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What can we learn from solar neutrino observations? Is there any solution to the solar neutrino anomaly
which is favored by the present experimental panorama? After SNO results, is it possible to affirm that
neutrinos have mass? In order to answer such questions we analyze the current available data from the solar
neutrino experiments, including the recent SNO result, in view of many acceptable solutions to the solar
neutrino problem based on different conversion mechanisms, for the first time using the same statistical
procedure. This allows us to do a direct comparison of the goodness of the fit among different solutions, from
which we can discuss and conclude on the current status of each proposed dynamical mechanism. These
solutions are based on different assumptiof@: neutrino mass and mixingp) a nonvanishing neutrino
magnetic momentg) the existence of nonstandard flavor-changing and nonuniversal neutrino interactions, and
(d) a tiny violation of the equivalence principle. We investigate the quality of the fit provided by each one of
these solutions not only to the total rate measured by all the solar neutrino experiments but also to the recoil
electron energy spectrum measured at different zenith angles by the Super-Kamiokande Collaboration. We
conclude that several nonstandard neutrino flavor conversion mechanisms provide a very good fit to the
experimental data which is comparable withn even slightly better tharthe most famous solution to the solar
neutrino anomaly based on the neutrino oscillation induced by mass.
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I. INTRODUCTION As we will see, the hypothesis of no flavor conversion of
solar electron neutrinos is strongly in conflict with the pre-
Solar neutrino observations coming from Homestflkle  diction of the SSM; it is now only acceptable at a very small
Kamiokande[2], SAGE [3], GALLEX [4], GNO [5], and  confidence level £ 10 9 if only the total rates from solar
Super-Kamiokand€SK) [6] have been suggesting a picture neutrino experiments are considerege Sec. IY. The dis-
which conflicts with the predictions from the standard solaragreement among the observed solar neutrino data and the
model(SSM) [7-9], strongly indicating the disappearance of theoretical predictions can be relaxed to the kvel (7
solar electron neutrinos on their way from the Sun to thex 10~°) [12] if one allows all the solar neutrino fluxes to be
terrestrial detectors. This has been known for many years dsee parameters in fitting the measured solar neutrino event
the solar neutrino problen{SNP [7]. rates. However, this can only be obtained under the extreme
The extraordinary new result from the Sudbury Neutrinoassumption of vanishingBe neutrino flux, which is quite
Observatory(SNO) [10] inaugurates a new era in the quest difficult to explain.
for the solution to the long-standing puzzle of missing solar Several mechanisms can induce neutrino flavor conver-
neutrinos. For the first time in the history of solar neutrinosion when one assumes that neutrinos are endowed with
observations, a direct indication of the presence of a nonelegome properties not present in the minimal standard elec-
tron active neutrino component in the solar neutrino flux hagroweak theory13]. The most well known mechanism is the
been obtained. This cannot be explained by any conceivableeutrino oscillation induced by mass and mixifigt—17.
modification of the SSM but does require some departur&he fact that the terrestrial experiments are less sensitive to
from the standard electroweak theory. The indication of a&hese resulting nonelectron neutrinos can explain their ob-
nonelectron active component is based on the difference &ferved lower counting rates. The purpose of this article is to
8B neutrino flux detected through charged current events imompare quantitatively the capabilities of several different
SNO and the neutrino electron elastic scattering events obmechanisms to explain solar neutrino data, for the first time,
served by the SK Collaboration, the former obtaining a lowerased on the same statistical procedure.
rate than the latter. Such a difference can be explained by the Readers are invited to take a look at Tables Ill and IV
conversion of electron neutrinos into active nonelectrop (- which summarize our most important results. A number of
or v,) neutrinos along their trajectory from the Sun to thepossible solutions to the solar neutrino anomaly still survives
detectors at the Earfi0,11]. even after SNO results, fitting the data with significant con-
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fidence level. In fact, combined analysis of the data, whichfrom SNO and SK results. Namely, neutrino conversion of
includes not only the total rates measured by all solar neusolar v, only into a sterile neutrino is not favored by the
trino experiments but also some information which is inde-current data.

