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Three-flavor oscillation solutions for the solar neutrino problem
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The good agreement of standard solar models with helioseismology and the combined analysis of the solar
neutrino experiments suggest that the solution of the solar neutrino problem is located in particle physics rather
than in astrophysics. The most promising solution is neutrino oscillations, which usually are analyzed within
the reduced two-flavor scheme, because the solutions found therein reasonably well reproduce the recent data
of Super-Kamiokande about the recoil-electron energy spectrum, zenith-angle and seasonal variations, and the
event rate data of all the neutrino detectors. In this work, however, a survey of the complete parameter space
of three-flavor oscillations is performed. Basically 8 three-flavor solutions could be identified, where the best
one with Am?,=2.7x10 1% eV?, Am?,=1.0x10"° eV?, ©,,=23°, and ®,;,=1.3° (denoted SVQ is
slightly more probable than any two-flavor solution. However, as the greatest valnﬂrﬁgrof these three-
flavor solutions is about 2:610™* eV?, none of these solutions is consistent with the results of the atmo-
spheric neutrino problem Whememgsz 1072 eV2. The relatively weak improvement of the fit using three-
flavor instead of two-flavor oscillations, which appears to be due to an inconsistency of the different kinds of
data, indicates that there are possibly still systematic errors in at least one data set or that the statistics is not
yet sufficient. In addition, the abilities of SNO and Borexino to discriminate the various two- and three-flavor
solutions are investigated. Only with very good statistics in these experiments can the correct solution to the
solar neutrino problem be identified unambiguously.
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. INTRODUCTION capture process ofBe [8]. Nevertheless, strong modifica-
tions of the reaction cross sections would be difficult to ex-
From the beginning of the first measurements of the solaplain experimentally and theoretically. Moreover, even if a
neutrino flux on Earttj1] until the present time, the origin of presently unknown physical process could account for the
the solar neutrino problem has not yet be resolved totallydemanded changes, the resulting solar models would hardly
While previously inaccurate or unknown physics used inbe consistent with helioseismolog9].
solar-model calculations could have been made responsible The most promising approach to the solution of the solar
for the discrepancy between measured and predicted solaeutrino problem is an extension to the particle-physics stan-
neutrino flux, this kind of solution can presently almost bedard model—neutrino mixing. Analogous to Cabibbo-
ruled out, basically for two reasons. Kobayashi-Maskawa CKM) mixing in the quark sector,
First, the high precision in the measurements of the solaweak and mass eigenstates of neutrinos are supposed not to
p-mode frequencies and the development of helioseismologbe identical but connected by a unitary transformation.
cal inversion techniques enable the determination of the solar Under this assumption an initial solar electron neutrino
sound-speed profile with high accurd@f. Comparison with can be converted during its propagation to the Earth into
standard solar models containing improved input physic&nother flavor, au or 7 neutrino (just-sooscillations[10]).
such as opacity, equation of state, and microscopic diffusiorurthermore, the neutrinos may coherently scatter forward in
shows excellent agreement with seismic modi8is5|. Pre-  solar mattef Mikheyev-Smirnov-WolfensteitMSW) effect
dictions for the event rates in the solar neutrino detector§l1]], altering the conversion probability for a certain set of
deduced from these standard solar models still are inconsisnixing parameters.
tent with the measurements, confirming the solar neutrino The possible values for the mixing parameters, with
problem(Table lI). which the measured event rates in all detectors can be repro-
Second, the three types of currently operating experiduced simultaneously, have been derived by various authors
ments, the chlorine detectdd], the gallium experiments [12,13, but oscillations between only two flavors usually are
GALLEX/GNO [6] and SAGE[7], and the @renkov-light taken into account.
counter Super-Kamiokande have different neutrino-energy Recently Super-Kamiokande has published more detailed
thresholds. This allows to determine the contribution of dif-information about the energy distribution of the recoiled
ferent parts of the solar neutrino spectrum to the total fluxelectrons and the zenith-angle dependence of the neutrino
without explicitly taking into account solar-model calcula- signal[14,15. In the analysis of the 825-day data it became
tions. From this analysis it has been inferred that the experielear that it is not possible to explain satisfactorily these data
mental results can be explained only with huge changes iand the event rates of all detectors by one set of mixing
the nuclear fusion rates. The best fit with the data is obtainegarametergsee[16]): An excess of event rates in the high-
even with anegativeflux of neutrinos created in the electron- energy bins was inconsistent with the other data.
It was the initial motivation of the present work to exam-
ine whether an expansion of the neutrino analysis to the
*Email address: schlattl@mpa-garching.mpg.de more general three-flavor case could resolve this discrepancy
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between the different types of data. However, after the Ve v,

Super-Kamiokande group reanalyzed their data and included

new data(1117 days in tota) the excess in the energy-bin lva)=| vu | =U| v2 | =Uw), ()
data diminished and now all data can be explained simulta- v, V3

neously by two-flavor oscillations. Furthermore, the

8B-neutrino spectrum has been redetermined by performing/here|v,) denotes the weak arja;) the mass eigenstates.
new measurements of the electron spectrum ofBielecay The unitary matrix{/ can be parametrized by

[17] (hereafter OGOD Although within the error ranges the

spectrum is in agreement with the one of R&8] (hereafter 1 0 0 C13 0 s7'°
BL96), the number of high-energetic neutrinos is overall

higher than previously thought. Thus, the excess in high- g=| O 23 S 0 1 0
energy bins is further reduced which yields a yet slightly 0 —s,3 Cog -51% 0 cypg

better reproduction of the data by two-flavor solutidese
Sec. IV A). After the analyses performed in this work were
finished, new calculations of the cross section of fie
proton capture, which produces the most energbgp w| —S12 €12 O P)
neutrinos, have been published yielding a 4.5 times higher 0 0o 1
value than previously evaluat¢d9]. Since these neutrinos

were contributing about 1% to the number of events in the

highest energy bin of Super-Kamiokande, using the I’1eW/vheresij and cjj are abbreviations for s@ij and (:o@ij
3He+p cross section increases the expected rates in thig)s®ij<77/2), respectively, and is a C P-violating phase
energy bin by about 4%. This probably leads to a slightly[26], which is neglected in the followinjThe equation of
improved fit of the two-flavor solutions to the data. However, motion for a neutrino beam in vacuum obeys the Klein-
as mainly the highest energy bin is influenced and the differgorgon equation for free particleg €c=1),

ence including the new instead of the olde+ p cross sec-

tion is small, no significant impact on the results of this work 2 o2 2 S

is expected, where still the smalléHe+ p cross section of (G5 = V24 MA]yi(tr)) =0, ©)
Ref. [20] has been used. Anyway, it is presently still not
clear which solution to the solar neutrino problem is the

C S O

where the mass matrid? is defined as

correct one, and hence all possible solutions should be de- 2

duced. my 0 O
Therefore, in this work the most general case of three- M2=| 0 m2 O

flavor oscillations is investigated without making any as- ) '

sumptions about the mass scale as, for instance, inspired by 0 0 mg

the atmospheric neutrino problem. The latter is taken in vari-
ous publication§21—24 as a constraint to investigate three- With m; being the mass of the neutrino mass eigenstate
flavor oscillations. Here, the aim is to examine whether théGenerally the solution is given by a superposition of plane
expansion to three flavors leads to new solutions with whictwavese' ("~ with the dispersion relation

the fits to all kinds of data can be improved compared to the

usual two-flavor analysis. The implications for the atmo- ©w2=K2+m?2.

spheric neutrino puzzle are discussed afterwards.

In Sec. Il the equations for three-flavor oscillations arein the case of the Sun with an almost stationary neutrino
denvgd from the solution to the I_<Ie|n-Gordon equation e.m.dﬂux, |vi(t,F)) can be expanded in components of fixed fre-
the size of the parameter space is deduced. After descrlbln&{J AN Aot hericall ic 1l f
the underlying solar model and the neutrino analysis in Sec! ency|vl(r)>me - For a spherically symmetric flux o
I11, the results for two-flavor and three-flavor oscillations arefelativistic neutrinos K~ ) one finally gets
shown(Sec. IV). Finally the abilities of forthcoming experi-

. . . - . 2
ments like SNO and Borexino to discriminate the various —ii|v-(r)> [ w— | [w(r)) @)
solutions are discussdé@ec. . o' ® 20 TN
Il. THEORY OF NEUTRINO OSCILLATIONS The constant “potential’o can be removed by shifting the

energy scale, and by using=r, Eq. (4) can be formally

In the following an overview of the basic equations for =" tamiliar Schin .
neutrino oscillations is provided with particular emphasis on'V/'tt€n as a more familiar Schamger-type equation

the three-flavor case. A more thorough description can be p
found, e.g., iN25] or [9]. iﬁ|”i(t)>m:H|Vi(t)>wi (5)
A. Vacuum oscillations

If neutrinos have mass, a mixing matrix similar to the
Kobayashi-Maskawa matrix in the quark sector can be de- The effect of theC P-violating phase on the analysis of neutrino
veloped: oscillation data has been elaborated ohJ].
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with H=E,;,~M?/(2w). The general solution to this equa- B. Matter effect
tion is During the propagation of neutrinos through the Sun they
. coherently scatter forward on the particles of the solar
vi(t)) =e ™M y(tg)) . (6)  plasma. Unlikex and 7 neutrinos, which only interact via
NC reactions, electron neutrinos can additionally couple via
The probabilityP(r),, . s to detect a neutrine,, with energy ¥V bosons to electrons. Thus, the scattering cross section of a
E=w as a neutrino of type/; at distancer=t from the e is altered in contrast to that of the other two neutrino

source is therefore given by/( *=u") flavors. This can lead to a resonant flavor transition, which
may create a pure, or v, beam from the originally created
P(N)ap= |<vBIUe‘”(AM2’<2E>)uT| V)2 (7  electron neutrinos, first theoretically postulated and de-
a— a .

scribed in[11] (MSW effec).
This effect can be included in E@5) by substitutingH

Using Am? =m?—m? the matrixAM? reads s
with H=H+ Vs, where

0 0 0
AM2=M2-m2d,=| O Ami, O

, Ver=V2GeNU T
0 0 Ami;

o O -
o O O

0
Olu
0

With the mass eigenstate of an electron neutrino being influences solely the/, contribution of the neutrino beam.
Gg is the Fermi coupling constant am, the electron num-

