
Pee5Pee
day1

~sin2 u2P2e!@Pee
day1e22a(L2R()/E2~Pee

day21!#

cos2 u2sin2 ue22a(L2R()/E2
.

~14!

HereP2e is the probability of the second mass eigenstate
get converted into thene state at the detector.

In Fig. 3 the solid lines show the survival probabili
versus neutrino energy for three different values ofa with
Dm2 and tan2 u fixed at the best-fit value of the LMA solu
tion. The introduction of decay reduces the survival proba
ity, as the second term in Eq.~12! reduces witha. Decay
also brings about a deviation from a flat probability towar
the high energy end. The dotted line gives the probability
the same Dm2 but a higher value of tan2 u with a
510211 eV2. We observe that there is a huge drop in t
survival probability initially, followed by a sharp increas
with energy. A comparison between the different curv
shows that inclusion of decay results in the reduction of
survival probability as well as an energy distortion and b
these effects increase with the mixing angleu.

We next perform ax2 analysis of the total rates and th
day-night spectrum data for nonzero decay. The bes
comes fora50, corresponding to no decay with theDm2

and tan2 u as given in Table I. However, nonzero values ofa
giving finite decay probability also give an acceptable fit. F
small values ofu as in the SMA region, the fraction ofn2 in
the solar neutrino beam is very small. As a result very f
neutrinos decay and all values ofa may be allowed. On the
other hand, in the LMA region theu is high and a large
number of neutrinos can decay, producing a distortion in
energy spectrum. Therefore the data can put some res
tions on the allowed values ofa. In Fig. 4 we plotDx2

(5x 22x min
2 ) vs a keeping the other two parameters free~in

the LMA regime!. We also show the 99% C.L. limit for thre

FIG. 3. The survival probability as a function ofne energy for
different values ofa. The solid lines are for tan2 u50.35 while the
dotted line is for tan2 u50.85. For all the curvesDm254.17
31025 eV2.
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parameters by the dotted line. From Fig. 4 we see that in
LMA region, values ofa up to 3.5310211 eV2 are allowed
at 99% C.L. from the global analysis.

In Fig. 5 we show the allowed regions in theDm2 -tan2 u
plane for various fixed values ofa. The first panel is fora
50 which is the case of no decay and the contours are
same as those presented in Fig. 1, modulo the differenc
the definition of the C.L. as now there are three parame
whereas in Fig. 1 we had two. The other three panels are
different nonzero allowed values ofa obtained from Fig. 4.

FIG. 4. TheDx2 versus decay constanta for the global analysis
of total rates and the SK day and night spectrum data. Also sh
by the dotted line is the 99% C.L. limit for three parameters.

FIG. 5. The 90%, 95%, and 99% C.L. allowed area from t
global analysis of the total rates and the 1117-day SK day-n
spectrum data, for MSW conversion of unstable neutrinos at var
values of the decay constanta. The different fixed values ofa in
eV2 are indicated.
9-4
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As expected, we find that the SMA allowed regions
main mostly unaffected due to a nonzeroa. The LMA solu-
tion on the other hand is appreciably affected and the
lowed area shrinks asa increases. This effect is seen to b
more pronounced for larger tan2 u. The reason for this can b
traced down to the fact that decay results in distortion of
high energy end of the neutrino spectrum and this distor
is more for higher tan2 u, a feature explicit in Fig. 3. As a
result higher values of tan2 u are disfavored by the globa
data asa increases.

It is to be noted that although in the LOW region th
sin2 u is high, theDm2 is small and appreciable decay ov
the Sun-Earth distance is not obtained if one has to be c
sistent with the bounds on the coupling constant fromK
decays. Because of this, the LOW region is not plotted
Fig. 5.