pendent of the total neutrino flux, namely, the energy spec-

trum and the zenithal dependence of the data, suggests that A. Mass-induced oscillation(MIO )

the large mixing angle Mikheyev-Smirnov-Wolfenstein ) . .
(MSW) solution in matter, as well as the mechanisms based. -6t Us first consider the most popular conversion mecha-
1ism, the one induced by neutrino mass and mixing. If one

on resonant spin-flavor precession, non-standard neutrino ik that i ive. the f . tates d
teractions and violation of the equivalence principle all pro-3SSUMES thal neutrinos aré massive, the flavor eigenstates do

vide a fit of the data with the confidence leveB0% not coincide, in general, with the mass eigenstates, leading to
In Sec. Il we briefly review several mechanisms that in-neutrino flavo_r oscillation in vacuurfil4,19 as well as in
duce flavor conversion of solar neutrinos, which will be dis_mat.teLwhere It Cﬁn t;/?krr(]asonarwstly.enhasvkrhﬁilﬂ. Tp;es\l/?/t_
cussed in this work(a) mass-induced oscillation in vacuum ter is nown as the Mi 1eyev-SmIrnov-vvo enstd ) .
and in matter,(b) resonant spin-flavor precessions inolucedeffect. It is generally believed that this is the most plausible

by a nonvanishing neutrino magnetic mome(), the exis- mechanism which can induce neutrino oscillation since to

tence of nonstandard neutrino interactions inducing flavoriNtroduce mass and mixing in the leptonic sector is the sim-
changing and nonuniversal currents, ddithe violation of plest and most natural extensions to the standard electroweak

the equivalence principle. In Sec. Ill the procedure of themOdeI' SO theoret_lcally well motivated. .
In both scenarios, MIO can convert solar electron neutri-

statistical analysis used in this work is presented, while our ™ X :
os into neutrinos of a different flavor and consequently ex-

results are given in Sec. IV. Finally, Sec. V is devoted to the10S . i :
discussion of our results plain the deficit of an observed solar neutrino with respect to

the predictions of the SSM. We will refer to these type of
solutions as standard solutions to the SNP; they are very well

Il. NEUTRINO CONVERSION MECHANISMS described in recent Ref§19,20. MIO requires in Eq.(1)
The neutrino conversion mechanisms we will consider inthat
this work can be phenomenologically described by the fol- S G
lowing Schralingerlike evolution equation: A(r)=— m cos 20+ —EN (r)
4E NA e
d|ve| [A(r) C(r) || Ve (3
i3l 1= B ~ | ) om?
v C(r) =AMl C(r)= g sin 20,

wherer is the distance traveled by neutring, is the initial

electron neutrino state; is the neutrino state to which the W0 neutrinos involveds is the vacuum mixing angléG. is
conversion mechanism leads and the explicit form of th 9 angi&e

elements of the 2 Hamiltonian matrix,A(r) and C(r), ‘the Fermi constant. is.the neutr.ill"no energy, ENE_(r) is. t.he

which in general depend on the positionwill be given in  €lectron number density at positionand herev is identified

the next subsections for each conversion mechanism. Fa¥ith v, or ». (or their linear combination We compute the

simplicity, we assume neutrino conversion only between twd>Onversion probability using the analytic formulas, properly

flavors, or more precisely, we assume that neutrino convef@king into account the neutrino pr.oduct|on distributions, as

sion relevant for solar neutrinos can be effectively describedVell as the Earth matter effect as in RE21]. The relevant

in good approximation, in terms of two flavor conversion. ©0scillation parameters, which must be determined by the fit
In all the mechanisms, either in vacuum or in matter, thef® €xperimental data, arém” and 6. Recent post-SNO

phenomenon of neutrino mixing occurs and this can be gergnalyses can be found in R¢R2]. Depending on the al-
erally expressed as lowed parameter values, the solutions based on this mecha-

nism are classified into large mixing angleMA) MSW,
small mixing angle(SMA) MSW, low-6m? (LOW) MSW,
) and vacuum oscillatiofiVAC) solutions.

where Sm?=m3—m? is the mass squared difference of the

vy

—sin® cosd|l V2

cosé sin?l

B. Resonant spin-flavor precessiofRSFP)

whereha is the mixing angle which relates t.he neutrino fl'avor Assuming neutrinos have a nonvanishing transition mag-
and the propagating eigenstates and », in matter or in e moment, electron neutrinos interacting with the solar

vacuum. Note that can be defined even for massless neu-magnetic field can be spin-flavor converted into active non-
trinos as in the case of NSNI or VEP. electron antineutrino$23], if they are of Majorana type.

