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MSW mediated neutrino decay and the solar neutrino problem
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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 gjélmlalysis of the data on the total
rates in Cl, Ga, and SuperKamiokan@®K) experiments and the SK day-night spectrum data and determine
the changes in the allowed region in then® -tarf ¢ plane in the presence of decay. We also discuss the
implications for unstable neutrinos in the SNO experiment.

DOI: 10.1103/PhysRevD.63.113019 PACS nuniderl4.60.Pq, 13.35.Hb, 26.65t, 96.40.Tv

[. INTRODUCTION LEP data onZ decay to invisible mode§10], the model
discussed i8], which needs two additional triplet bosons
Global analysis of the total rates measured in the Cl, Gand one singlet scalar boson in the theory, can avoid conflict
[1], and SuperKamiokandéSK) experiments and the day- With the LEP data and at the same time predict a fast enough
night spectrum data of SK2] indicate that the large mixing neutrino decay necessary to solve the sol&r neutrino problem.
angle(LMA) Mikheyev-Smirnov-WolfensteifMSW) solu-  In this model ther,; can be observed asig with a prob-
tion gives the best description of the solar neutrino data ability |Uy|? and as a:7M /77 with a probability|U e|2.

However, before a particular solution can be established one |4 hoth the decay scenarios the rest frame lifetime.of
should rule out other possibilities. In this spirit physicists giyen py[11]
have considered various nonstandard neutrino properties and

their implications for the solgr neutrino pro_ble[m]. In this 167 my(1+m, /my) 2

paper we consider a scenario where neutrinos are allowed to T0=—5 5 ) )
decay on their way from the Sun to Earth after undergoing g Am

MSW transitions in the Sun. Such a possibility was dis- ) . ]

cussed earlier ifi5]. where g is the coupling constantp; is the »; mass, and

We consider two-flavor mixing between, and v,/v, Am?=m3—mj. Assumingm,>m; Eq. (1) can be written as
with mass eigenstateg andv,. We assume that the heavier
mass statev, is unstable, while the lighter neutrino mass

statev, has a lifetime much greater than the Sun-Earth tran-

sit time and hence can be taken as stable. There are t§'€"€@ is the dectay tc;}onsganglzefzregjgi?gz :mztl)tTO.' I q
possible nonradiative decay modes. We now incorporate the bou ) as _obtaine

2
Model 1: If neutrinos are Dirac particles, one has the de{’0m K decay mode$12], we get the bourfdAm?>1C°a.

— — . . . Since for a typical neutrino energy of 10 MeV, one starts
cay channelb,— vig+ ¢, wherev i is a right handed sin- yp Wy

i IR . getting decay effects over the Sun-Earth distance dor
glet and ¢ is an isosinglet scaler. Thus all the final state ~ 1 -13 eV?, the corresponding limit onAm? is Am?

particles for this model are sterile and there is no distinct, 1 -7 \2 '|n an earlier paper we considered high values
signature of this decay apart from disappearance exXperke A 2 (>10"3 eV?) so that matter effects inside the Sun

ments. This model is discussed|[ifi. In this model a light can be neglected and one can have decay as wellnas

scalar bosord7 W'.th lepton number-2 and a singlet right . independent average oscillatiofist]. In this paper we con-
handed neutrino is added to the standard model. The neutring "1 56 < Am2<10-3 e\? such that matter effects inside

; i ‘e i T~-1
coupling to this scalar boson is given Byivr,C™ "k, C  the Sun are important. We incorporate Earth matter effects as
being the charge conjugation operator. well.
Model 2: If neutrinos are Majorana particles, the decay |n Sec. Il we discuss the usual two-flavor MSW solutions
mode isv,— v;+J, whereJ is a Majoron, produced as a to the solar neutrino problem. We performya analysis to

result of spontaneous breaking of a global u&llﬂ sym-  the global data on rates and SK day-night spectrum and

metry[8]. In this model the neutrino masses are generated bjresent the allowed regions in them?-tarf ¢ plane. In Sec.
extending the Higgs sector of the standard model. ThougH! We introduce the possibility of having one of the neutrino
the original triplet Majoron model proposed by Gelmini and Statesv, as unstable. We look for the effects of decay on
Roncadeli[9] is ruled out from the CERNe* e~ collider the MSW solutions and present the allowed areas at