V1 1 C12L13 ber density. The new Hamiltoniahi is no longer diagonal in
vo | =UT| 0| = siL13], (8)  the mass basis. To evaluate the survival probability and thus
Vs 0 Si3 exp(—iHt) it is therefore necessary to diagonalizeby a
¢ unitary transformatior):
Eq. (7) yields, for the survival probability of's in vacuum, M, O 0
AmZr Ho=| 0 M, 0 |=V"RV
P(r)(e:i)}e:]._SW]z( 4E12 )COé‘@lgsinZZ(alz 0 0 M3
2 Amér 2 Similar to vacuum oscillations the constant phisgd; can
B AE Cos'®1, be removed fron¥{ as it does not change the survival prob-
A2 ability. The complicated analytical expressions Mj;
ma4r L
+sir? 23 )sin2®12 SiP26 1. 9) have been _evaluated [|2_8]. Recently, expéﬂ-{.t) has been
4E calculated in[29] by using the Cayley-Hamilton theorem

without explicitly deriving). In the present work, however,
The superscript (3) denotes the case of three-flavor mixingy and M; are computed with a fast numerical algorithm us-
Pffﬂe depends on four quantities, two mass-squared differing none of the analytic expressions.
ences,Am3, and Am3,; (Am3,=AmZ,—Am3,), and two
mixing angles®,, and ®,5. The third mixing angle® ,; C. Parameter space

does not appear in E(B) and henceé._ is independent of Recently various publications appeared which dealt with

this quantlty'. The survival probabilities .f% andv, depend . the actual size of the necessary parameter space covering all
on 0,3, but its value cannot be determined by solar-neutnnopossible solutions of the solar neutrino problE86—32. In

experiments, as in th_e energy range of SO'."’" ngutmgpsnd this section the sometimes confusing statements about this
v, interact equally with the detector material via neutral Cur'topic are summarized and clarified.

rent(NC) interactions. Thus, only the total number@fplus The mixing angles can be defined to lie in the first quad-

. . 3 . .
7 neutrinos, given by (Y, influences the event rates in ant by appropriately adjusting the neutrino field phases
detectors such as Super-Kamiokande, SNO, or Borexino. similar as in the quark sect§83]. This can also be verified

For oscillations between two neutrino flavors where nofom the final formulas, as, for instancB,(r)ff)e depends
mixing into the third flavor occur¢e.g., ve— v, , ©®413=0), solely on the square of siy; and co®; (ij =12,13), re-

Eq. (9) simplifies to the well-known formula spectively. Moreover, it has been showr{80] that it is also
sufficient to consider &0 ,,<w/2, if P(r)® and

2 e—u
P(r)fﬁezl—sinz(Am r)sin22®, (100 P(N&)., respectively, are to be measured. In the case of
4E matter-enhanced oscillations the situation is not as trivial, but

using an analytical formula for the evolution of a neutrino
where AmzzAmf2 or Ami3 for ve-v, and ve-v, oscilla-  state in matter as derived [29] [Eq. (44) thereir], one can
tions, respectively® defined analogously also show that the evolution of an initial electron neutrino is
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FIG. 1. Annually averaged probability of detecting a neutrino
produced in the solar center ag on Earth for sifR20=0.7 (0
<@<m/4) with Am®>>0 (solid and dash-dot-dot-dottedand
Am?<0 (dashed and dash-dotted ljneespectively. The two lines /1/1
in each case show the probability neglectisglid and dashedand

including (dash-dot-dot-dotted and dash-dojterespectively, the FIG. 2. Geometrical illustration of the flavor space available for
Earth-regeneration effe¢84]. a v, in the mass basisif,v,,v3)". The spherical segment is di-
vided into three sectors of equal size and shape, where each can be
determined only by the squares of €y and co®; . obtained from another by mirroring at the respective diagonal.
Maximal mixing is given at the intersection of all three sector bor-
1. Two flavors ders, i.e., sif2®;,=1 and sif20,,=%. The cross in sector Il

. h ¢ f ilati . ined indicates the case €@0,,=sin’20,,=1; the dashed border ex-
First, the case of two-flavor oscillations is examined. EX-tgqs sector | to the area with,,,0 5= /4. The dotted line splits

changing the first and second rows in the definition of theggctor | into two symmetric partéSee text for more details.
mass eigenstatd€q. (1)] implies thatAm?— —Am? and
sin®«cosO[=0—(7/2—0)].2 Since the assignment of
the masses; to the respective mass eigenstajemust not
change the results, e.g., the casm®>0, 0<O</4 is ) )
equivalent toAm2<0, m/4<®< /2 for any possible form would be measurable on Earth. For’@@=0.7 this leads to

of the Hamiltonian. Thus, without loss of generalitycan (P& =0.65. In contrast with the case witm?>0 (solid

be chosen to be withif0,7/4]. line), where the resonant flavor conversion diminishesithe
For pure vacuum oscillations Eq10) can be applied contribution of the solar neutrino current, fakm?<0

which yields thatP(r) 2 is independent of the sign afm? ~ (dashed ling the v portion is even enhanced compared to

and under the transformatio® — (m/2— ©). Hence, in this the pure vacuum-ogcﬂlaﬂon case. T_hus, thg minimum value

case it is even sufficient to considém?2>0. of the v, contribution for Am?<0 is obtained for pure

The situation is different for oscillations in matter, where Yacuum oscillations. However, since vacuum oscillations in
the resonance condition for the MSW transition is given by thiS mass range yield at most a suppression ofvfligux of
50%[Eg. (12)] and the solution to the solar neutrino problem
AMZ/2E demands, at Ieast. to explain the Homestake experiment, a
Njee=————C0S 29, (1D stronger suppression of about 60%, fom?<0 no reason-
\/EGF able solution can be obtained. Hence it is sufficient to con-
sider in the two-flavor MSW case similar to the two-flavor
A resonance may occur i, is positive; thus,Am?  vacuum oscillations solelgm*>0(0<m/4).
>0 (®=<m/4). Although no resonance occurs for negative Recently, it was pointed out 82,35 that the 3r ranges
values of Am?, matter still influences the evolution of the of the large mixing angléLMA ) and low mass-squared dif-
neutrino flavor composition in the solar interigior a more  ference(LOW) solutions(see below extend outside this re-
detailed study see, e.428)). gion, but additional solutions for the solar neutrino problems
In Fig. 1 the effect of solar matter on the energy depen<could not be found there. In the analysis[82] and[35],
dence of P?, is demonstrated. ForE/|[Am?|<10®  however,Am* was fixed to be positive and thus<t®
MeV/eV? vacuum oscillations would yield an energy- <7/2 has been examined. The part4<® <x/2 of that
independent survival probability for electron neutrinos, asParameter spacgermed the “dark sidey is equivalent to
the vacuum oscillation length is small and therefore only dhe regionAm?<0 and 0<© < /4 discussed above.
mean value ofEq. (10)]

(P? ) =1-05s5if20 (12)

e—e/r

2. Three flavors

The considerations of the two-flavor case are now ex-
2The indices 12 and 13 of the mass-squared difference and mixingended to three flavors. In Fig. 2 the flavor space for the
angle, respectively, are omitted in the two-flavor case. electron neutrino is illustrated, whetg is represented as a
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(yet unknown point on the surface of an eighth of a unit Defining in sector | (60 ,,<w/4, tan® 3<c0s0,,) the
sphere. While in the two-flavor case the ordering of theyyantitiess,,(=sin®,,) ands,s by

masses enables two cases to be distinguished®<0 and
Am?>0), in the three-flavor scenario six cases can be iden-

N . ‘ cast S17=S12,

tified. But since exchanging any axes in Fig. 2 maps the 127 =12

flavor space onto itself, each mass hierarchy can of course be

obtained from the “canonical” onenf><m3<m3) simply PR (13)
. ) : : 13 ,

by exchanging the respective assignmentmpfto »; in Eq. \/1—5712(:713

1.

Unlike the two-flavor case, where for pure vacuum oscil-yields such a pair. With these quantities £9).is written as
lations the parameter space could be further decreased, this(igg =1-8)
not possible in the general three-flavor scenario, as, e.g., " 4

Amz,=Am2,—AmZ, is not invariant under the transforma- ~ o~ \2 2
tion23Am2 —1>3—Am212. @) _q_ 2C1€13 | |~p~» - Amgr
12 12 . . . . P(r)e—>e 1 ~2~2 S12L13S! 4E
For three-flavor neutrino oscillations in matter an exact 1515813
analytic resonance condition can hardly be obtained because 2 2
of the complicated formula for the mass eigenvalids;; . 1R Sinz(AmBr LR Sinz(Amzar)
If the masses are well separated, the two-flavor resonance 12913 4E 12513 4E ||’
condition[Eq. (11)] can be applied for both systems by sub- o
stituting the quantities Am?, cos M) by  Which is unaltered under exchange of the indices2
(Am?,c0s0,3, cos P;,) and (AmZ,, cos B;,), respec- Moreover, it can be proved that the evolution matrix of

tively [36]. Hence, in this case considerif;,,® < m/4 neutrinos in matter is not cbangedNWhen exchanging the in-
(sector | extended to the dashed borders in sector IlI of Figdices 2—3 [9]. Hence, using;, ands, 3 in sector | yields a
2) with Am?2,,Am2,=0 is sufficient to obtain all possible v survival probability, which is constant under this transfor-
solutions where two resonances may occur. However, th@ation in vacuum as well as in matter.
solution to the solar neutrino problem may also be a combi- Similar to sector | also sector Il #/4<® ,<m/2,
nation of a nonresonant and a resonant oscillation and th@n®,3<sin®;,) can be brought into a quadratic shape by
masses can be in principle very similar, too. Thus, the whola!sing the transformation
parameter space must be taken into account.