For all the mechanisms we analyze in this work, we doHere we do not consider the case of Dirac-type neutrinos
not consider the case wheteis a sterile(or electroweak —since it involves a sterile one. Furthermore, such spin-flavor
singled neutrino[ 18] because of the present indication of the precession of neutrinos can be resonantly enhanced in matter
presence of nonelectron active component in the solar nedi24], in close analogy to the MSW effe¢fl6,17. RSFP
trino flux, which is provided by the combined information could strongly depend on the neutrino energy and provoke
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different suppressions for each portion of the solar neutrino C. Nonstandard neutrino interactions (NSNI)
energy spectrum, in a similar way as in the case of the MSW |, is seminal paper Wolfensteja6] observed that NSNI

effect. In fact it has been known that RSFP provides a salis;ith matter can also generate neutrino oscillation even with-
factory descriptior{25-27 of the actual experimental pan- ¢ flayor mixing in vacuum. Some explicit examples of

orama[1-6]. However, see a recent wofR8] where it was  g;ch NSNI-induced neutrino oscillation were considered in

found that the nonresonant spin-flavor precession can al§gefs 31,32, It has been shown that NSNI could be relevant
explain the solar neutrino data. to solar neutrinos propagating in the solar matter along their

The time evolution of neutrinos interacting with a mag- path from the core of the Sun to its surfd@1—33 as well
netic field B through a nonvanishing neutrino magnetic mo- .« in the Earth until they reach the detector.

ment ., in matter is governed by Ed1) by definingA(r) The evolution equations for massless neutrif@sneutri-
andC(r) as[24] nos with degenerate massaving such NSNI in matter can

s 1 be phenomenologically expressed by E.with the follow-
A(r)=— E+ EGF[Ne(r)_ N.()], ing definitions ofA(r) andC(r) [31,32:
1
@ AN =GR NA(r) = €Ni(1)],

C(r)=u,B(r), 5

. o C(r)=\2GeNi(r),
whereN,(r) is the neutron number densitigs,, is the tran-
sition magnetic moment between the two neutrino involvedwheree; ande; are the phenomenological parameters which
B(r) is the solar magnetic field, and herés identified with ~ characterize the strength of the NSNI with fermibwhose

v, or v, (or their combination We assume, for simplicity, number density is given b (r) with f=u ord quark, and
that the mixing angle is zero in this mechanism. Note thatherev is identified withv, or v, (or their combination
roughly speakingu,B(r) is playing the same role as the  Here, by taking into account the charge neutrality,can
mixing term (Sm?/4E)sin 26, which appeared in the standard be written in terms of electron and neutron number densities,
mass-induced oscillation mechanism. In this work we asas follows:
sume, as a reference value, the magnitude of the neutrino
magnetic moment to bg,=10"*ug (ug is the Bohr mag- | Np(r)+2Ng(r) - (f=u),
netor). Since the relevant quantity is only the product of the Ne(r)= 2N, (r)+Ng(r) (f=d). 6)
neutrino magnetic moment and the magnetic field, it must be
understood that ifx, is taken to be smaller, the solar mag-  The parameters; appearing in the off-diagonal elements
netic field must be properly increased to achieve the samef the Hamiltonian matrix are responsible for flavor chang-
effect. ing neutrino interactions; it plays a similar role to the mixing
The RSFP mechanism crucially depends on the solar magerm (sm?/4E)sin 26 in the MIO mechanism. It exists even
netic field profile along the neutrino trajectory. In our presentif there is no neutrino mixing in vacuum. On the other hand,
analysis we assume a particular solar magnetic field profile; appearing in the diagonal element, which is responsible
which could explain well the solar neutrino ddtzefore the  for flavor diagonal neutrino interactions with matte31]
SNO result with a relatively weak magnetic field~10 kG,  somehow plays a role similar to the mass squared difference
which was considered in a number of works in R€26,27.  in the MIO mechanism, since this term leads to resonantly
The profile we will use has a triangular configuration in theenhanced conversion when its magnitude coincides with that
solar convective zone. For definiteness, we take the ongf the standard electroweak neutrino interactions at some

which is found in Ref.[29]. The profile has a vanishing point r,. along the neutrino trajectory, satisfying the reso-
magnetic field in the internal part of the Sun, linearly grow-nance condition,

ing from r=0.7 tor=0.85, where it achieves its maximum

value B, and begins to linearly decline until the surface of €fN{( 10 = Ne(T re9)- (7)

the Sun, where=1. Herer is the radial distance from the

center of the Sun normalized by the solar radius. In thisAn immediate consequence is thatfifvas to be identified

work, we consideB,,,, up to 500 kG taking into consider- with electron, it cannot induce resonant neutrino flavor con-

ation the upper Ilimit(300 kG of the magnetic field at the version[34].

