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We determine parameters for MSW and vacuum oscillatiaetive and sterile neutrinpshat are allowed
by separate, and collective, imposition of the constraints from total event rates in the chlorine, GALLEX,
SAGE, and SuperKamiokande experime(i64 days, the SuperKamiokande energy spectrum, and the Su-
perKamiokande zenith-angle dependence. The small mixing angle MSW solution is acceptable at @%C.L.
for sterilev's) and the vacuum solution is acceptable at 6% C.L. The best-fit global MSW solution for active
neutrinos isAm?=5x10"% eV?, sirf26=5.5x10"2 (and for sterile neutrinodm?=4x10"% eV?, sirf26
=7x10"%). For vacuum oscillations, the best-fit solutionAsn®=6.5x 10" eV?, sirf26=0.75. An arbi-
trary combination of undistortetho oscillationg pp, "Be, B, and CNO neutrino fluxes is inconsistent with
the combined data sets at the @.&.L., independent of astrophysical considerations. We use improved
calculations of solar model fluxes, neutrino absorption cross sections and energy spectra, and a detailed
evaluation of regeneration effec{§0556-282(98)08521-X

PACS numbgs): 26.65+t, 12.15.Ff, 14.60.Pq, 96.60.Jw

[. INTRODUCTION ter 374 day$9] and after 504 dayfl0] shows the robustness
of the results. Therefore, with more than a year’s worth of
It is now 30 years since the first recognition of the solardata available, this is an appropriate time to take stock of
neutrino problem[1-3]. In the first two decades of solar what has been achieved and what further challenges lie
neutrino researcf¥], the problem consisted only of the dis- ahead. The analysis presented here will, we hope, be useful
crepancy between theoretical calculations based upon onia guiding experimental plans for other detectors such as
standard solar modéWith the implicit assumption that neu- SNO[13] and BOREXINO[14]. We also hope that our sum-
trinos created in the solar interior reach the earth unchangednaries of the analysis techniques and the theoretical input
and the observations of the capture rate in the chlorine solafata(see especially Sec. Il and the Appendias well as the
neutrino experiment. indicated results, will be helpful to others who will make
In recent years, four new experimerfisamiokande[5], similar studies. The results from different theoretical analy-
GALLEX [6], SAGE [7], and SuperKamiokandg8—1Q) ses should be compared with each other, and with the com-
have reported results. All four experiments confirm the origi-prehensive studies by the SuperKamiokande Collaboration
nal detection of solar neutrinos with lower neutrino fluxesusing their detailed Monte Carlo simulation, in order to test
than predicted by standard solar models. In addition, the Kathe robustness of the inferences about neutrino parameters.
miokande and SuperKamiokande experiments demonstrate In this paper, we explore the implications of the 504 day
directly that the neutrinos come from the sun by showingdata set from SuperKamiokande together with the results
that recoil electrons are scattered in the direction along th&om the chlorine, GALLEX, and SAGE experiments. For a
sun-earth axis. concise summary of our conclusions, the reader is advised to
In April 1996, the SuperKamiokande experiment initiated skip directly to Sec. VIII and then to return to this Introduc-
a new era of high-precision and high-statistics solar neutrindion.
research. The first 504 days of data from SuperKamiokande We use improved neutrino interaction cross sect{ds-
[10], when combined with data from earlier experiments on18], the most accurate neutrino speckt®,19, and the re-
solar neutrinos, provide important constraints on thesults of a recent reevaluation, the BP98 model, by Bahcall
Mikheyev-Smirnov-WolfensteinMSW) [11] and vacuum and Pinsonneault of the standard model neutrino fli265
oscillation[12] solutions of the solar neutrino problem. The BP98 model is based upon a comprehensive examina-
The definitive analysis of the implications of the tion of all of the available nuclear fusion ddt2l] that was
SuperKamiokande data set must await the comprehensiv&rried out under the auspices of the Institute of Nuclear
Monte Carlo study that can only be performed by theTheory (INT). For solar neutrino research, the most impor-
SuperKamiokande Collaboration. However, the excellentant nuclear physics parameter is the low energy cross sec-
agreement of the results from the first 300 days oftion factor,S;;, for the reaction’Be(p,y)®B, which gives
SuperKamiokande operatig8] with the results obtained af- rise to the critical®B neutrinos. The INT normalization,
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Si1AINT) =193 eV b[21], is about b less than the previ- s e ]
ously standard CalteclCIT) cross section factof22], I OBPE8 CIT |
S;A(CIT)=(22.4+2.1) eV b. The CIT normalization was I e
computed by taking the weighted average over all the pub- L . 4 GONG 96
lished experimental data while the INT normalization was ~ t | 3 o MR
computed by including only the results from the two most 8 ¢ 4 ® Proffitt 94 7
recent and best documented experiments. Because the uncetX ® bl
tainty in the®B production cross section is the most impor- gi'i *JCD 94
tant uncertainty in predicting solar neutrino flu{e9], we o5 :232 3; —
present results in this paper for both the INT and the CIT i ;;g;‘f?és 1
normalizations ofS;;. I -3 +BP 92