The results presented in this section are in general v
for both decay models though in model 2 then2 decays to a
n̄1, which can interact with the electrons in the SK detec
asn̄e andn̄x . But since then̄1 is degraded in energy@7#, the
effect of these additional (n̄e2e) and (n̄x2e) scattering
events in SK is not significant@14# and the final results re
main the same. However, additional constraints on mod
come from then̄ep→e1n events, which contribute to th
background in SK. From the absence of a significant con
bution above the background, the bound obtained on the
flux of n̄e from 8B neutrinos is Fn̄e

(8B),1.8

3105 cm22 s21 which translates to a bound on the pro
ability Peē,3.5% @24#. In Fig. 6 we plot the conversion
probability Peē vs a. For eacha we find thexmin

2 and plot
Peē for the corresponding the best fitDm2 and tan2 u. We
also show the allowed limit ofPeē50.035. So from this
constraint for model 2 onlya<5.8310213 eV2 remain al-
lowed.

FIG. 6. The conversion probability ofne to n̄e , Peē versus
decay constanta. Also shown by the dotted line is the 99% C.L

value ofPeē allowed from the nonobservance of (n̄e2p) events in
the SK detector.
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IV. IMPLICATIONS FOR SNO

The main detection processes in the heavy water of S
are

ne1d→p1p1e2, ~15!

nx1d→p1n1nx . ~16!

The first is a charged current~CC! reaction with energy
threshold of 1.44 MeV and the second one is a neutral c
rent ~NC! process with an energy threshold of 2.23 Me
While the CC is sensitive to onlyne , the NC process is
sensitive to neutrinos and antineutrinos of all flavors. T
rate of (ne2d) CC events recorded in the detector is giv
by

RCC5

E dEnlne
~En!sCC~En!^Pee&

E dEnlne
~En!sCC~En!

, ~17!

sCC5E
EAth

dEAE
0

`

dETR~EA ,ET!E dEn

dsned~ET ,En!

dET
,

~18!

wherelne
is the normalized8B neutrino spectrum,̂Pee& is

the time averagedne survival probability, dsned /dET is the

differential cross section of the (ne2d) interaction@25#, ET
is the true andEA the apparent~measured! kinetic energy of
the recoil electrons,EAth

is the detector threshold energ

which we take as 5 MeV, andR(EA ,ET) is the energy reso-
lution function which is assumed to be Gaussian:

R~EA ,ET!5
1

A2p~0.348AET /MeV!

3expS 2
~ET2EA!2

0.242ET MeVD . ~19!

The NC event rate is given by

RNC5

E dEnlne
~En!sNC~En!P

E dEnlne
~En!sNC~En!

, ~20!

where P5^Pee&1^Pem& for two-flavor ne-nm oscillations.
The left hand panels in Fig. 7 give the range of predic
values ofRCC , RNC , and the double ratioRNC /RCC at 99%
C.L. from a global MSW analysis of the solar neutrino da
The black dots in these figures represent the expected rat
SNO for the local best-fit values of the parameters obtain
As the neutral current interaction is flavor blind, theRNC
remains 1 for oscillations to active neutrinos for whichP
51. But for oscillations to sterile neutrinosP5^Pee& and
RNC50.78 for the best-fit case.
9-5
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The right hand panels in Fig. 7 show the correspond
rates in SNO for the LMA region if the neutrinos are a
sumed to be unstable~the SMA solution remains largely un
affected as discussed in the previous section!. We consider
the decay model 1 and present the 99% C.L. predicted ra
of values of the rates for three different allowed values of
parametera, along with the case fora50, which is the
same as the LMA region of the global MSW analys
modulo the difference in the definition of the C.L. Als
shown are the rates for the best-fit value ofDm2 and tan2 u
for various fixed values ofa. For each fixed value ofDm2

and tan2 u one expectsRCC to fall sharply witha. But since
the best fit of the global analysis for increasinga corre-
sponds in general to a higherDm2, that raises the value o
RCC . HenceRCC in SNO alone may not be able to distin
guish the decay scenario from MSW conversion to act
stable neutrinos. The value ofRNC suffers a marked decreas
from 1 as the decay constanta increases, since for the deca
model 1 thene decays to sterile particles which cannot
detected in SNO.