9°Am? ~167a, 2

*Email address: abanerjee@tnp.saha.ernet.in 2Since them,, element of the mass matrix is zero in the Majoron
'Email address: sandhya@tnp.saha.ernet.in decay model considered, thes WMajoron 83 decay does not take
*Email address: sruba@tnp.saha.ernet.in place in this mode[8] and the more stringent bound @nfrom
'Radiative decays are severely constraif@id Majoron emission in3B decay[13] is not applicable.
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TABLE I. The best-fit values of the parametexs,, and the goodness of fit from the global analysis of
the rates and day-night spectrum data for the MSW analysis involving two neutrino flavors.

Nature of Am? tar? 6 Xmin Goodness
solution in e\? of fit
SMA 5.48< 1078 5.79< 1074 43.22 19.01%
Xg fixed LMA 4.17x10°° 0.35 37.33 40.78%
at SSM value LOW 1551077 0.64 39.54 31.48%
SMA 5.35x10°° 4.34<10°4 37.98 33.51%
Xg varying LMA 4.22x10°° 0.25 34.20 50.67%
LOW 1.51x 1077 0.64 39.88 26.20%
various values of the decay constant. We show that for the Avac= g~ BK(L=Ro) 9

Majoron decay modelmodel 2 the SK data onv.-p events
restricts the allowed values of the decay constant to exgyherel is the Sun-Earth distance am}, the radius of the
tremely low values. In Sec. IV we discuss the implications OfSun.Affe denotes they,— v, transition amplitudes inside the
nonzero neutrino decay for the SNO experiment. We finallyzarih, We evaluate these amplitudes by assuming the Earth
present our conclusions in Sec. V. to consist of two constant density slabs. Thg survival
probability is given by
Il. MSW EFFECT FOR STABLE NEUTRINOS
As was first indicated ifi15], the interaction of electron  Pee=|Aed?
neutrinos propagating through the Sun modifies the vacuum —a° 2|2 |2+a® 2|A2 |2
mixing angled to the matter mixing anglé@,, where el 17e e2 I7ze
+2a§1a§2Re[AfeA§e* ei(Eszl)(L*R@)ei(d’z,@*sbl,@)]_

) (10

Am?sin 26
Am?cos 20— 2\/2Ggn E

tan 26y, =

It can be shown that the square bracketed term containing the

Heren, is the ambient electron densitl, the neutrino en- ° g .
° g phases average out to zero in the rangAd o in which we

ergy, andAm? (=m3—m3) the mass squared difference in P
vacuum. The vanishing of the denominator in E).defines are interested17].

the resonance condition, where the matter mixing angle is Usmg Eq. (10) as the probab!hty we have done)(s?sf
maximal. analysis of the current solar neutrino data on total ratesfrom

o - : _Cl, Ga[1], and SK and the 1818 bins of data on the day-
trin-lc-)hies gri\c/):gbgl;ty amplitude of survival for an electron neu night electron energy spectrum from $Kk8]. The details of
the code used can be found [ih9]. We use the 1117-day

Aee=ASAVAL + ADALAAT (4) data of SK and incorporate the 2000 Bahcall-Basu-
Pinsonneaul{BBP0O solar model[20]. The theory errors

whereA(, gives the probability amplitude of a.— v, tran-  and their correlations in the analysis of total rates are in-

sition at the solar surface, cluded as iff21]. In addition to the astrophysical uncertain-
o ties included in[19] for the analysis of the total rates, we
Agk: agke’i"’k , (5 have included the uncertainty in ti$g factor for the reaction

%0(p, y)F [20]. For the day-night spectrum analysis we
ag)lzz P;sir? 6y + (1—P;)co Oy = 1—a§22_ (6) have included the correlation between the systematic errors
of the day and the night binN22]. As in [23] we vary the
Here P; is the nonadiabatic level jumping probability be- normalization of the spectrum as a free parameter which
tween the two mass eigenstates for which we use the staswoids the overcounting of the rates and spectrum data for

dard expression froril6]: SK. Hence for the day-night spectrum analysis we have 36
) —1 degrees of freedotDOF) while for the total rates we
_exp— ySif? 0) —exp(— ) (77 have 3, which makes a total of 38 DOF for the rates
J 1-exp(—v) ’ +spectrum analysis with no oscillation. For the MSW analy-