We also present calculations for oscillations into sterile I //kzd P
neutrinos as well as into the more familiar active neutrinos. ol minimum @ #BU 88 .
In what follows, we shall always mean oscillations into ac- D T Y S
tive neutrinos unless we explicitly include the adjective $(sB)/BP98

“sterile.” We do not consider here the intermediate case of
oscillations partly into active neutrinos and partly into sterile
neutrinos, although this is a logical possibility. For plausible
?:S:gggtlg;]s:ﬁ]gﬁ%[zzj]’])’tr?gr(])sslcs:;tltlear]tgovxghoﬁ‘hseoﬁ(;fﬂtesu?r];r:gg tha_t are used ir_l t_he figu_re tc_) identify differen_t solar models are
. ! ; . defined in the bibliographical item, R464]. We include all stan-
are well described by the two-generation formalism. There-

f . licitly h | . dard solar models with which we are familiar that were published in
ore, we consider explicitly here only two neutrino genera- efereed journals in the decade 1988-1998. All of the fluxes are

tions. _ o normalized to the predictions of the Bahcall-Pinsonneault 98 solar
We begin by considering in Sec. Il how welbr rather  model, BP9g20]. The rectangular error box defines the &rror
how poorly the results of solar neutrino experiments arerange of the BP98 fluxes. The best’fiie neutrino flux is negative.
described by the combined predictions of the standard solas; the 99% C.L., there is no solution with all positive neutrino
model and the minimal electroweak thedmyhich implies  fluxes if the fluxes of CNO neutrinos are arbitrarily set equal to
that nothing happens to the neutrinos after they are createdzero. There is no solution at the 99.9% C.L. if the CNO neutrinos
In Sec. Ill we briefly summarize the ingredients and tech-are fixed at their standard solar model values. All of the standard
nigues used in our analysis and give references to the origimodel solutions lie far from the best-fit solution, even far from the
nal sources for the improved neutrino flux calculations, the3o contour.
associated uncertainties in the fluxes, the improved neutrino
energy spectra and interaction cross sections, the methodsat all of the 19 standard solar model calculations published
including theoretical errors, and the techniques for carryingn refereed journals in the last 10 years predict neutrino
out the theoretical calculations. Details of the statisticalfluxes that are in reasonable agreement with each other. In
analysis are provided in the Appendix. We determine in SecSec. Il B, we show that the measured rates and their uncer-
IV the regions that are allowed in neutrino parameter spaceainties in solar neutrino experiments are inconsistent with
for MSW and vacuum oscillations to either active or sterileany combination of the solar neutrino fluxes that does not
neutrinos provided only the total event rates in the neutrindnclude a spectrum distortion—which requires physics be-
experiments are considered. In Sec. V we determine thgond the standard electroweak model. We summarize in Sec.
implications of the zenith-angle dependence of thejl C the comparisons between the predictions of the standard
SuperKamiokande event rates. We quantify in Sec. VI thenodel—minimal electroweak theory plus standard solar
distortion of the recoil electron energy spectrum measureghodel—and the results of solar neutrino experiments.
by SuperKamiokande, determining the slope parameter and
the excluded regions of oscillation parameters. We impose in
Sec. VII all of the constraints, total rates, electron recoil
energy spectrum, and zenith-angle dependence, in global fits Figure 1 displays the calculatetBe and B neutrino
and determine the range of oscillation parameters that auxes for all 19 standard solar models with which we are
consistent with all the data. We present in Sec. VIII ourfamiliar which have been published in the last 10 years in
summary and overview of where we stand in understand theefereed science journals. The fluxes are normalized by di-
discrepancies between standard model predictions and théding each published value by the flux from the Bahcall-
results of solar neutrino experiments and in the determinaBasu-Pinsonneault 1998BP99 solar model[20]; the ab-
tion of neutrino parameters from solar neutrino experimentsscissa is the normalize@B flux and the ordinate is the
normalized’Be neutrino flux. The rectangular box shows the
estimated @& uncertainties in the predictions of the BBP98
solar model. The abbreviations, which indicate references to
Why are so many papers being written about non-standarshdividual models, are identified in the caption of Fig. 1.
physics implied by solar neutrino experiments? This section All of the solar model results from different groups fall
provides two answers to this question. In Sec. Il A, we showwithin the estimated @ uncertainties in the model predic-

FIG. 1. Predictions of standard solar models since 1988. The
figure shows the predictions of 19 standard solar models in the
plane defined by théBe and®B neutrino fluxes. The abbreviations