In [21], for instance, three-flavor oscillations were inves- T S13
tigated assuming a canonical mass hierarchy and using a B8 2 2
fixed value for Am2,=10"% eV? in agreement with the 1=ciiy

atmospheric-neutrino results. They examined the remainingyt this does not yield a survival probability invariant under

parameter space by applying an analytical formula forithe  exchange of the indices-23, as under this operation sector
survival probability, which approximates the solar electron-|| would be mapped onto sector III.

density profile by an exponential function and is valid for

(14)

2 2103 a\2 2 iypifi 2
Amiy~10"" eV” andAmj, significantly smaller thasmi,. Ill. CALCULATIONS
Under these conditions the parameter space could be reduced

considerably. A. Standard solar model

In the present work, the most general case of three-flavor gy the following calculations my standard solar model
oscillations of solar neutrinos is investigated, and thus thesg;GARSOMﬂrn) as described if37] is used. It has been
restrictions are not applicable here. Instead of perfor'ming Ralculated using the latest input physics, equation of state
survey over the whole flavor spaces® 5,0 13<7/2) with  gpq opacity from the OPAL grouf88,39, and nuclear re-
canonical mass hierarchy, | prefer to consider the cas§ction rates as proposed 0. In addition, microscopic
Am?,,Ami;>0 which covers two possible mass hierarchies giffusion of H, 3He, “He, the CNO isotopes, and four
ThUS, in this case Only half of the total flavor Space must bQ]eavier e|ement$mong them FPlS included using the dif-
overviewed. In the illustration provided in Fig. 2 this reducedfysion constants of41]. By treating convection as a fast
area is given by sector Il and the lower half of sector Igiffusive process the chemical changes due to nuclear burn-
defined by the dotted line. _ “ing and diffusion (mixing) are evaluated in a common

To simplify the numerical survey and the analysis a vari-scheme.
able transfqrmation3 of the mixing angles is applied in each A peculiarity of GARSOMA4 is the inclusion of realistic
sector: ObviouslyPY, as defined in Eq(9) is not symmet- 2D hydrodynamical model atmosphefég€] down to an op-
ric under the exchange of indices-23. However, sector | is  tical depth of 1000. The improvement of the high-degree
symmetric undew,« v3, and it would be useful to have two p-mode frequencies due to a better reproduction of the su-
quantities® (0 1,,0 15 and® (0 ,,0,5) which satisfy peradiabatic layers just below the photosphere is similar to

the one obtained by using 1D-model atmospheres liK&jin

PO (AMZ,,015,Am;,01) The advantage of using the 2D- instead of the 1D-model
) by ~ by ~ atmospheres is the extension of the former to greater optical
=P o(Ami3,013,AM,, 0 1). depths, where the stratification is already adiabatic and thus

013009-5



H. SCHLATTL PHYSICAL REVIEW D 64 013009

TABLE I. Typical quantities of GARSOMA4. Hereay, is the mixing-length parameter of the convection
theory developed if43]. Y andZ are helium and metal mass fractiofisand p the temperature and mass
density, respectively. The depth of the convective envelope in units of the solar radius is abbreviated by
Ryce- The indiced, s, andc denote initial, surfacéphotospherig and central values, respectively.

Te Pc Phce
acwm Yi Z; Ys Z (107 K) (g/cn?) Rpce (g/crr?)
0.975 0.275 0.020 0.245 0.018 1.57 152 0.713 0.188

the solar model becomes nearly independent of the applieilom the solar model, too. For the electron-density profile of
convection theory. the Earth the spherically symmetric preliminary reference
In Table | typical quantities of GARSOM4 using the con- Earth modePREM) [50] is applied. For each set of mixing
vection theory developed i3] are summarized. The pre- parameters the neutrino energy spectrum observed on Earth
dicted event rates of GARSOM4 for the three presently opis evaluated and folded with the detector response functions.
erating types of neutrino experiments GALLEX/GNO/ The combinations of mixing parameters which reproduce the
SAGE, Homestake, and Super-Kamiokande are summarizedeasured data are found by applyingaanalysis.
in Table Il together with the values obtained p4]. Since There are four contributions to the total valueydforigi-
the input physics is very similar in both models, the pre-nating from the four different available data sets: the event
dicted rates agree very well within the errors as quoted byates, the recoil-electron energy spectrum, the zenith-angle
[4]. In addition, the influence of the assumé&B-neutrino  distribution, and the annual variation. The latter three are
spectrum on the predicted rates is shown. Using the recemivailable only from the Super-Kamiokande detector, while to
OGO00 spectrum yields slightly higher rates for all three ex-the first one all three types of neutrino experiments contrib-
periments than including the one of BL96, which is causedute.

by the somewhat larger number of high-energé&fcneutri- For the event-rate portion the commonly used formula is
nos in the former spectrum and the strongly increasing de- 3
tection probability toward higher energies. ) (NP N2
Figure 3 shows the sound-speed profile of GARSOM4 XR™ & "5 2 (15)
i=1 Ul,expt+ T th

compared to the seismic model inferred [#y]. The devia-

tions of GARSOM4 from the latter are of the same size as )
standard solar models from other groupstg]. where i denotes GALLEX/GNO/SAGE, Homestake or

Super-KamiokandecréXpt and o2, are the experimental and
theoretical Ir errors, respectivelyTable Il). Since the input
] i . physics in GARSOM4 is similar to the one used[#, the
evgljjgl)gn tgfetr?:ui:ilggl félljé(ct?cs)npglvd?r?r?osyth?(ﬁgﬁ?ﬁ/leélstﬂﬁ theoretical errors derived therein are taken &df. Here

S, N EXPL ;
space, and Earth is computed taking into account oscillation\%ith ?r:i ttig;?tz\?r?tri:g e;;]/eq_;)ell;eslilwlzg:tréa{r?a?ug[gdstagztrr_\er
between the flavorsee the Appendix The electron-density Kamiokande data are usually reported &-neutrino flux

profile and the radial distribution of the neutrinos are taken. | vive to a standard solar-model prediction. Actually this

B. Neutrino-oscillation analysis

TABLE Il. Expected event rates and neutrino flux, respectively, 0.010] T . . .
in the three types of experiments GALLEX/GNO/SAGEa), i
Homestake(Cl), and Super-Kamiokande as predicted by the two anoEl 1
solar models GARSOM4 and BP4d]. For GARSOM4 the ex- s ]
pected values using the OGQfirst row) and the BL96(second % P
row) ®B-neutrino spectrum are given. The last row provides the 2 0.000f _\\_ — -
measured values with their respective errors. E I 7
= K )
wn [ \
Ga[SNU] CI[SNU] Super-K[10° cm 2s71] = -0.005 _
GARSOM4 128.7 7.79 5.18 20.010 i . . . . 1
128.4 7.58 5.06 0.0 02 04 0.6 0.8 1.0
/R

BPO8 1208 7.7°12 51529 R
Experiment 74.24.9% 2.56+0.23° 2.40+0.08° FIG. 3. Comparison of modern solar models with the seismic

model by[47]: shown is the relativéseismic-solar modgldiffer-

ence of sound speed for the model of Réf} (dashed ling Ref.
ZReference{44]. [48] (dash-dotted ling and GARSOM4 (solid line). The grey-
Referencd 45]. shaded area indicates a conservative error range of seismic models
“Referencd 46]. according tq49].
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TABLE Ill. The x? values in the case of no oscillations. 10°€
x2(Ga), x?(Cl), and x*(SK) are the contributions of the GNO/ 1ok
GALLEX/SAGE, Homestake, and Super-Kamiokande experiments i
to x2 [Eq. (15)]; x2, x%, and x4 are defined by Eq16). _ 107k
S 3
2 oL
XA(Ga)  XA(C)  AASK) X2 X XA X s 107
33.9 17.9 79 83 18 13 711 107
10°F
, 10° :
number has to be understood as an event-rate ratio. The total 104 103

number of measured events is divided by the theoretically
expected valude.g., from GARSOMJ This ratio is then 109
often falsely taken to be the suppression rate of titel £ ®
8B-neutrino flux. However, with the energy window of the
recoiled electrons being betweéeh 5 and 20 MeV no state-
ment about the total number 8B neutrinos below this win- =
dow is possible. Moreover, neutrino oscillations may alter ~§
the energy spectrum of thH#B-electron-neutrino flux, and as <
the scattering cross section of the neutrinos in Super-
Kamiokande is energy dependent, the same number of event
rates can be obtained with differefB-neutrino fluxes. Thus 10" s
in the present analysis the event rate in Super-Kamiokande 0.2 0.4 06 0.8 1.0
following Eq. (A5) is used and not the tot4B-neutrino flux. $in"20
The recoil-electron energy spectrum is examined by FIG. 4. Confidence regions in them?-sir’2@ plane for two-
flavor neutrino oscillations using only the event rates. As a result of
the different mass ranges and dependences on the mixing angle, the
18 (Nie’épt— aeNithe)z MSW solutions are shown ifa) and the pure vacuum-oscillation

(16) solutions in(b). The light shaded areas reflect the 95.4% C.L., while
the dark shaded regions show the 99.7% C.L. Also draw(m)iare
the constraints from Homestaksolid line), GALLEX/GNO/SAGE
(dashed ling and Super-Kamiokand@ash-dotted line The best-

where the sum extends over all 18 energy HiR. 6@]  fit value of each solution is indicated by (Table IV).

and o; . is the quadratic sum of statistical and systematic

Tie

errors taken fronj46]. Since the absolute value of the event IV. RESULTS

rate in Super-Kamiokande has already been use;@l,%ime

parametera, is introduced, by which the spectrum can be A. Two flavors

normalized adequately, independent of the total rates. In a first step the solar neutrino problem is analyzed tak-

The contribution of the zenith-angle dependefsie bins,  ing into account oscillations only between two flavors. Fig-
Fig. 6(b)] and seasonal-variation ddfaur bins, Fig. 6c)]is  ure 4 shows the allowed oscillation parameters using the
defined analogouslydenoted in the followingys and x4,  OGO0 ®B-neutrino spectrum if solely the event rates of the
respectively.

In Table III_the dlffer_ent)_(z values for the _no-OSCIIIatlon TABLE IV. Best-fit values for oscillations between two neutri-
case are provided. Taking into account the involved numbefys taking into account solely the event rates of the three detector
of degrees of freedomNpoF), thesex” values are in agree- types. In the first four rows the OGOBB-neutrino spectrum is
ment with the values quoted [i24], where the energy spec- included, while in the last rows the one of BL96 is assumed. The
trum and the day-night asymmetry are treated more elabaotal number of DOF in this analysis is 1.
rated. Obviously the event rate predicted for the gallium
experiments differs most from the measured one, while as a Am? (eV?) sinf20 Xox
result of the large uncertainty in the theoretical solar

8B-neutrino flux, the Super-Kamiokande experiment pro-S'VIA 5.7x10°° 5.9x10°° 0.16
vides the weakest significance for nonstandard neutrin6MA 7.1x10° 0.79 0.79
properties. Nevertheless, it should be stressed that the stroh©®W 2.5x10°° 1.00 5.00
gest evidence for nonstandard neutrinos is obtained by théO 1.0x107% 0.95 0.16
combined analysis of all three types of experimiit SMA 5.4% 10~ 6.1 103 0.21
LMA 7.3x10°° 0.78 0.81

LOW 5.0x10°8 1.00 3.70

3There are already data available for the energy window from 5.0/0 8.1x10 11 0.73 0.61

to 5.5 MeV, but the systematic errors are still to be derived.
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TABLE V. Best-fit values for two-flavor neutrino oscillations
and the respectivg? values taking into account all available data
sets(event rates of GALLEX/GNO/SAGE, Homestake, and Super-
Kamiokande and zenith-angle dependence, annual variation, and
recoil-electron energy spectrum data of the latthr the first four
rows the recent OG0®B-neutrino spectrum is utilized, while in the
latter rows the BL96 spectrum is assumgfl, x2, x2, andya are
the individual contributions tqtzot as defined by Eqg15) and(16).