sis with two active neutrino flavors we present in Table | two

Y= WAmZ -t sets of resultsti) with the 8B normalization factoXg in the
" E

dinng
dr

8

M=Tres

Here Ajg° is the transition amplitude from the solar surface 3we use the weighted average of the rates from SAGE, GALLEX,
to Earth’s surface: and GNO.
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FIG. 1. The 90%, 95%, and 99% C.L. allowed area from thethe low probability, low mas¢LOW) region remajning un-
global analysis of the total rates from CI, Ga, and SK detectors andifected due to decay. Fam?>10"% eV* there will not be
the 1117-day SK recoil electron spectrum at day and night, assun@ny MSW effect.
ing MSW conversions to stable sequential neutrinos. The probability amplitude fov, survival in the presence

of neutrino decay is again given by Ed), with Ae®k, AL,
total rates held at the SSM valugi) with the ®B normal-  andA2° as before, the only change being #3° since the
ization factorXg in the total rates kept as a free parameter. 1, decays on its way from the Sun to Ear5° is given by

The best fit comes in the LMA region. In Fig. 1 we plot
the 90%, 95%, and 99% C.L. allowed regions for the two-
flavor MSW transition to an active neutrino. All the contours
have been drawn with respect to the global minimum with
Xg fixed at the SSM value. We have also dongZaanalysis
for v.—vg MSW conversionyg being a sterile neutrino, for
both Xg fixed at SSM andXg varying freely. The best-fit
values of the parametersy?.. and the goodness
of fit (GOP are Am?=3.74x10 ¢ eV?, tarf #=5.2
X107%, x2.,=44.85 GOF=14.79%, Xy fixed at the
SSM value and Am? =3.71x10 ¢ eV?, tarf §=4.72
X 1074, x2,,=43.42, GOF=15.53%, Xg free.

Agse= e Bl RolgmalL-RoE; 1y

Then, thev, survival probability is given byignoring the
phase pajt
Pee= g’ Afel® + ag?| Az l?e 2t "FF2 (1)

The day-time probability(i.e., without the Earth effegtis
given by

PI=cog 0[P, sir? Oy +(1— P;)cos Oy ]
IIl. MSW EFFECT AND UNSTABLE NEUTRINOS . .
+sir? 6[ (1— P;)sir? 6y, + cos 6y P,]
If a neutrino of energ\E decays while traversing a dis- — 2a(L-Ro)/E
tanceL, then the decay term exp@L/E) gives the fraction xe o2,

of neutrinos that survive, where is the decay constant dis-

(13

cussed before. In Fig. 2 we plot this exptL/E) as a func-
tion of « for two different energy values. Far very small
the exponential term is=1 and there is no decay. As

From Eq.(13) we note that the decay term appears with a
sir? ¢ and is therefore appreciable only for large enough
Thus we expect the effect of decay to be maximum in the

increases one starts getting decay over the Sun-Earth diMA region. This can also be understood as follows. The
tance only fora=10"13 eV?. As we have discussed in the are produced mostly as, in the solar core. In the LMA
Introduction, since fronK decayAm?=10°«, one can have region the neutrinos move adiabatically through the Sun and
simultaneous MSW and decay for 10 eV?’<Am?  emerge ag, which eventually decays. For the SMA region
<102 eV Below this Am? the bound on the coupling on the other han® is nonzero and,, produced as, cross
constant coming fronk decay restricts the decay constant over to v, at the resonance and come out as,arom the

to be small enough so that decay effects are negligible ovesolar surface. Since, is stable, decay does not affect this
the Sun-Earth distance. So henceforth we will be concernetegion. Including the Earth effect the survival probability can
with only the LMA and small mixing angléSMA) solutions, be expressed as
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FIG. 3. The survival probability as a function of energy for FIG. 4. TheA x* versus decay constaatfor the global analysis