A. The last decade of standard solar models

II. WHAT IS ALL THE FUSS ABOUT?
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TABLE |. Solar neutrino data used in the analysis. The experimental results are given in SNU for all of the experiments except
Kamiokande(and SuperKamiokanglefor which the result is expressed as the meas@iBdlux above 7.5 MeV(6.5 MeV) in units of
10° cm 2s ! at the earth. The ratios of the measured values to the corresponding predictions in the Bahcall-Pinsonneault standard solar
model (BP98 of Ref.[20] are also given. The INT normalizatidor, in parentheses, the CIT normalizatios used in these calculations.
Only experimental errors are included in the column labeled Result/Theory. The results cited for the Kamiokande and SuperKamiokande
experiments assume that the shape of*@eutrino spectrum is not affected by physics beyond the standard electroweak model.

Experiment Result Theory Result/Theory Reference
Homestake 2.560.16+0.16 7.7°%13 (8.8°19 0.33+0.029 (0.29 [45]
Kamiokande 2.86:0.19+0.33 5.15"39 (6.1°33 0.54+0.07 (0.46 (5]
GALLEX 77.5-6.2°53 129'3 (1313 0.60+0.06 (0.59 (6]
SAGE 66.6" 5% 129'8 (13173 0.52+0.06 (0.50 [7]
SuperKamiokande 2.44++0.05' 003 51539 (6.1°59 0.474+0.020 (0.39 [10]

tions (with the exception of the Dar-Shaviv model whose The result given in Eq(l), which is approximately equiva-
results have not been reproduced by other grpuphis lent to a 2@ discrepancy, is a quantitative expression of the
agreement demonstrates the robustness of the predictiofect that the standard model predictions do not fit the ob-
since the calculations use different computer cogigsich  served solar neutrino measurements.
achieve varying degrees of precisind involve a variety
of choices for the nuclear parameters, the equation of state,
the stellar radiative opacity, the initial heavy element abun-
dances, and the physical processes that are included. Supposéfollowing the precepts of Hatat al.[28], Parke
The largest contributions to the dispersion in values in29], and Heeger and Roberts@B0]) we now ignore every-
Fig. 1 are due to the choice of the normalization $95 (the  thing we have learned about solar models over the last 35
production cross-section factor f8B neutrinog and the in-  years and allow the importaptp, ‘Be, and®B fluxes to take
clusion, or non-inclusion, of element diffusion in the stellar on any non-negative values. What is the minimum value of
evolution codes. The effect in the plane of Fig. 1 of they? for the 3 experiments, when the only constraint on the
normalization ofS,;; is shown by the difference between the fluxes is the requirement that the luminosity of the sun be
point for BP98(1.0, 1.0, which was computed using the supplied by nuclear fusion reactions among light elements?
INT normalization, and the point &1.18, 1.0 which corre- We include the nuclear physics inequalities between neutrino
sponds to the BP98 result with the CIT normalization. fluxes(see section 4 of Ref31]) that are associated with the
Helioseismological observations have shown recenthluminosity constraint and maintain the standard value for the
[25] that diffusion is occurring and must be included in solaressentially model-independent ratio pép to pp neutrino
models, so that the most recent models shown in Fig. 1 nowuxes.
all include helium and heavy element diffusion. By compar-
ing a large number of earlier models, it was shown that all 1. With SSM value for CNO neutrinos
published standard solar models give the same results for \ye begin by allowing thepp, "Be, and®B neutrino
solar n'eutrlno fluxes to an accuracy of better than 10% if the|uxes to be arbitrary parametefsubject to the luminosity
same input parameters and physical processes are '”ClUd€9nstrainl, but constrain thé3N and 150 fluxes to be equal

B. Model-independent tests

[26,27. _ _ _to the values predicted by the standard solar md@ael.
How do the observations from the solar neutrino experi-there is therefore one degree of freedom for three experi-
ments agree with the solar model calculation? ments plus the luminosity constraint and three freely chosen

Table | summarizes the §olar nt_—zutrino experimental rate§eutrino fluxes. The best fit for arbitraryp, "Be, and®B
that have been measured in the_flve experiments. We havf,ves is obtained fofBe/("Be)ssy= 0.0, ®B/(3B)sgy=0.44,
compared the observed rates with the calculated, standa%dppzl_o& where
model values, combining quadratically the theoretical solar
model and experimental uncertainties, as well as the uncer- 5 _
tainties in the neutrino cross sections. Since the GALLEX Xminimur( 3 €Xperimental rates;
and SAGE experiments measure the same quantity, we treat . 7o 8o
the weighted average rate in gallium as one experimental arbitrary pp, ‘Be,"B)=24.1. @
number. We adopt the SuperKamiokande measurement as
the most precise direct determination of the higher-enéBgy The best-fit solution differ considerably from the measured
neutrino flux. values for the radiochemical experiments, with 3.4 SNU