The last row specifies the contribution of eag¢hportion toNp in
this analysis is 26.

Am? (eV?)

Am? (eV?)  siP20  xA x5 X2 Xa Xil!Noor

SMA 5.0x10% 37x10°° 6.1 16.2 1.8 1.1  0.97
LMA 5.3x10°° 0.79 09 86 20 12 048
LOW 1.1x1077 0.89 6.0 86 29 01 0.68
VO  6.9x10° % 0.95 68 80 19 14 0.70

SMA 54x10% 42x10% 33 135 21 20 0.79
LMA 5.0x10°° 0.88 2.0 109 1.8 1.7 0.3
LOW 1.0x10°7 1.00 59 10.1 2.7 07 0.75
VO  8.6x10° % 0.99 64 79 21 15 0.68

DOF 3 17 5 3 0.2 0.4 0.6 0.8 1.0

sin20

three experiments are fitted. Clearly the four commonly FIG. 5. Confidence regions in them?-sir’20 plane for two-
known solution islandssee, e.g.[12,13)) can be identified, flavor neutrino oscillations using all data. The different shaded ar-
the small-mixing angle(SMA) and large-mixing angle eas reflect from light to dark, 10%, 63.7%, 95.4%, and 99.7% C.L.
(LMA), the low mass-squared differen¢eOW), and the Also drawn in(a) are the constraints from the recoil-electron energy
vacuum-oscillation(VO) solutions. They? values for the spectrum(dashed ling zenith angle(dash-dotted lineand annual
best-fit parameters in these solutions are quoted in Table I\Wwariation (solid line) of the Super-Kamiokande data. The best-fit
Apart from LOW all solutions have a ratio 9f? to Npor value_of this analysis is indipated_by (Table V); the A show the
which is less than 1 and therefore these solutions are accetest-fit values of the analysis taking only the event-rate (edale
able candidates as a correct solution for the solar neutrin/)-
pufrzllfhe last four columns in Table IV the best-fit values €Xtension of the confidence regions of the SMA solution into
using the BL96 ®B-neutrino spectrum are provided. The € nonadiabatic regime Atm2<. 10°% eV? demands a more
somewhat lower expected event rai@ble 1) result in detalled_explanatlop: V\(|tNDO_F|nthe anal;gas being 26, the
slightly different mixing parameters compared to the caseo confidence region is defined bif,— x7in=29. As the
using the recent OGOO spectrufirst four rows. While the ~minimal ~ x*  value is about 12 £0.48<26,
¥2 values for the SMA, LMA, and VO solutions are margin- Table V), every set of parameters witg,~41 lies within
ally worse with the BL96 spectrum, the LOW solution gives the 1o region. In the nonadiabatic regime of the SMA solu-
a slightly better fit to the experiments. However, the change$on, the pep,’Be, ®B, and CNO neutrinos are hardly influ-
are in all cases relatively small. enced by MSW transitions. Thus, the predicted rates for
Considering the event rates alone favors the SMA soluHomestake and Super-Kamiokande are the no-oscillation
tion and, if the BL968B-neutrino spectrum is applied, the ones, and the energy, zenith-angle, and annual spectra of the
VO solution. However, the inclusion of the recoil-electron latter are expected to be constant. Since a constant
energy spectrum, the zenith-angle, and annual variations réB-neutrino flux in Super-Kamiokande is in good agreement
corded by Super-Kamiokande into the analysis yields thavith the measurementsf. Table Ill and Fig. § and the rates
LMA solution as the best fiTable V). This behavior could for the Ga detectors are excellently fitted within this region
also be found with the previous 825-day Super-Kamiokandésee the dashed line in Fig),4he value foryZ, is about 37
data(e.g., in[51]). But in contrast to earlier analyses, where which is certainly within the & range.
no parameter set could be deduced which would have repro- In order to show that the most probable solution regions
duced all data sets at the same tif8¢ with the 1117-day have indeed not changed drastically compared with the pure-
data such simultaneous fits can be performed. In Table V theate analysis, the 10% C.L. areas are plotted in Fig. 5, too.
best-fit values of these solutions, the respecfiveontribu-  The same region would result as the area if the minimum
tions, and the ratio o2, to the available DOF are provided. x2, value would be zero instead of 12. Note that in some
The 1o, 20, and 3 regions(63.7%, 95.4%, and 99.7% publications such as, e.d24], indeed not the “true” b,
C.L.) including all available datdFig. 5) are much bigger 2o, or 3¢ ranges are provided, but instead, smajérval-
than in the case of taking solely the event raféig. 4). The  ues have been chosen to yield the usual picture of three
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0.80 single kind of data, the event rates, the recoil-electron energy
070 spectrum, the zenith angle, and the seasonal variation accept-
S ably. AIthoughXthINDOF of the LOW and VO solutions are
2 0.60 less than 1, these solutions do not lead to an acceptable fit of
% the event-rate data. Whether the SMA solution can already
S 050 be ruled out by the new Super-Kamiokande data depends on
8 the ®B-neutrino spectrum included in the analysis. While
0.40 with the BL96 spectrum the event rates can just be repro-
0.30E__ . . . . . . E duced (&/Npor=1), including the one of OGOO0 hardly
6 8 10 12 14 16 18 20 yields a reasonable fit.
T, MeV] By assuming that the chlorine rate is due to unknown
0.60F Ty ' ' ' ' ] systematic errors 30% higher than quoted and by reducing
: 3 the reaction rate for théBe-proton capture by about 15—
s o050k E 20 %, a VO solution could be obtained which would be able
% E L__L__ i I ] to reproduce the event ratemd the energy spectrum of
S r ] Super-Kamiokande fairly well[53]. However, presently
3 o40F E there is no evidence for any hidden systematic uncertainties
g E . 3 in Homestake, which would increase the event rate to the
- Day Night ] 3.50 level.
030k , , , , ] The parameters of the best-fit LMA and SMA solutions
1.0 0.0 0.2 -0.4 0.6 -0.8 -1C are weakly modified when including all the data in the analy-
cos sis (Tables IV and V. The recoil-electron energy spectrum
Co) - - - - - ] mainly influences the SMA solution, while the zenith-angle
0.50F ] data cause a slight shift of the best-fit values of the LMA
3 0483_ E solution (Fig. 5). o
st J ] For Am?~10 '—10° eV? the seasonal variations are
% 46 Emm: L. X . pimemimfimimee A - caused by the zenith-angle variation the northern hemi-
o r | Lmmm t._._._.} i l ] sphere more night data are recorded during winter than dur-
S 044l 7 ing summey, and thus no additional constraints can be ob-
A L ] tained from the former data set in this parameter space. For
042 . smallerAm? the eccentricity of the Earth’s orbit leads to a
JTan  Feb  Mar _ Apr _ May _ Jun “real” annual dependent signal, which can be used to con-
Dec Nov Oct Sep Aug Jul strain the mixing parameters. Note that in contrast to the

Am?=10""7 region the seasonal dependence\im’<10"’
is now producing tiny day-night variations.

Anyway, for Am?<10 ° eV? deviations of less than 2%
from an annually constant neutrino flux are predicted for the

FIG. 6. Recoil-electron energy spectru@, zenith-angle {)
variation (b), and seasonal dependence of the best-fit Lig8lid
line), SMA (dashed ling LOW (dash-dotted ling and VO (dash-

dot-dot-dotted ling solutions in the two-flavor oscillation case in- . L i "
cluding all available solar neutrino daf@able V, upper pajtcom- Super-Kamiokande dafawhlch is consistent within the er-

pared with the measurements of Super-Kamiokaidd 7-day data  'O'S with the recorded value. Thus,_for the VO solutions only
[46]) using the OGOGsolid ling) and BL9Y6 8B-neutrino spectrum V€Y weak constraints can be obtained from the present sea-

(dotted hing, respectively. All bins are equally spaced in the re- sonal variation data, while for the region of the LOW solu-

spective data area apart from the last bin in the energy spectrum, tiion these data provide important information. In fact, the
range of which extends from 14 to 20 MeV. The flux variation due POsition of the best-fit value of the LOW solution has been

to the eccentric orbit of the Earth has been subtracted)in changed by including the annual-variation data in the analy-
L L ) sis (Fig. 5).
MSW solution islands like in the pure-rate analysis. In the regime of the VO solution, the recoil-electron en-

Probably neglected correlations between the different datg,qy spectrum provides very stringent constraints on the al-
have caused the growth of the confidence regions. For ingeq mixing parameters, excluding a great part of the re-
stance, including the correlations between the rates of thﬁion favored by the rates. Hence, no good solution in the VO

. 2 . f
three experiments can strongly change the valuegofas region could be found which reproduces the recoil-electron

has been shown, e.g., [52]. Hence, for a more accurate g o0y spectrum as well as the rates recorded in GALLEX/
analysis of the solar neutrino problem, all kinds of correla-

tions should be included. For this purpose, more detaile&AGE/GNo’ Homestake, and Super-Kamiokande.
data for the different spectra recorded by the Super: Therefore, the LMA solution is presently the favored so-

Kamiokande group are desirable. In addition, theoretical corlution to the solar neutrino problem, whereas the earlier fa-
relations between, e.g., the annual and zenith-angle data
should be taken into consideration, too.

Independent of whether the BL96 or OGE8-neutrino “4In the analysis of the seasonal data the neutrino signal has been
spectrum is used, the LMA solution can reproduce eacltorrected for the t? dependence of the flux.

013009-9



H. SCHLATTL PHYSICAL REVIEW D 64 013009

vored SMA solution seems almost to be ruled out. But still, Sector 1
improved statistics in the recoil-electron data of Super-
Kamiokande are required to identify more reliably the cor-
rect solution to the neutrino problem.

B. Three flavors

In spite of the fact that the two-flavor LMA solution is
able to reproduce the recoil-electron energy spectrum, the;lo
zenith-angle and seasonal variations, and the event rates a £,
ceptably, the analysis is extended to all three families to 7 o
deduce whether a better fit to the data can be achieved. Be
sides, this is the physically correct treatment, which contains
the two-flavor case as a limiting one.