bottom of the convective zone obtained in RF0]. Once An important characteristic of this mechanism is that the

the shape of the magnetic field profile is fixed, the relevantonversion probability does not depend on neutrino energy

parameters which must be determined by the fit can be chas it is understood from the evolution equation. Nevertheless

sen to bedm? and B . this mechanism can explain quite well the solar neutrino data
We compute the conversion probability by numerically which imply strong energy-dependent conversion. The rea-

integrating the evolution equation as in REX7]. For sim-  son is that even though the conversion probability itself is

plicity, we assumed that all the neutrinos are created in theompletely energy independent, after taking an average of

solar center and we neglected the Earth matter effect, abe probability over production distributions, different neu-

discussed in Ref.27]. trinos from different nuclear reactions in the Suymp( 8B,
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TABLE I. Observed solar neutrino data used in this analysisto an oscillation length inversely proportional to the neutrino
presented together with the theoretical predictions of “BP2000energyE, while MIO expects it to be directly proportional to

SSM+New 8B” [8,9]. E.
As in Ref.[37], we take¢(r) to be constant£107%),

_ Observed SSM _ assuming that the local supercluster contribution is the domi-
Experiments rates predictions Units nant ong38]. The relevant parameters which must be deter-
Homestake 256023 85911 SNU mined by the fit in this mechanism af¢dy| and 6. We
SAGE 77.0:6.43 130t57)' SNU consider the .product of and oy smce.the former. has a
GALLEX 73.9+4.7+40  130' SNU large uncertainty and only the product is relevant in the fit.

+ GNO - Similar to the mass-induced oscillation, we can have two
SK 0.391+0.014 1.00°9% 593<10f cm2 st types for the VEP mechanisnia) VEP-induced MSW-like

SNO CC 02960024 10091 593¢1f cm 2 s resonant conversjon an(d) _VEP vacuum conversion. The
00015 former was first discussed in R¢86], and then analyzed by
several authorE39]. However, Ref[40] showed that it is not

7 . ' . a good solution because the required magnitude of the pa-
Be, etc) can have different final average probability due to rameters is incompatible with the CCFR experiment results

the fact that their production distributions are different, pro-'[41] which exclude ¢8| larger than~10~2. For the latter

vided that resonant conversion occurs close to the solar COI%he. it has been shown that this mechanism is a new solution

(~10% or so of the solar radius _for the solar neutrino anomafd7]. Recent analysis of the
Following Ref. [33], we first compute the conversion \;ep vacuum solution was discussed in ReD].

probability using the analytic formulas for a given produc- v cajculate the conversion probability using the analytic

tion point in the Sun and then take the average over the, a5 as in Ref[37]. Similar to the case of vacuum os-

production distribution for each neutrino source. We alsojation solution in the MIO scenario, we can neglect, as

take into account the Earth regeneration effect, which is imy 44 approximations, the neutrino production distributions
portant for some region of the parameter space. and the Earth matter effef87].

As it was observed in Ref31], only thev,— v, conver-
sion is compatible with the existing phenomenological con-
straints one; and €; . In this way, the relevant parameters
which must be determined by the fit for this mechanism are  our main goal is to determine the allowed values of the

IIl. STATISTICAL PROCEDURE

€; ande;. relevant parameters for each one of the mechanisms that can
explain the experimental observations without modifying the
D. Violation of the equivalence principle (VEP) SSM predictions and to evaluate the quality of the fit.

o ) In order to achieve our goal, we adopt the minimyh
It has been proposed that violation of the equivalenceagistical treatment of the data following the description
principle could induce neutrino flavor oscillation even if neu-found in Ref. [43] which was also employed in Refs.

trinos are massle$85,36. In this scenario, neutrino mixing 121 20,27,33,37,4dbut with some modifications.

and flavor oscillation can be induced if twor more neu- In this work, we perform three kinds of analysis using
trinos involved have different gravitational couplings which three y2 functions X% for the analysis of the rates onle

. . . . . ’ 1
imply VEP. In this case, weak interacting eigenstates an(for the flux-independent analysis, amﬁombfx§+xﬁ for the

gravitational interacting eigenstates can be different and W”gombined analysis, where the definitions)@ﬁ and szi are

be related by a unitary transformation that can be param

etrized, assuming only two neutrino flavors, by a single pad've" ' the following subsections. For each case, we mini-