Using the predicted fluxes from the BBP98 model, ffe  for chlorine and 95.5 SNU for gallium, but is in good agree-
for the fit to the three experimental ratéhlorine, gallium, ment with the measured valu€.474 of BBP98 for

and SuperKamiokandlés SuperKamiokandécf. Table ).
) _ There are no acceptable fits at a C.L. of more than 99.99%
Xssm(3 experimental ratgs 61. (1) (40 resuld.
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2. CNO neutrinos assumed missing average event rate of 72£5.6 SNU, which is fully ac-

The fit can be improved if we set the CNO neutrino fluxescounted for in the standard solar model by the fundamental
equal to zerd. Then, the same search for arbitrarp, Be, PP @nd pep neutrinos(72.4 SNY [26,27,2Q. In addition,
and 8B neutrino fluxes leads to a best fit wifBe/(’Be)sgy  the 8B neutrinos that are observed in the Kamiokande and
=0.0, ®B/(®B)ssy=0.46, andpp/(pp)ssy=1.10. The mini-  SuperKamiokande experiments will produce about 6 SNU in
mum value ofy? is the gallium experiments, unless new particle physics changes
the neutrino energy spectrum. A second reason thatBlee
flux appears to be missing is th@ee[32]) the SuperKamio-
kande®B neutrino flux alone corresponds to 2.76{0.11)
arbitrary pp, 'Be,®8B; CNO=0)=7.3. (3)  SNU in a chlorine detectdicombining quadratically the the-

i i ) oretical cross section errors with the SuperKamiokande mea-
The best-fit solution has 2.9 SNU for chlorine and 85.3 SNU,

; li d 0.46 of BP9S for S Kamiok surement errods which is to be compared to the total ob-

T(')rb?al)lu/f\Tl]t’han hth Oth b (t)rf't upl)er amio atnf(tEf.f served rate in the Homestake chlorine experiment of (2.56
apie ). ough these three best-t values are not far from., 0.23) SNU. The observed rate includes neutrinos ffém

the three measured values, the best-fit values were found

an extensive computer search with three free parameters an &, CNO, ancpep Obviously, there is no room in the mea-

only one physical constraint, that the nuclear energy gener sured chlorine rate for a significafe neutrino contribution

tion rate correspond to the total luminosity of the sun. expected to be 1.15 SNU based upon the standard solar

There are no acceptable solutions at the 99% C:3s  Model[20)). _ o .
resulf. For all these reasons, we will consider in the remainder of

Figure 1 shows the best-fit solution and the-Bo con-  this paper theories in which neutrino oscillations change the
tours. The & and 3 limits were obtained by requiring that Shape of the neutrino energy spectra.
X2= xZin+ )% Where for Ir 5y?=1 and for 3 52=9. All
of the standard model solutions lie far from the best-fit solu- . INGREDIENTS AND TECHNIQUES
tion and even lie far from thedcontour.

Xﬁqimmum(S experimental data;

Many authors have reported the results of refined studies
C. Discussion of comparisons with standard model of the MSW[33-41] and the vacuurfi37,38,40,42solutions

The searches for best-fit solutions that are described b fthe solar neutrino problems. The techniques for this analy-

Eq.(2) and Eq.(3) have three independent experimental data is are thergfore well documented in the Ilterature and we
points and 1 additional constraifthe luminosity constraint only note briefly here those_ aspects of t_he calc_ulanon that are
with three free parametershe pp, ’Be, and®B neutrino often not treated in the optimal manner in the literature or for

fluxes. We conclude from Eq(2) and Eq.(3) that all solu- which less accurate data are sometimes usedy®analysis

tions with undistorted energy spectra are ruled out at thé’f the data follows closely the prescriptions[#8,31. We

99% C.L.[with the CNO neutrino fluxes set equal to zero, gdopt the procedures of Fogli and Lisee Ref.[34)) in

see Eq.(3)] or at more than 99.9% C.Lwith the CNO including theoretical errors. The uncertainties in the input
fluxes équal to the values predi.cted b'y.the standard soldPodel parameters that influence the neutrino fluxes are taken
mode) rom Refs.[20,27]. We use the improved neutrino interaction

The results in this sectiofsee Eq.(1) and Fig. 1 show cross sections for each detector given in REf5—-18 and

that the combined standard model, the standard solar modgle neutrino spectra given in Refd5,19. We include the

plus minimal standard electroweak theory, provides a bad ﬁpu_blished energy resolution and trigger efficiency of the Ka-

to the observed rates in solar neutrino experiments. Morem'Okande dete_ctoES] and SuperKami_okandEB—llq]. For
over, Eq.(2) and Eq.(3) show that one cannot get a good fit the MSW solution, we use the analytical description of the

to the observed rates using any combination of undistorte§€utrino survival probabilities frond4] which allows the

neutrino energy spectra. All so-called astrophysical solution&Y€"29ing over the neutrino production regions and the neu-

give a poor description of the observed experimental rated!IN0 Spectra to be done accurately with a reasonable amount
This is what all the fuss is about. of {:Ac/)mput;ter. t'm(lal' d . A m2-sire2