The electron-neutrino survival probability for three-flavor
neutrino oscillations is determined by four quantitiesi,,
sirf2@,,, AmZ,, and sif20,5, where the appropriate pairs
describe each the mixing of two flavors. Hence a four-
dimensional parameter space has to be examined to deduce . I .
all possible solutions. In the Appendix the numerical realiza- . FIG. Z Shaded_volume representing the projection of the region
tion is described with which the four-dimensional parameter\'\f'th X $226'5_ into. the three'd'menspnal subspace  of
survey can be performed efficiently. As worked out in Sec SiM2017Amisin’26,5 for MSW transitions in thevy— v, and

Il C, all possible solutions for MSW solutions are obtained 1" ¥ Systemisector ). The allowed values are located within the

by considering sectors | and (Fig. 2 with AmZ. Am?2 light shaded surroundings. The position of the classical two-flavor
y o e 12> =73 solutions are also shown, which may be in the:2 as well as in

>0. Using in sector | the quantity $20,; as defined in EqQ.  the 1+3 system.

(13) instead of sif20,; allows one to describe the pure two-

neutrino v,-v3 oscillations equivalently to the,-v, case,

-2

X ) . . . . __scenario, only the event-rate data were available. Using the
V.Vh'Ch has been mve;tllgated _thoroughly N various quhca—new type of data(recoil-electron energy spectrum, zenith
tions 3[12'1% In. addition, ‘Z’V'th_ the~ surwyal probablhlty angle, and seasonal variatigradmost all solutions found in
P(r)&) (Amd,, sirf201,,Am3;, sirf20,5) being symmetric  [21 54 are disfavored. Furthermore, new solutions are iden-
in the exchange of the indices 2 and 3 unnecessary compfied since the respective parts of the parameter space were
tations can be avoided. Nevertheless, the computations afpt covered in the analyses therein.

very extensive due to the four-dimensional parameter space. |n the y? analysis, applied to constrain the mixing param-
Therefore, the grid in the three-flavor oscillation survey haseters, always the whole available experimental data set was
to be chosen as less dense than in the two-flavor case, whejiged for the present study. Furthermore, solely the OG0O
only a two-dimensional grid had to be overviewed. However,8g_neytrino spectrum has been included. Then?,-Am?Z,

the grid must still be fine enough that those solutions are Nbjane s divided according to the two-flavor case in three
missed which might be confined to small regions in the paxg pregions where the two oscillation branchgs- v, and
rameter space. To balance the increased computational 1g-. ., are either both of matter type or both of vacuum

qguirements the number of neutrino paths from the Sun to th?ype or one of matter and the second of vacuum nature.
detector to cover the whole year of data recording was re- "

duced compared to the pure two-flavor neutrino oscillations. 1. Oscillations in the MSW mass regime
This leads to slightly different? values for effectively pure . o . 4. wh q
two-flavor solutions, which are also found in the full analy- ~ First sector lis investigated, wheug < v, and vy vy
sis both gnay u2ndergo a resonant MSW transition, i.e.; %10
: 3 a\/2 ; At
Subspaces of the entire possible parameter space ha\7<eA_m12-A_m13f10 eV”. In Fig. 7 the projection of the
been investigated, e.g., [21] or [54]. In both publications ~€gion with x“<26.5 on the three-dimensional subspace
an analytical expression for the survival probabilf®),  sin’20;rAmiysin’20,5 is shown. The allowed parameters
derived in[26] has been used, which is valid for large massare located within the gray-shaded surroundings.
separations and small mixing angles, respectively. In this The pure tWo-f_Ia_vorv_1<—> V3 oscnlatlpns Wh|ch_are inde-
descriptionP®) _ is determined by 2 two-flavor probabilities pendent of the mixing inta, recover in the vertical struc-

P®@ _ for eagﬁ%ass splitting m?, and AmZ2,. By approxi-  tures. For instance, the LMA and LOW solutions are repre-

mating the electron-density profile in the solar interior withsented by the half-pillars at e0,,=1 and Am§3~5

an exponential functiorF,’ffle can also be evaluated analyti- X10 > and 10’ eV2. The horizontal planes provide the

cally [26]. solutions independent of;, and thus are two-flavor oscilla-
The results obtained if21] or [54] could always have tions in the k-2 system, where the influence fro;twnf2 is

been reproduced in the present work for the respective mas®t visible. However, the symmetry of sector | in the ex-

ranges. However, in those investigations of the three-flavochange of indices 2 and 3 implies that they must be equiva-
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Sector I Sector I
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N’S— SLOW ]

10_8 1 ] L i -
107 107 1072 107" 10°

$in“20,,, sin’20,,

FIG. 9. Projection of the DSMA, DLMA, SLMA, and SLOW

. 2 . 2 . -~
FIG. 8. Zoom into the shaded volume of Fig. 7 showing the Solutions onto the\m,-sin’20,, or the Amiysir’20 5 plane. The

position of the SLMA, DSMA, DLMA, and SLOW solutions. The dark and bright shaded areas show the regiong“s£15.6 and
shaded bodies enclose the regions wifte 15.4. The circle in the  13:9- Following the assignment of Table VI, thé<13.9 regions

. 2 o= - . of the DSMA, SLMA, and SLOW solutions merge in the projection
sirf20,,-AmZ, plane at sif2®,;=1 shows the position of the tiny onto the Am2.sir26.- plane. but are well rated in th
solution area of SLOW. S o 12 12 plane, _ ut are we .sepa.lae. In the
Ami;si?20,, plane (see also Fig. B The region with sif2®,,
lent to solutions independent af,. Therefore, the plane <10 “ has been scanned separately only near the DSMA solution
around sif20,,~1 is equivalent to the pillarlike structures (10 °<Am3Z,<10 *eV? and 10 *<sinf20,,<10 ?).

at sirf2@,,=1 and can thus be identified as an overlap of

mainly LMA and LOW solutions. Similarly the plane at »,-»; mixing. The oscillation parameters are provided in
sinf20,,~3x 10”3 represents the SMA solution. The three- Table VI together with they? values. Since two more pa-
flavor solutions with the smallegf® values are sited near the rameters are adjusted in the three-neutrino as compared to
intersection regions of the horizontal planes and vertical obthe two-neutrino casé\por reduces from 26 to 24.

jects, which means that they are at least slightly more prob- The mixing angle of the second small mixing-angle

able than the pure two-flavor solutions and involve indeed all);4nch in the DSMA solution at 90,5 is about two orders
three flavors. _ s of magnitude smaller than the usual two-flavor SMA solu-
In Fig. 8 the regions withy“<15.4 of thg present survey ion (compare Figs. 9 and)4 This second SMA branch
are shown. As a result of the symmetry ig—vs and the  c5,ses an additional resonancéEat 10 MeV (see Fig. 10
overlap of solution islands, in this projection the six basic,ynich enables a better fit to the recoil-electron energy spec-

regions in this figure belong only to four distinct solutions. +y,m and the event ratdsompare Tables V and YIThus a
Two of them can be identified as “double” SMA and LMA 5| tion almost as good as the LMA solution could be ob-

solutions, respectively, i.e., the same kind of solution N inad 62 /Nec=0.5).
vier v and vy vy (DSMA and DLMA, respectively. In The ()SOLJMADoz'i:nd SEMA solutions have almost the same
%dg'tﬁr:j’ t\('\;? nfzo(l.)uuznlsoﬂ()e acr?éng'fﬁﬂtfgsngig\?v'\l'gljg:)ur?onvalues forx&, x2, x5, and x4 as the LMA solution(cf.

1 P2 AT e [ " ) —, Tables V and VI. Since no improvement in explaining the
respectively, inv;— V3_(5'”22®13~>~ 10"" and Amy3~10 solar neutrino measurements could thus be achieved by com-
and 10 eV?, respectively, therefore denoted SLMA and pjining the LMA solution with an additional oscillation in the
SLOW. The extension of the SLOW solution in the , .., system, the two-flavor LMA solution itself is a fa-
sin22®12-Am§3 plane at sif2®,5~1 is very small and thus vored solution in the three-flavor analysis, too
its position is marked by a small circle. The assignment of In the SLOW solution the advantages of the two-flavor
v v, to SMA and v« v3 to LMA and LOW, respec- SMA and LOW solutions are united. While with the SMA
tively, is ambiguous and could also be chosen vice versasolution the rates can be reproduced very wséle Table
This is reflected by the second appearance of the SLOW and/), the LOW solution provides good fits to the energy spec-
SLMA solutions in Fig. 8 at si#2©,,=10 ! and sif2®,,  trum, the annual, and the zenith-angle variatiéhiable V).
<102, The respective solution islands merge in this projec- The best-fit value of the SLOW solution for 4265 is
tion. equal to 1 and, thus, at the border of sector | to sector IIl.

In Fig. 9 the projection of the DSMA, DLMA, SLMA, Exchanging the assignment of indices 2 and 3 transfers the
and SLOW solutions into the typical two-flavor planes areSLOW solution to the border between sectors | and Il. In the
shown. One of the areas labeled, for instance, SLMA has ttatter sector, where w/4<sin®@;,<7/2 and tar®;
be identified with oscillations i, v, and the other with <sin®,,, an additional survey has been performed, too.
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TABLE VI. The most favored solutions within the three-flavor oscillation scenario and the respgttive
values. The second column indicates the sector in the flavor space, where the solution has be&eéund

also Fig. 3. Am} is in units of eV ands], abbreviates here si2®; . In sector | sif20,3 is defined by Eq.

(3)
e—e

P

gl Sector I
A 107° F T T T T
] [ o ]
b - e — ]
] “— V= Vs
] > R T S——
1 &,
| >
- 5 1070k A 4
| ¢ -
] < I
31 / F vievy
Q.‘ —- 1 1

(13), analogously in sector Il by Eq14). x4, x2, x4 and x4 are the individual contributions tgZ, as
defined by Eqs(15) and(16). The number of DOFNpgg) is 24.

Amz, st Amzg ‘s, Xk Xo Xz Xa XodNoor
DSMA | 6.1x10°% 42x10° 16x10° 75x10° 06 82 19 1.2 0.50
DLMA | 56x107° 0.67 56<10°° 0.38 09 85 20 13 0.53
SLMA | 7.9%x10°% 25x10° 25x10°% 0.40 06 85 18 1.1 0.50
SLOW 1.4x107° 1.2x10°° 6.9x10°% 1.00 18 87 21 21 0.61
DVO | 55x10° 0.64 2.% 1071 0.60 35 57 19 15 0.53
DVO’ Il 1.2x10°° 0.58 7.3x10°%  0.79 23 68 19 15 0.52
SVO 2.7x10°1° 051 1.x10°°> 25x10°% 16 59 1.8 0.9 0.43
LVO I 41x10° Y% 0.70 1.7%x10°* 0.40 14 81 20 20 0.56
DOF 3 17 5 3

E (MeV)

FIG. 10. The annually averaged survival probability®8f elec-
tron neutrinos detected on Earth for the deduced three-flavor soluhe position of the two-flavor VO solution in the complete analysis

tions.