different values ofr. The solid lines are for t&rg=0.35 while the  Of total rates and the SK day and night spectrum data. Also shown
dotted line is for tah#=0.85. For all the curves\m2=4.17 by the dotted line is the 99% C.L. limit for three parameters.
X107° eV2.
parameters by the dotted line. From Fig. 4 we see that in the
. P LMA region, values ofa up to 3.5< 10 ! eV? are allowed
_ day 2a(L—Rp)/E,  pday__ )
(sin” 6— Pae)[Pee’+ e O (Pee—1)] _ at 99% C.L. from the global analysis.
cog §—sir? ge~ 2L~ Ro)/Ez In Fig. 5 we show the allowed regions in then? -tar? 6
(14 plane for various fixed values @f. The first panel is for
=0 which is the case of no decay and the contours are the
Here P, is the probability of the second mass eigenstate t¢a@Me s those presented in Fig. 1, modulo the difference in
get converted into the, state at the detector. the def|n|.t|on.of the C.L. as now there are three parameters
In Fig. 3 the solid lines show the survival probability whereas in Fig. 1 we had two. The other three panels are for

versus neutrino energy for three different valuesaofvith different nonzero allowed values of obtained from Fig. 4.
Am? and taR ¢ fixed at the best-fit value of the LMA solu- B
tion. The introduction of decay reduces the survival probabil- 10
ity, as the second term in Eq12) reduces witha. Decay

also brings about a deviation from a flat probability towards 3
the high energy end. The dotted line gives the probability for<< 10
the sameAm? but a higher value of t&¥ with a &
=10 eV2 We observe that there is a huge drop in the S

Pee= szy_’_

o=1x10"2

LR
T T TTTT
ol

5

10°

survival probability initially, followed by a sharp increase E i E i,
with energy. A comparison between the different curves r r .
shows that inclusion of decay results in the reduction of the 6L ol ol ol vpual vl ol ol ol gl
survival probability as well as an energy distortion and both 0=5x10""2 e

a=1x10" é

these effects increase with the mixing angle

We next perform g¢? analysis of the total rates and the __;5*
day-night spectrum data for nonzero decay. The best itz
comes fora=0, corresponding to no decay with them? “E
and tas @ as given in Table |. However, nonzero values:of 10°
giving finite decay probability also give an acceptable fit. For
small values of as in the SMA region, the fraction o, in
the solar neutrino beam is very small. As a result very few — 10°5-llcoul ol il nul el sl ol
neutrinos decay and all values @fmay be allowed. On the 0 107 1o 210 100 100 10010 210 0010
other hand, in the LMA region thé® is high and a large tan'® tan'0
number of neutrinos can decay, producing a distortion inthe 5 5 The 90%, 95%, and 99% C.L. allowed area from the
energy spectrum. Therefore the data can put some restrigiohal analysis of the total rates and the 1117-day SK day-night
tions on the allowed values of. In Fig. 4 we plotAx? spectrum data, for MSW conversion of unstable neutrinos at various
(=x?—xZi) vs a keeping the other two parameters fi@  values of the decay constaat The different fixed values of in
the LMA regime. We also show the 99% C.L. limit for three eV? are indicated.

LR
T T T
ol

1
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The main detection processes in the heavy water of SNO
0.25 are
02 vet+d—pt+pte, (15
. vtd—p+n+u,. (16)
a® 0.15
The first is a charged curredCC) reaction with energy
01 threshold of 1.44 MeV and the second one is a neutral cur-
' rent (NC) process with an energy threshold of 2.23 MeV.
While the CC is sensitive to only,, the NC process is
0.05 sensitive to neutrinos and antineutrinos of all flavors. The
rate of (ve—d) CC events recorded in the detector is given
by
0" 10® 1% 10" 10° 10°
o (ev2) j dEl/)\ Ve(EI/)O-CC(EV)<Pee>

) . - Ree= ; (17)

FIG. 6. The conversion probability of, to v,, Pgg versus J dEN, (E)oec(E.)
decay constan&. Also shown by the dotted line is the 99% C.L. vyl =p/ECCL =y
value of P4, allowed from the nonobservance af -~ p) events in
the SK detector. do, «(E1,E,)