If we drop the physical requirement that the fluxes be eo t{;un_ allowe _re_glonsz Mm-S 6 parameter
positive definite, the minimuny? (Xﬁqinzo.l) occurs—quite space by2f|nd|2ng the 2m|n|mumr Zand plotting contours of
remarkably—for a negative value of thdBe flux;  CONSIANN"= X+ Ax” whered y”=5.99 for 95% C.L. and
H(7Be),=—0.45% ("Be)sy. This unphysical result is a 9.21 for 99% C.L. In all the figures in this paper, we show

0,

reflection of what has become known as the problem of “theresults at th? 99% C'L'. . o -
missing ’Be solar neutrinos.” One reason that tf&e neu- _ We describe the statistical analysis in detail in the Appen-
trinos appear to be missin@r have a negative fluxs that dix.
the two gallium experiments, GALLEX and SAGE, have an

IV. FITS TO THE AVERAGE EVENT RATES

LIf the CNO neutrino fluxes are allowed to vary as free param- In this section, we determine the allowed range of oscil-
eters, the minimumy? is achieved for zero CNO fluxes. lation solutions using only the total event rates in the ClAr
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(Homestakg GALLEX, SAGE, and SuperKamiokande sif20=0.76, (5b)
experimentg.

The average event rates in these four solar neutrino exwith x%;,=4.3. There is also a less probable solution, which
periments, summarized in Table |, are robust and seem unwe refer to as the LOW solutiofiow probability, low mass
likely to change significantly. The results of the chlorine ex-at[46,47]
periment have been summarized in detail recepth; the

measured value has been stable for two decades and Am?=7.9x10"8 eV? (69
is known relatively precisely. The Kamiokand®&] and
SuperKamiokand¢8-10] experiments are in agreement to Sinf26=0.96. (6b)

within 1o and the precision of the SuperKamiokande experi-

ment is now very high. We have used the more precise valuith x7,=7.3. The LOW solution is acceptable at the 99%
of the SuperKamiokande experiment to represent the totdl.L., but is not acceptable at the 95% C.L. To find an appre-
rate above 6.5 MeV in the water Cherenkov experiments¢iable probability for the LOW solution, one must include
Both the GALLEX[6] and the SAGH7] experiments have the regeneration effe¢43].

yielded accurate measurements and the efficiency of both How do the results given in Eq$4a—(6b) differ from
detectors has been tested wilCr sources. We have used our pre-SuperKamiokand@997 analysis?The 1997 study,
the weighted average of the measured rates in the two gaRef. [43], was carried out before either the Bahcall-
lium detectors. Pinsonneault 98 solar model or the SuperKamiokande ex-

We present in Sec. IV A the allowed range of solutionsperimental results were availablélhere are no very large
involving MSW oscillation into active or sterile neutrinos. In changes in the best-fit values for either the mass differences
Sec. IV B, we present the corresponding results for vacuun@r the mixing angles of the three solutions, although ¥Re
oscillations. Sec. IV C describes the dependence of the irfits are less goofbut well within the statistical uncertainties,
ferred oscillation parameters on the most uncertain input pacf. Egs.(1)—(3) of Ref. [43]]. However, the best-fit neutrino
rameter, the low-energy cross section factor for theparameters are shifted towards smaller mixing angles for the
"Be(p,v)®B reaction. We show in Sec. IV D that energy- SMA and towards larger mixing angles for the LMA and
independent oscillations are unacceptable at the 99.8% C.LOW solutions. For the SMA solution, this has the important
Finally, we summarize in Sec. IV E our results on the analyresult that the expected Day-Night asymmetry is greatly de-
sis of the average event rates. creasedsee Sec. Y.

The calculation of the allowed range of predict@&e flux Figure 2 shows the 99% C.L. allowed regions in the plane
(to be measured in the BOREXINO experimdad]), the  defined byAm? and sif26. The black dots within each al-
demonstration that a constant suppression factor is a disf&wed region indicate the position of the local best-fit point
vored description, and the evaluation of the dependence df parameter space. The results shown in Fig. 2 were calcu-
the inferred neutrino parameters on the low-energy cross setated using the predictions of the 1998 standard solar model

tion factor for the’Be(p,y)®B reaction are special features Of Bahcall and Pinsonnead®0], which includes helium and
of this section. heavy element diffusion and uses the recent reevaluation of

solar fusion cross sectiorf21]; the shape of the allowed
contours depends only slightly upon the assumed solar
model (see Fig. 1 of Ref[31]).