However, no new solutions could be identified; solely, the
“foothills” of the SLOW solution into this sector have been
found. Hence, in the mass regime withf8BsAm2,, Am3,
<10 2 eV? the region withm/4<sin®,,=< /2 does not pro-
vide new solutions, which is similar to the findings in the
two-flavor case, where neither any additional solution has
been detected in this parameter range.

2. Three-flavor vacuum oscillations

In the case when both mass-squared differences are in the
vacuum-oscillation regimeXm3,, Am2,<10"° eV?) two
minima could be found, denoted DVO and DVOWhile
DVO is located in sector kFig. 11), i.e., 0<@,<7/4,
DVO' has been found in sector (Fig. 12, where w/4
<0,<m7/2. Thus, although they seem to have very similar
mixing parametergTable VI), there are really distinct solu-
tions with different propertiegsee Fig. 1D Note that while

0.2 0.4 0.6 _ 0.8 1.0
sin*20,,, sin’20,
FIG. 11. Projection of the DVO solution onto the
Am?,-sirf20,, and Am3 +-sirf20 5 plane, respectively. The? lev-
els of the regions agree with those of Fig. 9 and the™'symbols

denote the best-fit values. The best-fit value of the two-flavor VO
solution reproducing solely the event rates is marked\hywhile

is shown by ¢ .
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FIG. 12. Projection of the DVO solution onto theAm?, cost .
sirf20,, and Am?,-sirf20,; plane. Thex? levels of the regions 0.50H¢) 3
agree with those of Fig. 11. - C ]
Z 048F -
in sector | the assignment of the indices can be exchangecZ C ‘ _____ ]
this is not possible in sector II. If an exchangegfandv; — § 046 BisarE mrdiaaad e aom g ome. = ﬂ:m—;{?f—:\_:
in DVO' is desired, the mixing angles have to be trans-3 W l ********* ]
formed appropriately to lie finally in sector IlI. 8 ]
With the DVO and DVO solutions a slightly better fit to o4l h
the recoil-electron energy spectrum can be achieved com . . . . . ]
pared to the DSMA, DLMA, and SLMA solutiondable VI R A
and Fig. 13. However, because of the event rates being re-
produced worse, thgfot values of DVO and DVO are al- FIG. 13. Recoil-electron energy spectrya), zenith-angle {)

most equal to the values of DSMA, DLMA, and SLMA. variation (b), and seasonal dependen@ of the best-fit three-
Compared to the two-flavor VO solution an improved fit flavor solutions including all available solar neutrino data compared
to the event rates has been obtained with the three-flavd¥ith the measurements of Super-Kamiokande. The experimental
vacuum-oscillation solutions, but still the event rates are fitdata agree with Fig. 6 using the OG6B-neutrino spectrum.
ted barely acceptably. The DVO and DV®olutions show a ) o ] ]
compromise between the VO solutiod (in Fig. 11 ob- _been neglected.lTherefore, this case is re!nvest|gated includ-
tained by fitting solely the event-rate data and the VO soluig all the available data and calculating the electron-
tion of the complete analysis(( in the same figuie The neutrino survwall prpbabll|t|es fully con§|stently including
mixing angles for the three-flavor vacuum solution are onlythe Earth effect I|ke2 in the previous sections.
about one-half of the usual two-flavor VO solution, iasis In this surveyAm3i;is taken to be in the mass range of the
now oscillating nearly equally strong intao other flavors. MSW solutions (10°<AmZ,<10"2 eV?) andAmi, in the
vacuum-oscillation area (I6°<Am3,<10° eV?). With
3. Mixed vacuum and MSW oscillations these conventions aboim?,, two possibilities are conceiv-
The combination of oscillation between two neutrino fla- ablg fo.r they1<—> v System, a resonant and a nonresonant
oscillation. Since the masses are well separated, the condi-

vors in the' MSW mass regime and an additional vaculuMy . tor a resonance obtained in the two-flavor case can be
oscillation into the third flavor is investigated, completing agplied[Eq 1D]:

the mass ranges which have not been covered in the previou
sections. This case has been examined54] for 10’
sAm§3s 107* eV? and 10 ?<Am?,<10"° eV? How- N c0s 20 ;5> 0.
ever, in that analysis only the event rates have been included, V2G¢

but not the recoil-electron energy spectrum, the zenith-angle

dependence, or the annual variation data recorded by Sup€efrhus, an MSW flavor transition is only possible if the mixing
Kamiokande. Furthermore, the Earth-regeneration effect haangle® (5 is less thanm/4. In the v, v, system only pure

AmZ2E

013009-13



H. SCHLATTL PHYSICAL REVIEW D 64 013009

10,3 - . ; a 1.0 IRAREESEES IRBEEESEES IRERRESEES IRBEREEEEE

) @) ] i LMA  Z/ZZSMA  \\NLOW  [[]1/VO |
107 5 L |
Lvo ) 3 i 1111y
((,‘\ SVO ] 08 _____ | L ey H
> 107 4 E TR N S
) E i Loy
e . ] T A N ‘*_‘ SR
E‘ 10 —§ 5 0.6Esi-i;,>.<>,>i<;,>*<;§;.‘;,\l ﬁ~\7§t\.§~s
107 $ b AN
10°* . . . ] = 047 =
107 107 107! 10° =
$in20 , R 7777/ I,
= ) I l ' ' ] 02r _ _. DLMA, DVO .
R I SLMA  ____. SLOW ___ LVO
——— = — I ocmmme DSMA ... SVO ——m—. DVO" |
(4'\ 00 TN IR R E | PR EEE Lisaaiaaay | T EEEEE Laisaaaaaag
= 1070 E 0.3 04 0.5 0.6 0.7 0.8
e T — T, (MeV)
; FIG. 15. Expected recoil-electron energy spectrum in Borexino
101 E — . for the best-fit two- and three-flavor solutions. The shaded and
— 3 hatched areas have been obtained by allowing the mixing param-
02 04 06 0.8 10 eters to vary within the 10% region of the two-flavor LMA and
’ ’ sin22®;2 ’ ' SMA solutions, respectively, shown in Fig. 5. The thin lines repre-

sent the best-fit two-flavor solutions in the respective deedid

FIG. 14. Projections of the SVO and LVO solutions onto the line, SMA and LMA, respectively, dash-dotted line, LOW; dashed
AmZ,sirf20,, and AmZ,sirf20, 5 plane. They? levels are chosen  line, VO).
to be 13.9(bright) and 15.6(dark shadedlike in the previous
figures. The circles mark the best-fit values of the SVO solution, th&olar neutrino problem, in contrast to all other three-flavor
triangles the one of the LVO solutior®,,0 5= w/4). solutions even better than the two-flavor LMA solution. SVO

combines the merit of the VO solution to explain the energy
vacuum oscillations occur, and th@s ;< w/4. Since the so-  spectrum and the property of the SMA solution to reproduce
lution may be a combination of a vacuum oscillation in thethe event rate$Tab|e |\/) |nteres‘[ing|y, this solution has
1-2 and a resonant and nonresonant oscillation, respegiso been found to be the best explanation of the solar neu-
tively, in the 1~ 3 branch, the complete essential parametekrino problem, using the older 504- or 708-day data sets of
space for 10°<AmZ,<10® eV? and 10'?<Am?,  Super-Kamiokande.
<10 ° eV? is therefore covered by ,<w/4 and @5
<7/2.

Basically two minima could be found in the parameter
space of this subsurvey, which are combinations of a SMA  Future neutrino experiments like SNO or Borexino will
and a LMA solution, respectively, ivy<—v3 (@13=7/4)  provide further information to determine the correct solution
and an additional VO mixing in; < v,, therefore denoted to the solar neutrino problem. In the following the abilities of
SVO and LVO (Fig. 14. The SVO solution is similar to these detectors to discriminate the various two- and three-
solution “B” found in [54]. Interestingly, the vicinity of the flavor solutions will be discussed.

SVO solution has been explored intensivelyf &5|, whereas
the motivation was different: The mixing parameters of this
solution agree with the neutrino properties predicted by a
grand unificatioGU) theory, where the neutrino masses are In Fig. 15 the expected recoil-electron energy spectrum in
caused by the seesaw mechanism with the mass of the hea®erexino of the two- and three-flavor solutions is shown.
est right-handed neutrino being of the order of the GU scaleThe shades and hatched areas indicate the uncertainties in the

The fit of the LVO solution to the data is worse than the mixing parameters of the 4 two-flavor solutions. These areas
pure two-flavor LMA solution supporting the result of part 1 were obtained by allowing the mixing parameters to vary
of this section: that the LMA solution cannot be improved onwithin the 10% confidence region of them?-sir’20 plane
by including a third oscillation. However, the mass-squaredsee Fig. 5.
difference of the LMA branch in the LVO as well as SLMA  While in the presently operating detectors tfige neutri-
solution A m§3~2>< 10" % eV?) is almost one order of mag- nos contribute, if at all, only a small portion to the total event
nitude higher than that of the LMA solution itself. The im- rate, Borexino is going to measure basically these neutrinos
plication of this fact for the combined analysis of the solar(Fig. 16. In addition, the highest-energy bin of the recoil-
and atmospheric neutrino problem will be discussed furtheelectron spectrumT=0.75 MeV) is sensitive to the neutri-
in the final section. nos of the CNO cycle and of the pep reaction. Borexino may

The SVO solution is presently the favored solution to thealso measure the high-energy part of fhe-neutrino spec-

V. PROSPECTS FOR FUTURE EXPERIMENTS

A. Borexino
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trum, as these may contribute about 9% to the total rate i
the lowest-energy binT,=<0.3 MeV).

In the case of the SMA solution Borexino should detect ¢5
only about 25% of the event rate as predicted by= F----------------4 .