UCCZJ dEAJ dETR(EA,ET)J dEV—,
As expected, we find that the SMA allowed regions re- Eap 0 dEr

main mostly unaffected due to a nonzeroThe LMA solu- (18
tion on the other hand is appreciably affected and the al-

lowed area shrinks as increases. This effect is seen to be Wherex,_is the normalized®B neutrino spectrum(Pe,) is
more pronounced for larger taf. The reason for this can be the time averaged, survival probability, drved/dET is the
traced down to the fact that decay results in distortion of theyifferential cross section of thevg—d) interaction[25], E+
high energy end of the neutrino spectrum and this distortions the true andE, the apparentmeasurepikinetic energy of
is more for higher taho, a feature explicit in Fig. 3. As a  the recoil electronsE,  is the detector threshold energy

result higher values of t& are disfavored by the global which we take as 5 MeV, anB(E . ,E;) is the energy reso-

data asx increases. . : e -
It is to be noted that although in the LOW region the lution function which is assumed to be Gaussian:

sir? ¢ is high, theAm? is small and appreciable decay over

the Sun-Earth distance is not obtained if one has to be con- R(Ea,Er) = 1

sistent with the bounds on the coupling constant fr&m V27 (0.348/E1/MeV)

decays. Because of this, the LOW region is not plotted in )

Fig. 5. " exp< _ ﬂ) a9
The results presented in this section are in general valid 0.24E; MeV

f_or both decay models though in model 2 thedecays to a o
v, which can interact with the electrons in the SK detector! "€ NC event rate is given by
asve andv, . But since thev, is degraded in enerdy], the

effect of these additionali,—€) and (v,—€) scattering deVMe(EV)UNc(EV)P
events in SK is not significaritl4] and the final results re- Rne= , (20
main the same. However, additional constraints on model 2 f dE,\, (E,)onc(E,)

14 Ve v v

come from thevop—e*n events, which contribute to the
background in SK. From the absence of a significant contri- here P=(Pea)+(Pe,) for two-flavor ve-v, oscillations.

bution abole the background, the bound obtained on the tot«’!iyhe left hand panels in Fig. 7 give the raI{Lnge of predicted

flux of wve from °B neutrinos is @, (°B)<18 yaues ofRcc, Rye, and the double rati®yc/Rec at 99%

X 10° cm ?s ! which translates to a bound on the prob- C.L. from a global MSW analysis of the solar neutrino data.
ability Pc<3.5% [24]. In Fig. 6 we plot the conversion The black dots in these figures represent the expected rates in
probability Pgg vs a. For eacha we find they?Z,, and plot  SNO for the local best-fit values of the parameters obtained.
P, for the corresponding the best fitm? and tak . We  As the neutral current interaction is flavor blind, tRgc

also show the allowed limit oP;;=0.035. So from this remains 1 for oscillations to active neutrinos for whigh
constraint for model 2 onlyy=<5.8x10 '3 eV? remain al- =1. But for oscillations to sterile neutrindB=(P.. and
lowed. Rnc=0.78 for the best-fit case.
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1 Sible — Unstable In the decay model 2 the, decay tov;, which can in
principle show up both in the NC events in SNO as well as in

o i + T ] the charged current absorption reaction
05 | T o —
~ | L & Sterile | _ _
[ sma I i I I I ] ve+d—n+n+e’. (21
B o T o o
- 4 551077 g g ) _ ) ]
0 But since the absence o {—p) events in SK restrictx
L5 <5.8x10 13 eV2, both the additional contribution to the
- Stable T nstable - - . . .. .
C T Utath ] NC event and they,—d) absorption is negligible in SNO.
1 r ° . ® . . -
O [ s MA T T I ae 03
& F ww POF 1 ] V. CONCLUSIONS
05 Stalle T 0™ 5%107 ]

Stable Unstable

;|

-12
10!t 5x 1012 10

g bl

4

SMA

<

RycRee
IIIIIIIIITIIII

é.