1. Active neutrinos The BOREXINO experiment will measure the-e scat-

The best fit is obtained for the small mixing ang&MA) tering rate for the 0.86 MeVBe !me. We have calculated the
allowed range for the scattering rate at 99% C.L. for the

A. MSW solutions

solution: . . .
different MSW solutions discussed above. The rates are
AmM?=5.4x10"°% eV? (4a) given in the following equation relative to the 1998 Bahcall
and Pinsonneault standard mo{i20] are:
Sinf20=6.0x 103, (4b)
<¢U>7Be SMA:O 23#0_24 (7a)
which hasy?2,,=1.7. There are two more local minima of (poYepeg 00T
x2. The best fit for the well known large mixing angle
LMA) solution occurs at o7
(LMA) —<d<) ¢>U;‘e WA~ 05918, (7b)
AM?=1.8x10"5 eV?, (5a) BPos

<¢<T>7Be LOW

— i+ 0.06
2 . — N (@Yoo 008 (7o
We have carried out identical calculations including both

the Kamiokande and the SuperKamiokande rates. The results are

essentially unchanged from what we find including only the

Superkamiokande rate, since the quoted uncertainty in the Kamio- After more than 35 years of progressively more accurate

kande rate is much larger than the uncertainty in the Superkamioneasurements of input parameters and more precise solar

kande rate. modeling, the largest recognized uncertainties that afflict the

2. Nuclear physics uncertainties
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FIG. 2. MSW solutions: rates only. The figure shows the al-
lowed regiong99% C.L) in Am?—sirf26 parameter space for the
MSW solution. The best fit points are indicated by dark circles. 10-4
Only the total event rates in the chlorine, SuperKamiokande,
GALLEX, and SAGE experiments are considered; the solar neu-
trino data are summarized in Table I. TA® neutrino flux corre-

A(S,,) =0

N . . 1078 =
sponds to the “INT normalization” of §(0). Theneutrino transi- £
tions in the sun are assumed to be between active neutrinos (& -

> -
=V, Of Ve—v,). J 1o-s L
b E
E 2
< L

prediction of solar neutrino fluxes are associated with the
laboratory cross sections at low energies for the crucial 10-7
He(a,y)'Be and the’Be(p, v)®B reactiong 20]. The uncer-
tainty in the 3He-*He cross section is 9.4%,01[21]. The
uncertainty in the’Be+p reaction is asymmetric and is, on 10-®
average, 10.6%21]. The flux of 8B neutrinos is directly
proportional to the rate of thBBe+ p reaction and the flux of
the 'Be neutrinos is approglmately linearly proportional to 10 :0_4 — 1(;3 — ""1'3_2 — ""l'g_l — "'“1’00
the rate of the®He-*He reaction. sin®(26)

How much do the uncertainties in the nuclear physics
parameters affect the accuracy with which one can determine FIG. 3. Effect of uncertainties ii$;, and S;7 on the allowed
neutrino parameters? In order to answer this question, wMSW solution space. The panels are the same as in Fig. 2 except
have calculated the allowed regions for MSW solutions that in the top panel the unc'ertainty_$g4 is set equal to zero and i_n
analogous to those considered in Sec. IVA 1, but we ast-he lower panel. thg uncertainty B is set egual t.o ;ero. There is
sumed in the present case either that the uncertainty in tHe large reduction in the MSW allowed regions if eiti%j; or S,7
3He(w,)’Be or the’Be(p, y)®B reaction was equal to zero. presumed to be negligible.

Figure 3 shows that the MSW allowed regions are re-are a number of roughly comparable uncertainties from dif-
duced only slightly when the uncertainties associated witlferent input parameteff0].
either the ®He(a,y)’Be (cross-section factoiS;,) or the We conclude that one cannot greatly increase the accu-
"Be(p, v)®B reaction(cross-section factds,;) are artificially ~ racy with which MSW parameters can be determined by
decreased to zero. Comparing Fig. 3 and Fig. 2, we see thgreatly decreasing the uncertainty in any single input param-
in both cases the allowed regions for MSW solutions remaireter.
comparable in size to what they are calculated to be with
realistic estimates of the nuclear physics uncertainties. The
reason that the allowed regions are not particularly sensitive How are the results given above changed if the oscilla-
to the uncertainties in any one nuclear parameter is that thet@®ns involve sterile neutrinos?