. 2 . . . .
rameter, the mixing anglég similar to the case of neutrino mize the x~ function n ord(_ar_to determine th‘? bPTSt fitted
mixing in vacuum induced by mass parameters as well as its minimum valyg,,, which is rel-

The evolution equations for these flavors, which are as€vant for the evaluation of the goodness of fit. The allowed

sumed to be degenerate in mass, propagating through ifparameter region can be determined by the condition
gravitational potential5(r) in the absence of matter is given 5 2 5
by Eq. (1) with [35,36]: X“<XminTAX%, 9)

A(r)=2E¢(r)dycos 26, whereA x?=4.61, 5.99, and 9.21 for 90%, 95%, and 99%
(8)  confidence level$C.L.), respectively.
C(r)=2E¢(r)dysin26g,
A. x? for the analysis of the rates

where 8y is the quantity which measures the magnitude of First we describe thg? for the analysis of the total event
the violation of the equivalence principle, the difference ofrate measured by the chlorit€l) experiment 1], the gal-
the gravitational couplings between the two neutrinos indium detectors GALLEX and GNQ4,5] (we use the com-
volved normalized by the sum. HereEa(r)dysin26;  bined results of GALLEX and GNDand SAGE[3], the
plays a similar role to the mixing termStn?/4E)sin 20 in the  water Cherenkov experiment SE8] and also the recent
MIO mechanism; this means the VEP mechanism gives risaeutrino-deuterium charged current data by SNO]. For
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TABLE Il. Observed SK zenith-spectrum event rates in units of the BP28Q0taken from Table | of Ref[47]. Errors are only
statistical. For the energy-uncorrelated and energy-correlated systematic uncertainties, see Table[#1}. Ref.

Observed rates and statistical errors in units of SSM

Day Mantle 1 Mantle 2 Mantle 3 Mantle 4 Mantle 5 Core
cosé, —1.00-0.00 0.00-0.16 0.16-0.33 0.33-0.50 0.50-0.67 0.67-0.84 0.84-1.00
E. (MeV)
5.0-5.5 0.436:0.046
55-6.5 0.43+0.022  0.4640.060 0.416:0.055  0.4420.048 0.4530.048 0.4950.054  0.4340.058
6.5-8.0 0.46+0.013  0.5240.036  0.506:0.033  0.438:0.028  0.466:0.027  0.424.0.030  0.409-0.033
8.0-9.5 0.43%0.014  0.44%0.038 0.4820.036  0.46:0.031  0.5030.031  0.46%0.034  0.43%:0.037
9.5-11.5 0.4340.015 0.4320.042  0.49%0.040 0.446:0.034  0.4480.034  0.4353:0.037  0.484:0.044
11.5-13.5 0.4560.026  0.496:0.071  0.296:0.055  0.3940.053  0.47#0.056  0.43%0.061  0.465:-0.068
13.5-16.0 0.4820.056  0.5320.155 0.77%0.171  0.685%0.141 0.60#0.130 0.47%#0.128  0.53%0.153
16.0-20.0 0.4760.149

simplicity we do not consider the result from the Kamio- " obs o1 obs
kande experimerii2] as it is consistent with the current SK Xfi:,;44[aRSK,i_ Rekillai(i,))“]™ [ @Rsk; — Rski ],

one and has much larger experimental errors. All the solar e (11)
neutrino data for the analysis of the rates used in this work

are summarized in Table I. In all our calculations of thewhereRtShKi is the theoretically expected event rates for the
theoretical prediCtionS we have used the latest “BPZOOch b|n Cor"nputed by using th& neutrino energy Spectrum
SSM+New °B” [8,9] fluxes, which include the recent new given in Ref.[48] normalized to the BP2000 SSM val(],
measurement 08;,(0) [45]. Our x? function is defined as  R2s s the corresponding observed rate reported by the SK
follows: ’

TABLE Ill. Comparison of the existing solutions to the SNP
when only the total rates are taken into consideration in the statis-
tical analysis. For each one of the indicated mechanisms the best fit
values of the relevant parameters are shown, followed by the cor-
whereR" andR™ denote, respectively, the predicted and therespondingy?, and its confidence level. In the first row we see the
measured value for the event rates of the five solar experkesult of the poor fit of the SSM predictions to the data. All other
ments considered= Cl, GALLEX/GNO, SAGE, SK, SNO. solutions present two free parameters to fit five experimental data