B LT I TYPPYPTYIS

GARSOMA4, while in the LMA case about 65% are expected 3 0.4 - .
(Fig. 15. Actually, for the SMA solution the rate is basically [ 1
due to the interaction of the, (or »,) with the detector, as Y N
in this solution the'Be neutrinos almost totally consist of, 10 0.5 0.0 0.5 1.0
flavor. This leads to an unmistakable signal of the SMA ' ' : ' '
compared to the LMA solution: an excess in the lowest-
energy bin of about 30% compared to the other bins caused FIG. 17. Annual and zenith-angle variations of the recoil elec-
by thepp neutrinos. With the resonance in the SMA solutiontrons in Borexino expected for the best-fit three-flavor solutions.
being at about 0.3 MeVpp neutrinos do — unlike’'Be or  The thick lines correspond to same solutions as in Fig. 15. In the
CNO neutrinos — not undergo an MSW transition. Thus,seasonal variatio(b) the flux changes due to the eccentricity of the
with good statistics in the low-energy bins SMA could be Earth’s orbit have been subtracted.
clearly distinguished from LMA.
One of the main advantages of this detector is the abiliMSW solutions SMA and LMA no Earth regeneration takes
to monitor seasonal variations in the neutrino signal — theplace for the energy of théBe neutrinos, and thus no zenith-
vacuum survival probability is modified by the eccentric or- angle variation of the event rates in Borexino is expected for
bit of the Earth[Eq. (10)]. Since the’Be neutrinos are in these cases. In case of the LOW solution, however, day-night
contrast to®B neutrinos emitted to 90% in a monoenergetic variations should be measurgttiin dash line in Fig. 1()].
line at 0.862 MeV, the signal in the detector is not smeared In summary for the two-flavor case, a total rate of about
out like in Super-Kamiokande. A detailed analysis about the30+5 % compared to GARSOM4 is predicted for the SMA
sensitivity of Borexino to detect vacuum oscillations is givensolution and about 6515 % for the LMA, LOW, and VO
in [56]. solutions. The latter three can be disentangled by using the
The sensitivity of the’Be-neutrino flux in the VO regime  zenith-angle and seasonal data. Great seasonal variations are
is also visible in the zenith-angle dependence of the evergxpected for the VO solution, strong zenith-angle depen-
rate in Borexindthin solid line in Fig. 17b)]. In particular, dence during the night for LOW, and a constant neutrino flux
the rates of those zenith angles, under which the Sun appeadgring the whole year for the LMA solution, provided that
only around the winter or summer solstideqs{|=0.6), are  the influence of the eccentric Earth orbit has been removed.
influenced by the modulation of th@Be-neutrino signal with  Note that also for the SMA solution neither zenith-angle nor
the Sun-Earth distance. Note that unlike the Earth-seasonal variations are expected.
regeneration effect, which in the MSW mass range can lead The expected energy, zenith-angle, and seasonal depen-
to a variation of the event rate with the zenith angle onlydences of the recoil electrons in Borexino for the best-fit
during the nighfsee thin dashed line in Fig. (4 represent- values of the 8 three-flavor solutions are shown in Figs. 15
ing the LOW solution, for VO solutions a variation in the and 17, too. DSMA and DLMA cause signals very similar to
signal over the whole day is apparent. The magnitude of théeir two-flavor counterparts SMA and LMA, respectively,
zenith-angle variation, however, is smaller, as each zenithand are therefore difficult to disentangle from the latter in
angle bin is an average over many positions of the Earth imny kind of the Borexino data.
its solar orbit. Therefore, the seasonal variation of the event But the SLOW solution leads to a clear signature in Bor-
rates is more sensitive to detect VO solutions as the zenitlexino compared to the two-flavor solutions. It has a strongly
angle dependence. For the best-fit mixing parameters of theduced event rate of almost 50% in the high-energy bins of

RSOM4)

0.6

A
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Borexino, which are not observed in any other solution. Theatio of CC to NC events, as with this quantity thxg con-
reason for this is the relatively high resonance energy ofribution to the total solar neutrino flux is connected. A mea-
about 1 MeV(cf. Fig. 10, which causes a strong suppressionsured CC/NC ratio smaller than the standard one unambigu-
of electron-type CNO and pep neutrinos, but a weaker redumusly proves that the solar neutrinos, initially's, are
tion of "Be electron neutrinos. By way of contrast, the reso-oscillating into another flavor during their flight from the
nances of the SLMA and SVO solutions are about 0.8 MeVsolar interior to the Earth.
(Fig. 10, and thus, théBe electron neutrinos are diminished  If the excess in the high-energy bins of Super-
more strongly than in the SLOW solution, which accordingKamiokande, which was apparent in the data published pre-
to Fig. 16 yields smaller rates below 0.7 MeV. viously [14], reappears in the continuing measurements, the
In addition, the SLOW solution leads to a zenith-angle-CC/NC ratio in SNO will enable one to discriminate between
dependent signal during the night due to the Earthan explanation by neutrino oscillations and py an gnhanced
regeneration effediFig. 17b)] caused by the LOW branch hep neutrino flux, which_ also was unde_r discussidi].
of this solution. Thus, a large day-night variation measured/Vhile for the latter solution théep-neutrinos would con-
by Borexino would strongly favor LOW or SLOW. By ad- tribute equ_ally to the CC. anq NC even_ts Iegdlng toa cons.tant
ditional data from the energy spectrum these solution&C/NC ratio, fpr the oscillation scenario a S|m|lqr excess like
should then be distinguishable from each other. in _Super-Kamlokande would be also apparent in the CC/NC
The mean event rates expected for the SLMA and Svdatio of SNO. _ _
solutions are within a region, where all other solutions are 10 illustrate the expectations for the recoil-electron en-
disfavored. Since for the SVO solution also annual variation€'dY spectrum and zenith-angle dependence of the CC events
are expected from its VO brangkee Fig. 17)], both solu- 1N SNO, the first and second moments of these distributions

tions may be disentangled from each other and from all othe®r® calculatedfor definition se¢ 13]). The first moment pro-
solutions. vides the mean value and the second a measure of the width
The properties of the pure three-flavor vacuum-oscillatior©f the distribution. _ _
solutions DVO and DVO are very sensitive to the exact  With very small annual or daily changes in the Super-
mixing parameters. Even a very small variation in the mixingk@miokande detector, such variations are neither expected
parameters of these solutions may produce a recoil-electrd@ CC events €-v, scatteringin SNO. Thus, for the zenith-
energy spectrum or seasonal changes which resembles that@§f9le moments in SNO only small deviations from the stan-
the other or the LVO solution. Hence a discrimination be-dard value are predicted for the two-flavor SMA, LMA,
tween DVO, DVO, and LVO will almost be impossible LOW, and VO solutiongFig. 18b)]. The largest deviations
with Borexino. of about 4% may be measured in case of the LMA solution
These solutions are also difficult to distinguish from theP€ing correct. L _
two-flavor VO solution. However, the most probable value  1he error bars for these solutions in Fig. 18 were obtained
for Am? of the VO solution is almost one order of magnitude IN the same manner as for the recoil-electron energy spec-
larger than the VO bran¢es of DVO, DVO’, or LvO  trum in Borexino. Since the best-fit values are not very well
(compare Tables V and Ylyielding a more frequently vary- separated and also the error bars strongly overlap in the plane
ing annual signal for the VO solution. Hence, measuring f the first two zenith-angle moments, it seems to be very
weak annually varying signal with only one maximum perd|ff|cult to disentangle the two-flavor solution by forthcom-
half a year would at least provide a strong hint that the soln9 Zenith-angle data of SNO. A similar behavior is expected
lution to the solar neutrino problem is rather a three-flavorfo" the moments of the recoil-electron energy spectf&i

DVO, DVO', or LVO solution than a pure two-flavor VO shown in Fig. 183). However, since the energy resolution in
solution. SNO is better than in Super-Kamiokan@&able VII), more

significant data can be expected to disentangle the true solu-
B. SNO tion to the solar neutrino problem. A more detailed discus-

. sion about the properties of SNO to discriminate the two-
Recently, SNO has started to measure solar neutrinos ifl,or solutions can be found i58].

the same energy window as Super-Kamiokande, however |, \he energy moments a large area is still allowed for the
with a better energy resolution and the ab|I|ty.to discriminate\;y solution. In case Borexino does not record any seasonal
the charged currentCC) and NC events. Since the total \ aiiations all solutions containing a VO bran@hg., LVO)
number of neutrinos does not change by neutrino oscnlatlonénd, in particular, the two-flavor VO solution would hardly
(only their flavoy, the number of NC events has to agreepq correct. Deviation o& —5% in the second energy mo-
with the no-oscillation scenario; i.e., the total number of SO-ment would then favor the DSMA solution.

lar neutrinos independent of their flavor can be determined Nevertheless, from Fig. 18 it becomes obvious that, only

by this quantity> Therefore, no departures in the recoil- i g s measuring a big deviation of the energy or zenith-
electron energy spectrum, zenith angle, or seasonal depefyyie moment from the standafdo-oscillation value, one
dence from the standafdo-oscillation) values are expected of these solution can be favored, as, ex3% in the first

for NC events. The merit of SNO is the measurement of the e i angle further supports LMA as correct solution to the

solar neutrino problem. But since SNO may well detect no
such deviations, we need additional results from Borexino to
SProvided no mixing with sterile neutrinos occurs. exclude some of the presently possible solutions.

013009-16



THREE-FLAVOR OSCILLATION SOLUTIONS FOR TH . .. PHYSICAL REVIEW D 64 013009

20 T ] tions, with which the measured event rates, recoil-electron

s “Ha O sLMA . % DVO E _ _
T I5F o SLOW ! & DVO’ 3 energy spectrum, zenith-angle dependence, and annual varia-
NAS 105_ x DSMA : A LVO 3 tion are reproduced slightly worse than with the other 3
° : O DLMA i + SVO 3 three-flavor solutions, are nevertheless still good candidates
= 5F :;KI : g as solutions to the solar neutrino problem. The new experi-
Nb& N S Bz "_'_"_"_'g;;-_'_-__—_f_-__-__-_:_-___ 3 ments Borexino, which will soon start to operate, and SNO,
Y : A o ] which is already taking data, and improved statistics in
N3 X E Super-Kamiokande possibly will enable one to discriminate
o = 1 b . . . .
e -10F 5 3 the various two- and thre_e-fl_avor solgnons._BaswaIIy, with
= 15k . L . . . 3] Borexino the vacuum-oscillation solutions will leave a clear
3 ) -1 0 1 2 3 footprint in the annual variation of the event rates, with
(<T> —<T>)V<Ty> (%) which they can be distinguished from MSW solutions. Ad-
: : . : : : ditionally, in the case of the SLOW solutions the high-
s [® ! ] energy bins of the recoil-electron energy spectrum will be
<ok i i significantly depleted compared to the other energy bins and
Nga I : ] a day-night asymmetry of about 10% is expected, which only
N S RS [ LRI . can be reproduced by the two-flavor LOW solution.
A or kS T — ] In this work it was investigated whether the two-flavor
S ¢ &-- 0.1p i ] solutions of the solar neutrino problem can be improved by
' LL g'(l)i """" "E"*""AE ] including all three flavors. But the three-flavor case cannot
ng ' 02h, >‘§ I be examined totally independent of the results obtained for
A7 02 01 00 01 02 ] the atmospheric neutrinos. The most promising solution to
Al : L : : : the atmospheric neutrino problem is presently the oscillation
-1 0 1 2 3 4 5 betweenv, and v, with the mass-squared differencem3,
(<G> —<Ce>)/<Go> (%) being approximately 10° eV? [59,24. This demands that

FIG. 18. Predicted values for the moments of the recoil-electrorf€ Sum or difference a&mi_z and Ami; of the three-flavor
energy(upper paneland zenith-angle spectruiower panel for ~ solutions for the solar neutrino problem be aboutieV?.
CC events in SNO in case of the three-flavor solutions. The solidlowever, none of the presented three-flavor solutions satis-
symbols represent the two-flavor solutions LMAY, SMA (@), fies this condition, which implies that either three-flavor so-
LOW (M), and VO (4) of Fig. 4. The error bars were obtained in lutions are excluded favoring the two-flavor LMA solution
the same manner as the hatched and shaded areas, respectively(@3=0) or that the origin of the atmospheric neutrino prob-
Fig. 15. lem is notv,,-v, oscillations.