T

ClAr + GALLEX + SAGE
+ SuperKamiokande: rates only

SSM: Bahcall and Pinsonneault 1998

3. Sterile neutrinos
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= C ] —
% ol ] =
~ 10—6 E -
‘“E E E @
E 3 10-10 -
- ; E 100 p
107 E I
C ClAr + GALLEX + SAGE ] L -
10-8 & + SuperKemiokande: rates only - ClAr + SAGE + GALLEX
E 3 r + SuperKamiokande )
i SSM: Bahcall and Pinsonneault 1998 . SSM: Bahcall and Pinsonneault 1998
10—9 i I3 Illllll 1 1 IIlIIII I3 | 3| IIIIII 1 (RN 1 I I 1 1 I 1 1 1 I 1 1 I I 1 1 1
10~ 10-® 102 107! 100 0.2 0.4 0.6 0.8 1
sin?(26) sin?(28)

FIG. 4. Sterile neutrinos: rates only. The figure shows the re- F|G. 5. Vacuum oscillations: rates only. The figure shows the
gions in Am*—sir’2¢ parameter space that the total rates in theregions inAm?—sir?2¢ parameter space that the total rates in the
chlorine, SuperKamiokande, GALLEX, and SAGE experiments al-chlorine, SuperKamiokande, GALLEX, and SAGE experiments al-
low for MSW oscillations between an electron type neutrino and aow for vacuum neutrino oscillations between active neutrinos. The
sterile neutrino ¢e— vs). Other conditions are the same as for Fig. pest-fit point is indicated by a dark circle. The experimental rates
2. are summarized in Table I.

Figure 4 shows that if the oscillations are between amyng the suppressions considered in Sec. 11 B is that oscilla-

electron-type neutrino and a sterile neutrino th(()an the.LMAtions into sterile neutrinos suppress the lower energy part of
and the LOW solutions are not allowed at the 99% C.L.; onlyhe 85 neytrino energy spectrum. This result is an illustration

the SMA solution is possible. The LMA and LOW solutions o¢ oyr claim made in Sec. Il C that the evidence from the

are ruled out at a very high C.L; the value gf(min) o1 experimental rates suggests the existence of a distortion
=19.0(17.0) for the LMA(LOW) solutions. However, the = f the solar neutrino energy spectrum.

SMA solution is still allowed, With)(z(mi.n)=1.7 (which is What should one expect for BOREXINO if oscillations
the same as for the best-case with active neutjiaasl the iy olve sterile neutrinos? The allowed range for tfe
best-fit solution is electron scattering rate is
Am?=4.3x10"°6 eV? (8a)
<¢C">7Be sterile:O 00 0.244 9)
Sin?26=6.9x 103, (8b) (¢o)apes  — "

The mass difference for the solution involving sterile neutri-If oscillations occur to sterile neutrinos, the rate observed in
nos, Eq.(8a), is slightly smaller than the mass difference BOREXINO will be—for almost the entire range of allowed
found for oscillations between active neutrifos Eq.(43)], parameters—Iless than the lowest expected rate if oscillations
but the mixing angle for sterile neutrinos, Egb), is slightly  occur to active neutrinogf. Eq. (8)].
larger than for active neutrindsf. Eq. (4b)]. If the Caltech normalization for th&B production cross
The suppression of the neutrino fluxes in the case of SMAsection §,,=22.4 kev b) is used instead of the INT normal-
conversion into sterile neutrinos is somewhat similar to thezation, the allowed regions are shifted only slightly from
arbitrary reductions of the neutrino fluxes considered in Seowhat they are in Fig. 2 and Fig. 4. The best estimate solu-
Il B. The flux of pp neutrinos is unsuppressed, tf®e neu-  tions for Sm? are changed by less than 7% relative to the
trino flux as well as other fluxes of intermediate energies argalues given in Eqsi4)—(6) and Eq.(8).
strongly suppressed, and tfB neutrino flux is moderately
suppressed. The fit to the solar neutrino experiments using
oscillations into sterile neutrinos is much better than the fit to
the experiments made using an arbitrary linear combination Figure 5 shows for vacuum neutrino oscillations the broad
of undistorted solar neutrino fluxésf. Sec. Il B. The main  region of solutions allowed at 99% C.L. The best-fit vacuum
difference between the suppression due to sterile neutringslution is

B. Vacuum neutrino oscillations
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10-8
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sin?(20)

10-3
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FIG. 6. Variable®B flux and MSW solutions. The figure shows
the allowed regions at 99% C.L. in them?—sirf2¢ plane for the
MSW solutions with an arbitrar§B neutrino flux(treated as a free
parameter

Am?=8.0x10" eV? (109

sinf20=0.75, (10b)

which has ay?,,=4.3.
What will BOREXINO observe if vacuum neutrino oscil-

lations occur? The allowed range for vacuum oscillations of
the 'Be line is very large if the only constraints imposed are
consistent with the total observed rates. We find at 99% C.L.

that

(h0)78e vacuum_ o 4 ~+0.46

<¢‘T>BP98 018 9

There is no allowed solution at the 99.7% C.L. for

vacuum neutrino oscillations betweef and a sterile neu-
trino. The solution involving sterile neutrinos hag(min)
=12.0.