In order to compute the predictions for the rates, for chlo-points, resulting in 3 d.o.f.
rine, gallium and SK detectors, we follow Ref&1,20. For

il R"—R™|[o&]; TR"-R™],  (10)

SNO, we compute the rates using the neutrino charged cuMechanism Xin C.L.
rent cross section on deuterium,+d—p+p+e~, as given
in Ref.[46] and taking into account the energy resolution asSSM with 625 4x10°*?
described in Ref[10]. The error matrixogr contains both no oscillation (5 d.o.f)
experimental(systematic and statistigaind theoretical er-
rors[43]. MIO om? (eV?)  tarfe
) , _ . Vacuum 6.8x10 1  0.425 3.02 39%

B. x* for flux-independent analysis: SK zenith and spectrum SMA 7.91x10°% 159103  4.60 20%

Our final result is the fit derived from the combined analy-LMA 2.80x10°° 0.320 2.62 45%
sis of all presently available solar neutrino data, which in-LOW 1.05x10°7 0.743 10.5 1.5%
cludes the flux-independent information presented by the SK
Collaboration[47]. We include this information using the SK RsFp Sm? (eV®)  Ba(kG)
data split simultaneously on seven zenith bins and eight
spectrum bins. We will refer to these as the SK zenith- 1.11x10°° 338 101 80%
spectrum data. These data are summarized in Table II. For
the first and last spectrum bins the zenith data are groupedSN! € €
tqgether in one data point dqe to low detection rate at thesg quarks 0599 322102 072 87%
bins; in total 44 are data points related to flux-independen 5
. . S . u quarks 0.428 1.3910 0.73 87%
information. We used the statistical and systematic energy-
correlated and uncorrelated uncertainties listed in REf]. .
The systematic uncertainties are assumed to be fully correZEP |#47] Sir26s
lated in the zenith angle splitting. We then used the following 156X 10" 24 1.0 6.23 10%

x? expression for the flux-independent information:
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TABLE IV. Same as in Table Il but for the statistical analysis, 102 ‘ , .
taking into consideration not only the total rates but also the energy g | (@) Rates Only vs. SK Zenith-Spectrum
spectrum and zenithal dependence of the data. 10_4 3 E
10 1
Mechanism Xain C.L. 10° ]
- _10° ]
SSM with 100.0 1.6x10°° L
no oscillation (48 d.o.f) & 10 Iso%cL i
-8
8 10° | oomuet ‘
MIO om? (eV?)  tarf 10° 0 Best Fit from Rates Only _ ]
-10
Vacuum 46%10°°  1.89 46.1 47% e @
SMA 4.93<10°% 4.35<10°* 615 6.3% 107 np———— 3
LMA 6.15x10°°  0.349 38.7 75% 10"21 s e e i P
Low 1.01x10°7 0783 45.0 38% g . O o g 2
2 2 107 p ;
RSFP om= (eV’)  Bma(kG) 10 (b) Rates + SK Zenith-Spectrum
1.22x10°8 440 384 78% > =
107k
- &
NSNI € € 10
- 107°
d quarks 0.599  3.2810 37.9 80% £ i
u quarks 0.428  1.4010°° 379 80% =
‘g 10° [eo%c.L
VEP |pA | sinf26g 10° | - g oL L
_10 ‘o .. -
159102 1.0 42.9 60% L © Best Fit
10"
107 - : : :
—4 -3 —2 —1 0 1
Collaboration[47], « is a free parameter to avoid double- 16 n 1 tan2610 L 1

counting of the SK total rate in the statistical treatment, and
ai(i.]) is the 44<44 error matrix for SK zenith-spectrum G, 1. In(a) the allowed region for the MIO solutions to the
data. This treatment is slightly different from the one pre-snp at 90%, 95%, and 99% C.L. with rates only as well as the
sented in recent solar neutrino analy€sl1,22 which used  excluded region at 99% C.L. from the SK zenith-spectrum informa-
the SK elastic scattering spectrum data taken during the dajon are shown. Ir(b) the allowed region from the combined infor-
and the night separately whereas we used the SK spectrumation from rates and zenith-spectrum data is presented.
measured at different zenith andleight spectrum data are
divided into six zenith bins small change of the magnetic field profile. We found that if
we use the similar but different magnetic field profile used in
Ref. [27], which has the peak at=0.65, somewhat inner
region of the Sun, solutions exist only f@,,, larger than