We have investigated the effect of neutrino decay on the
MSW solution to the solar neutrino problem. There are two
0 factors which control the effect of decay) the mixing angle
6 which determines the fraction of the unstable component in
the v, beam;(ii) the decay constani which determines the
decay rate.
In order for the neutrinos to decay over the Earth-Sun
distancea should be=10"1% eV2. Then Eq.(2) and the
IMA bounds on the coupling constant frok decays restrict
Am?=10"" eV? and decay does not take place in the LOW
0 region. We therefore probe the SMA and the LMA regions.
FIG. 7. The predicted ranges &cc, Ryc andRyc/Rec in  We find that even the SMA region is not affected much
SNO for the standard MSW conversion to stable neutritieft because the mixing angle being small very few neutrinos
hand panelsand for unstable neutrinogight hand panels The  would decay. But the effect of decay on the LMA region is
dots give the values of the rates for the local best fit. significant. This is borne out by the? analysis of the global
) . _solar data on rates and SK day-night spectrum. We point out
The right hand panels in Fig. 7 show the correspondingpa¢ aithough the datareferno decay, it stillcannot rule out
rates clint Stl)\lO for tgt?le\/ISAI\\Afglcin if the ne'utrlpos allre 85~ the possibility of unstable neutrinos completely. We put lim-
sumed to be unsta l € solution remains largely Un- o o, the allowed range of the decay constargnd present
affected as discussed in the previous segtidvie consider I d in_th m2-tar? i f
the decay model 1 and present the 99% C.L. predicted rangtge. atlowed areas in m-ta parameter space for
of values of the rates for three different allowed values of the’2'0Us allowed values_ af. The LMA allowed zone is seen
parametera, along with the case for=0, which is the W© D& severely constrained by deC&)j.ﬂ )
same as the LMA region of the global MSW analysis, From Fig. 4, values otr<3.5<10 ™" eV” are allowed,
modulo the difference in the definition of the C.L. Also IMPlYing a neutrino rest frame lifetime;>2x10"° sec.
shown are the rates for the best-fit valuetofi? and tag ¢~ Thus one may encounter decay before neutrino decoupling in
for various fixed values of. For each fixed value ohm? the early universe. This may result in increasing the number
and tar 6 one expectRcc to fall sharply withe. But since  Of light neutrinosN, , to greater than 3. However, the upper
the best fit of the global analysis for increasiagcorre-  limiton N, can be as large as[86]. Hence our decay model
sponds in general to a highdm?, that raises the value of is consistent with the bounds from the early universe.
Rcc. HenceRcc in SNO alone may not be able to distin- From the fact that the neutrinos from SN1987A have not
guish the decay scenario from MSW conversion to activedecayed on their way one gets a lower bound on the electron
stable neutrinos. The value Bf,c suffers a marked decrease neutrino lifetime asr>5.7x10°(m,_/eV) sec. However, if
from 1 as the decay constastincreases, since for the decay one includes neutrino mixing, then shorter lifetimes are al-
model 1 thev, decays to sterile particles which cannot belowed provided|U,|<0.9 [27]. This again is consistent
detected in SNO. with our analysis.
From Fig. 7 we see that Ry is below 1, one can have In this paper we assume one of the neutrino states to be
either MSW conversion to sterile neutrinos or the possibilityunstable in vacuum and the values of the decay constant
of unstable neutrinos. But the ambiguity between the last tware such that one has decay over the Earth-Sun distance. For
cases can be lifted if one next looks at the valueRgt.,  these values o, decay inside the Sun or the Earth is neg-
which is much lower for the case of unstable neutrinos tharigible. However, as was shown 28] matter can induce
what one would get for MSW conversion to sterile neutrinos.neutrino decay with Majoron emission even when neutrinos
We also display the expected rangeRyfc/Rcc for various  are stable in vacuum. It was shown later[#9] that in the
fixed values of the decay constant. It is clear from the figurgpresence of only standard interactions, matter induced decay
that from the value ofRyc/Rcc in SNO one can clearly cannot provide a solution to the solar neutrino problem due
distinguish the case of a decay from the case of a MSWo the strong bounds on neutrino-Majoron couplings. As we
transition to sterile neutrinos. have discussed in this paper, decay models wherevthe
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decays to a; and a Majoron are independently disfavoredsame for the two scenarios, comparing the valueRgf or
from the nonobservation of?@— p) events in SK. Rne/Rec it may be possible in principle to distinguish the

We have looked at the implications of unstable neutrinosdecay scenario from the MSW transition to sterile neutrinos.

for the SNO detector. We first present the values of the CC
and NC rates which SNO is expected to observe for MSW
transitions with stable neutrinos. We have given the values
for transitions to both active as well as sterile species. For The authors wish to thank Carlos ReGaray for many
unstable neutrinos the NC rate is less than 1 and comparableseful discussions during the development of the solar code,
to Ry for standard MSW SMA transitions to sterile neutri- Y. Suzuki for sending them the SK data, and H.M. Antia for
nos. But even though the value Bfc may be nearly the many helpful discussions.
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