From Fig. 7 we see that ifRNC is below 1, one can have
either MSW conversion to sterile neutrinos or the possibi
of unstable neutrinos. But the ambiguity between the last
cases can be lifted if one next looks at the value ofRCC ,
which is much lower for the case of unstable neutrinos th
what one would get for MSW conversion to sterile neutrin
We also display the expected range ofRNC /RCC for various
fixed values of the decay constant. It is clear from the fig
that from the value ofRNC /RCC in SNO one can clearly
distinguish the case of a decay from the case of a M
transition to sterile neutrinos.

FIG. 7. The predicted ranges ofRCC , RNC and RNC /RCC in
SNO for the standard MSW conversion to stable neutrinos~left
hand panels! and for unstable neutrinos~right hand panels!. The
dots give the values of the rates for the local best fit.
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In the decay model 2 thene decay ton̄1, which can in
principle show up both in the NC events in SNO as well as
the charged current absorption reaction

n̄e1d→n1n1e1. ~21!

But since the absence of (n̄e2p) events in SK restricta
<5.8310213 eV2, both the additional contribution to th
NC event and the (n̄e2d) absorption is negligible in SNO.

V. CONCLUSIONS

We have investigated the effect of neutrino decay on
MSW solution to the solar neutrino problem. There are t
factors which control the effect of decay:~i! the mixing angle
u which determines the fraction of the unstable componen
the ne beam;~ii ! the decay constanta which determines the
decay rate.

In order for the neutrinos to decay over the Earth-S
distancea should be>10213 eV2. Then Eq.~2! and the
bounds on the coupling constant fromK decays restrict
Dm2*1027 eV2 and decay does not take place in the LO
region. We therefore probe the SMA and the LMA region
We find that even the SMA region is not affected mu
because the mixing angle being small very few neutrin
would decay. But the effect of decay on the LMA region
significant. This is borne out by thex2 analysis of the global
solar data on rates and SK day-night spectrum. We point
that although the datapreferno decay, it stillcannot rule out
the possibility of unstable neutrinos completely. We put lim
its on the allowed range of the decay constanta and present
the allowed areas in theDm2-tan2 u parameter space fo
various allowed values ofa. The LMA allowed zone is seen
to be severely constrained by decay.

From Fig. 4, values ofa<3.5310211 eV2 are allowed,
implying a neutrino rest frame lifetimet0>231025 sec.
Thus one may encounter decay before neutrino decouplin
the early universe. This may result in increasing the num
of light neutrinos,Nn , to greater than 3. However, the upp
limit on Nn can be as large as 6@26#. Hence our decay mode
is consistent with the bounds from the early universe.

From the fact that the neutrinos from SN1987A have n
decayed on their way one gets a lower bound on the elec
neutrino lifetime ast.5.73105(mne

/eV) sec. However, if
one includes neutrino mixing, then shorter lifetimes are
lowed provided uUe2u,0.9 @27#. This again is consisten
with our analysis.

In this paper we assume one of the neutrino states to
unstable in vacuum and the values of the decay constaa
are such that one has decay over the Earth-Sun distance
these values ofa, decay inside the Sun or the Earth is ne
ligible. However, as was shown in@28# matter can induce
neutrino decay with Majoron emission even when neutrin
are stable in vacuum. It was shown later in@29# that in the
presence of only standard interactions, matter induced de
cannot provide a solution to the solar neutrino problem d
to the strong bounds on neutrino-Majoron couplings. As
have discussed in this paper, decay models where then2
9-6
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decays to an̄1 and a Majoron are independently disfavor
from the nonobservation of (n̄e2p) events in SK.

We have looked at the implications of unstable neutrin
for the SNO detector. We first present the values of the
and NC rates which SNO is expected to observe for MS
transitions with stable neutrinos. We have given the val
for transitions to both active as well as sterile species.
unstable neutrinos the NC rate is less than 1 and compar
to RNC for standard MSW SMA transitions to sterile neut
nos. But even though the value ofRNC may be nearly the
ur
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,

n-
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11301
s
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ble

same for the two scenarios, comparing the values ofRCC or
RNC /RCC it may be possible in principle to distinguish th
decay scenario from the MSW transition to sterile neutrin
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