In this section we discuss the results of our statisticar-100 kG. Among the solutions with no such extra freedom,
analysis. In Table Il a comparison of the existing solutionsMIO in vacuum is the second best o(#5%).
to the SNP, when only the total rates are taken into consid- For the no-oscillation hypotheses, in the case where only
eration in the statistical analysis, is presented. For each ortee SK zenith-spectrum information is used, we obtgﬁn
of the indicated mechanisms the best fit values of the rel=37.7 with «=0.446, for 43 d.o.f., which is compatible
evant parameters are shown, followed by the correspondingith the experimental data at 70% C.L. These results imply
X2 and its confidence level. In the first row one can find thethat there are no strong distortions in the the shape of SK
result of the poor fit of the SSM predictions to the data:zenith spectra when compared to the SSM predictions, and
Xﬁqin:62'5 for 5 degrees of freedo(d.o.f) which represents the observed data are consistent with the no-oscillation hy-
a confidence level of only-10"12 All the other solutions pothesis provided that the overall rate is normalized.
present two free parameters to fit five experimental data When we include in the statistical analysis not only the
points, resulting in 3 d.o.f. The largest confidence leveltotal rates but also the energy spectrum and zenithal depen-
(87%), shown in Table llI, of the fit to the observed data is dence of the data coming from the SK experiment, then the
achieved by the solutions based on neutrino NSNI and thganorama changes as summarized in Table IV. As in Table
second largest on@0%) is achieved by the RSFP solution. llI, the first row shows the fit of the SSM predictions to the
We note that the RSFP solution has an extra freedom icombined datay?,,=100.0 for 48 d.o.f., which represents a
choosing the solar magnetic field profile. Indeed we foundconfidence level of-10~°. The solutions listed in Table IV
that the RSFP solution is rather sensitive to the relativelypresent two free parameters to fit 48 experimental data

IV. RESULTS
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FIG. 3. Same as Fig. 1 but for the solution based on NSNI with
10_9 L d quarks in the parameter spacesff=¢,) ande’(=e€}).
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B ax (KG) is the reason why the allowed region decreases significantly
when both data are combined as we can see in Fids, 1
FIG. 2. Same as Fig. 1 but for the RSFP solution in the3(b), and 4b). On the other hand, for the RSFP and VEP
Bmax-dM? plane. cases, there is no such kind of strong conflict between rates
and and SK zenith-spectrum fit and therefore, the allowed
region for the combined data is rather similar to the one
points, resulting in 46 d.o.f. Here, the large mixing angledetermined only by the rates as we can see in Figs. 2 and 5.
MSW solution based on MIO, as well as RSFP and NSNI
solutions are equally probable all havirg80% C.L. The
VEP solution also provides a very good fit, 60% C.L.

In Figs. Xa)-5(@ we present for all the conversion Even though the conventional mass-induced oscillation
mechanisms(i) the allowed parameter region determined mechanism, which is theoretically well motivated, can be
from the total rates only andi) the excluded parameter re- considered as the most plausible solution to the solar neu-
gion determined only from the SK zenith-spectrum informa-trino problem, it is important to realize that solutions based
tion. In Figs. 1b)-5(b) we present the allowed parameter on new physics in the neutrino sector, such as a large neu-
region determined from the combined data of the rates anttino magnetic moment, neutrino flavor-changing and non-
the SK zenith-spectrum information. universal processes, in violation of the equivalence principle,

It is worthwhile to note that for the MIO and NSNI cases, can still be viable solutions that provide a fit to the solar
Figs. 1a), 3(a), and 4a), in some parameter regions, there is neutrino data, which are comparable to the solution based on
a significant overlap between the region allowed by rateshe conventional mass-induced neutrino oscillation, as we
only and the one excluded by the SK zenith-spectrum inforshowed in this work.
mation. Namely, there is a strong conflict between the rates We also note that some of these mechanisms which do not
and the SK zenith-spectrum fit for some parameters and thiequire neutrino mass in the fit to the solar neutrino data do