Analyzing the atmospheric neutrino deficit using three-
flavor neutrino oscillations it has been found @0] that with

The most favored solutions to the solar neutrino problemA ms5~10"* eV? solutions exist ifAm3, and sirf20,, are in
in the scope of two- and three-flavor neutrino oscillationsthe vicinity of the SMA solution and 420 ;<22° [Fig.
have been investigated in this work. For this purpose the(d) in [60]]. Indeed, the SLMA solution satisfies this con-
evolution of the neutrino state was followed numerically dition as its SMA branchi, < v,) is close to the two-flavor
from the solar interior, where the neutrinos are produced irBMA solution and the best-fit parameters of the LMA branch
the fusion reactions, through the Sun, space, and Earth to there Am§3= 2.5x10 % and ® 3=19° (cf. Table VI). How-
neutrino detectors without falling back to analytical approxi-ever, with the improved atmospheric neutrino data of Super-
mations(cf. the Appendix. Kamiokande, the solutions withm3,<10~2 eV? are almost

Eight solutions in the three-flavor case could be foundyuled out(see, e.g.[24]), strongly disfavoring the SLMA
where the SVO solution has already been detected previolution. Analogously the LVO solution, the LMA branch of
ously, e.g., by[54] and [55] neglecting the Earth- which (v,<v3) has similar parameters as the SLMA solu-
regeneration effect. The SVO, SLMA, and DSMA are attion (Table Vi), is inconsistent with the atmospheric neutrino
least as probable as the presently favored two-flavor LMAdata.
solution. The DVO, DVO, LVO, DLMA, and SLOW solu- A further possible solution to the atmospheric neutrino

problem may be the oscillation into a sterile neutrino, which

TABLE VII. Energy resolution parameters used in the presentis neglected in this work. So it cannot be excluded that three-
work. The values for Super-Kamiokande and SNO are taken fronj,yor oscillation solutions with a sterile and an active neu-
[57]. For BorexinoA, the energy resolution width at 1 MeV pro- ing pranch exist, which solve both the solar and atmo-
vided by L. Oberauefprivate communicationis quoted. spheric neutrino problems.

In the two-flavor solutions LMA, SMA, LOW, and VO it

VI. DISCUSSION

Super-K SNO Borexino is implicitly assumed that mixing into the third flavor is neg-
Ao 1.6 MeV 1.1 MeV 47 keV ligible. Thus, these solutions are not coupled to the atmo-
R 10 keV 100 keV — spheric neutrino problem, as they can easily be taken as

ve-v, oscillations, where no mixing between and v ap-
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pears. If, however, the results of the LSND Collaboration
[61], which claimed to have detected-», oscillations with
Am3,=102 eV?, are confirmed by the MiniBooNE experi-
ment[62], it will be difficult to solve the solar and atmo-
spheric neutrino anomaly simultaneously by the oscillation
of three neutrino flavors. A four-neutrino scheme has been
proposedone sterile and three active neutrings cover the
three different mass scales involved by the LSND result,
atmospheric and solar neutrino problefsse, e.9.[63]). In
any case, identifying the solution to the solar neutrino puzzle
by the future data of forthcoming and presently operating FIG. 19. lllustrating the definition of, and ¥,. The light
solar neutrino detectors may also constrain solutions for thehaded region reflects the region of neutrino production; the dark
atmospheric neutrino problem or vice versa. shaded is covered by about 50 different ray patee text with

The possibility that two-flavor neutrino oscillations are direction to the Eartitarrow labeledv).
responsible for the solar neutrino puzzle appears to be sup-
ported by the relatively weak improvement of the fit by in-  For a certain set of parametefsns,, Am?,, sir’20,,
creasing the parameter space from ttwo flavorg to four  and sif20,; the evolution of an initially pure electron neu-
dimensiongthree flavors Indeed, only with the SVO solu- trino from the solar interior to the terrestrial detectors has to
tion a somewhat better fit to the data could be achieved cormbe evaluated. Therefore,
pared to the LMA solution. This can be taken as a hint that
the errors in the data of Super-Kamiokande are greater then |,,i(r)>:e*iﬁr|,,$> (A1)
assumed, perhaps still unknown systematic errors exist, or

that the statistics is still insufficient. Moreover, correlations st be integrateftf. Eq. (5)]. Here|»?) denotes the initial

between .the different data sets of Super—Kamllokande prOl}slectron-neutrino state given by E@®). The evolution starts

ably are important for a more accurate and reliable analysigt 5 point inside the Sun given by and 9, (see Fig. 18

of the solar neutrino data. - _ _ The neutrino path has then to be followed through the Sun,
Anyway, if the explanation of the atmospheric neutrin0space, and, if necessary, Earth arriving at the detector at day

deficit is, despite the presently strong evidence, found not t¢y nger zenith anglé. From the final statés') the electron-

be neutrino oscillations, three-flavor oscillations are aIIoweq.| . . e 2 2
) Lo ; eutrino  survival robability P,  .(Am{./E,AmJ/E,
in any mass range, implying that the SVO solution leads to P Y Pee(Amid i

the best fit to the data. Remarkably, SVO has been found t8|n22®12' SiT2013,10,90.D,{) is derived using the relation
be the favored solution also when taking the previous 504- or
708-day data sets of Super-Kamiokarl@¢ Hence, SVO is

together with the two-flavor LMA solution one of the sta-

blest explanations for the solar neutrino problem.
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Pe_e=[(¥{[v0)|%. (A2)

Since none of the detectors are able to discriminate between
v, and v,, the contribution of these neutrino families is
simply given by -P._.
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for 0<9d,<m/2. From the symmetry around the plag  Wherei is either Ga or Cl. The detector response function for
= 7/2 it follows thatQ(9g)=Q(m— d;). the Homestake detector can be found, e.d.18} and for the

Since all neutrinos cross the shell B4<r,<R,, a set Ca detectors ifi64].

of paths through this area is establistigenerally about 50, In Super-Kamiokande, Borexino, and SNO the energy
spectrum of the recoil electrons can be measured at least

equally spaced in siflo) on which exp(-iir) is calculated  \yithin certain energy bins. Furthermore, SNO is able to dis-
numerically by adding up the solutions in each region linearcriminate CC and NC events, while Super-Kamiokande and
ized inNe. Thus, a set of matrices is obtaines (sindy),  Borexino measure the total number of events arisen by any
which describes the evolution from~0.4R, to the solar  neutrino flavor. According t¢57] the response function for
surface. By this means the neutrino state’(rq,9;)) is  these type of experiments with recoil-electron energy be-
evaluated by first integrating E4AL) until r~0.4R, and tweenT, and T, can be described by

then using that matri$g (sindg), which was calculated for a ,

path closest to the actual path pfi(rq,90)). It turns out = (ETo.Ty)= J'TldTJ' dT'R(T,T') doy(E,T') (Ad)

that calculating solely two paths9=0 and =) yields in ~ — " """ Jq ' ar’

most cases already acceptable results. Then, of course, only

one matrixS,(0) is needed. where with

Now, the statg vie(ro,ﬁo)) is followed until the surface (T'—T+6)?
of the Earth using the equation for the vacuum oscillations R(T,T")= exp( -——
[Eq. (6)]. Since the Earth orbit is eccentric, different ddys V2mAq 2A7,

during a year are discriminatédbout 20 from perihelion to . . .
aphelion. In a final step the rotation of the Earth and thus thethe energy resolution of the detector is included. Thein

different paths of a neutrino through the Earth’s interior dur-agﬁgfar;itgnf%rn&poizst'ﬁ;e elﬂ,r;ertargstmt]iotgew%?ﬁoggﬁi\,ﬁﬂergy
ing 1 day are considered. Here a procedure similar to th%we photon statisTtics which ig?/ds 9
shell outside the fusion region of the Sun is applied: A set o y

about 30 matricesSg(sing) is calculated integrating AcmA [T
exp(—iHr) through the Earth. T 710N 10 MeV

By applying finally Eq.(A2) the survival probéability with A4 being the energy resolution at 10 MeV. The param-
Pe_e(ro.%0,D,¢) for a certain set of parametefsmi,/E,  etersA,, and 8 for Super-Kamiokande, SNO, and Borexino
AmiJE, sirf2@,,, sirf20,; is obtained. This is the basic are summarized in Table VII.

quantity from which the final event rates are calculated. The cross sectionsod,(E, T)/dT for Super-Kamiokande
Since the experiments provide data binned in certain peand Borexino were calculated following the description in

riods (e.g., day, night, annual seasons, or a whole)yaad  [65]. Y denotes either, andv,, (or equivalentlyv,) for the

in certain ranges of the zenith angle, respectivelyinteraction of these neutrino flavors with Super-Kamiokande

Po_o(ro,99,D,h) first has to be integrated using the zenith-and Borexino or CC and NC, respectively, for the reaction

angle weightdw, (¢,D) (see, e.g.[13]) for each periodD at  type in the SNO detector. WitEy(E,To,T,) given by Eq.

the detector latitude.. (A4) the event rates in Borexino and Super-Kamiokande,
After that, PX(r,9) is folded with the radial distribu- r€SPectively, are obtained from

tion ®(ry) of the neutrino sources inside the Sun and the

angle weights) discriminating the different neutrino types NK(To,T1)=2> j [(1- Pi’f)Eyﬂ(E',To,Tl)

(pp, "Be, 8B, etc., denoted by the superscript The event f

rates in the detectors are obtained by finally foldRigwith + p';vfgve(E’ To. T ]PEE)E, (A5)

the energy spectrum of each neutrino typp and the detec-

tor response functioﬁi(E), and summing up the contribu- while the number of CC and NC events in SNO is defined

tion of all neutrino types. This yields analogously to the gallium and chlorine detedtq. (A3)].
With the threshold energy being greater than 5 MeV only the
Ni:E f P;Ei(E’)CI)fE(E’)dE’, (A3) sum over B and hep neutrinos has to be performed in
T Super-Kamiokande and SNO.
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