V. DISCUSSIONS

073012-7



A. M. GAGO et al. PHYSICAL REVIEW D 65 073012

_q 22
10 10 T T T T
(a) Rates Only vs. SK Zenith-Spectrum
107 | —|
[ eo%cL E—
w §10‘m I —— 99%CL.
90%C.L. - O Best Fit from Rates Only
" - 95%CL [
10 F —— 99%C.L
O Best Fit from Rates Only :] Excluded by SK Zenith-Spectrum at 99 % C.L.
‘:I Excluded by SK Zenith-Spectrum at 99 % C.L. O ST —
(a) Rates Only vs. SK Zenith-Spectrum = - S e
. L . | ) o ‘ . ‘ K
040 041 042 043 044 045 046 107 o5 06 07 , o8 09 1
€ Sin"28,
107 : ; ‘ . = | | .
(b) Rates + SK Zenith—Spectrum (b) Rates + SK Zenith-Spectrum
107 1
w Fio= |
=
R [ leo%cL
107 ¢ 1 ---- 95%C.L.
e —— 99%C.L.
ey O Best Fit
—— 99%C.L.
=
040 0.41 042 043 044 045 046 107 . . . .
’ 05 0.6 0.7 0.8 0.9 1

€ . sinzzeG
FIG. 4. Same as in Fig. 3 but for NSNI witlhh quarks in the

parameter space af(=e,) ande’(=e.). FIG. 5. Same as Fig. 1 but for the VEP solution in the2iig

—|#6y plane. Notice in the upper panel the very small exclusion
region at 99% C.L. from the SK zenith-spectrum information ap-
have some close relation with neutrino mass generation. Fgrears at sif26s~1 and|¢dy|~10 24
example, in our phenomenological approach, we ignored
neutrino mass in the solution based on nonstandard neutrirenlar neutrino observations alone cannot yet conclude if neu-
interactions but there is no available model that preventsrinos have nonvanishing mass or magnetic moment. Further-
neutrinos from acquiring mass at a radiative level, if flavormore, no stringent limit on the existence of NSNI nor on
changing and flavor nonuniversal interactions with quarksVEP can be currently set by the solar neutrino data.
are present, even if no tree-level mass terms appear in the The ultimate goal of the solar neutrino observations is, of
model. course, to perform a direct experimental identification of the
It is fundamental to mention that it is difficult to explain solution. For this purpose, we will have to wait for the up-
the atmospheric neutrino proble@9] as well as the LSND coming solar neutrino experiments, which hopefully will
anomalies[50] by these alternative mechanisif&l]. Fur-  provide a lot of new information, to reveal the true nature of
thermore, while mass-induced oscillation and resonant spirthe flavor conversion mechanism which is behind the SNP.
flavor precession solutions to the SNP can be easily conciliFor instance, low energy solar neutrino experiments, such as
ated with the standard neutrino oscillation solution to theBorexino [53], can possibly discriminate among the solu-
atmospheric neutrino problem, it is not a trivial task to an-tions considered in this work, as can be seen in Fig. 7 of Ref.
swer if the nonstandard flavor-changing and nonuniversdl54].
neutrino interactions and violation of equivalence principle In the near future a new reactor experiment, KamLAND
solutions to the SNP modify or even damage this standarfb5], may measurev, disappearance. For all mechanisms
solution to the atmospheric neutrino anomgsg]. studied here, with the exception of LMA, we expect no sig-
Having this picture in mind we conclude that no specific nificant disappearance in KamLAND because the baseline is
solution is preferred by the current solar neutrino data, altoo short to developed oscillation. Then a positive evidence
though some solutions may have difficulties in reconcilingfor neutrino oscillation in KamLAND can establish the LMA
atmospheric neutrino observations. We emphasize that theplution. For the negative evidence no conclusion can be
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drawn to favor a particular mechanism studied in this work.evel over 60% providing a very good fit to the solar neutrino
A discussion about the consequences of the KamLAND exdata.
periment on the mechanism of the neutrino mass and the (2) A very robust statement is that LMA is the best pre-
mixing hypothesis can be found in R¢&6]. ferred solution for mass-induced oscillation scenario,
We summarize our conclusions. whereas the SMA is the worst one.
(1) The present solar neutrino data only by themselves (3) Future experiments could test these different scenarios
cannot discarda priori, any of the solutions discussed here: @nd possibly discard some of them.
(@ neutrino mass and mixingb) nonvanishing neutrino
magnetic moment(c) the existence of nonstandard flavor
changing and nonuniversal neutrino interactions, @hdhe This work was supported by Fundacde do Estado de
tiny violation of the equivalence principle. We refer to Tables Seo Paulo(FAPESP and by Conselho Nacional de @ea e
[l and IV for comparison. All solutions have a confidence Tecnologia(CNPq.
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