C. Arbitrary 8B neutrino flux

The value of theé®B neutrino flux calculated in the stan-
dard solar modelcf. Ref.[20]) is more uncertain  19%

PHYSICAL REVIEW D58 096016

10

min(x®)

©(°B)/#(°B)gpoe

FIG. 7. Minimumy? (MSW solution as a function of the boron
neutrino flux. The oscillations are between active neutrings (
— v, Or ve—v,). The reference boron flux in the BP98 solar model
corresponds to INT normalization & 0).

oscillations when thé&B flux is allowed to take on arbitrary

values. The best-fit SMA solution is
Am?=5.0x10"% eV? (123

sinf26=3.5x 10" 3, (12b

which hasy?,,=0.86. The best-fit for the LMA solution is

Am?=1.6x10"° eV? (139
sinf26=0.57, (13b)
which hasy?2,,=0.91. The LOW solution,
Am?=7.9x10"8 eV?, (143
sinf20=0.95, (14b

has a much largegZ,,=7.2. For all three classes of MSW
solutions the squared mass differences are changed by less
than 20% if theé’B neutrino flux is treated as a free parameter
[cf. Egs. (4a—(6b)], although the values of sipd are
changed by much large factoa factor of two for the SMA
solution.

Do the solar neutrino observations place useful limits on
the value of the cross section fact&;, for the production

and —14%, lo) than any of the other experimentally- of 8g7

important solar neutrino fluxes. It is therefore useful to con-

Figure 7 shows the minimum value gf obtained using

sider what constraints are placed upon neutrino physics if thgs constraints the rates of the solar neutrino experiments but

8B flux is treated as a free paramefé8,33.

1. MSW solutions

allowing the value of théB flux to take on arbitrary values.
The allowed range at 99% C.L. is: &45,7/S(INT)
< 2.0, which is much broader than the range alloj&t by

Figure 6 shows the allowed parameter space for MSWilirect laboratory experiments.
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| K0 s s e e e A N L which has a shallowZ;,=0.94. The minimum occurs for a
8B flux that is 1.9 times the value of the predicted BFg8
flux.

This allowed range ofS,; is very similar for both the
MSW and the vacuum solutions. In both cases, the measure-
ments by SuperKamiokande determine the upper and lower
limits on the allowedB flux. The lower limit corresponds to
very little conversion fromv, to other neutrino types. The
lowest allowed value is obtained by reducing the best-
estimate SuperKamiokande flux by the 8xperimental un-
certainty. Since the experimental uncertainty is small
(Loexg=3%), the lower limit is close to the SuperKamio-
kande best-estimate value. The upper limit is much larger
because essentially all of tif8 flux observed by SuperKa-
miokande isv, or v,. Since the cross sectiofl8] for
electron-neutrino scattering by, or v, is about six times
smaller than the scattering cross sectionifgr andv,, and
v, are not detected in the chlorine and gallium experiments,
the upper limit for the total flux can be much lardarfactor
of five in practice than the observed flux.

10-10

Am? (eV?)

10-11

D. Energy-independent suppression of neutrino fluxes

10—12 1 1 i I L L i I L i 1 I 1 L L I L 1 1
0.2 0.4 0.6 0.8 1 Many authors have considered particle-physics models
sin?(26) which predict energy-independent reductions of the solar

neutrino fluxeqsee, e.g., Ref$50-54 and references cited

FIG. 8. Allowed regions inAm?-sirf2¢ parameter space for therein. In these scenarios, all neutrino fluxes are reduced by
vacuum oscillations with an arbitrafB8 neutrino flux. The oscilla- some particle-physics mechanism by exactly the same factor.
tions are assumed to occur between active neutrinos. One can test the goodness-of-fit of such scenarios by calcu-

lating the minimumy? for this casg55]. Using the predic-

If oscillations between sterile neutrinos are consideredtions and the uncertainties in the BP98 solar model and the
the constraints set 08y, by varying the sola®B flux and  observed rates and their uncertainties given in Table I, we
fitting to the solar neutrino data are again much larger thamave calculated the minimun? for different neutrino oscil-
the uncertainty in the laboratory measuremensgf(cf. Ref  lation scenarios.

[49]). For arbitrary reduction factors, the best-fit value isx
=0.48 for oscillation into active neutrinos ang=0.50 for
2. Vacuum oscillations sterile neutrinos. The minimurp2, =12.0 for active neutri-
nos andy?,,=19.3 for sterile neutrinos. Since there are two

cillations affected by permitting arbitrary values for the as-degrees of freedom in these cases, energy-independent oscil-
sumed®B neutrino fiux, cf. Ref[49]? lation into active neutrinos is ruled out at the 99.8% C.L. and

Figure 8 shows the expanded solution space that is afnergy-independent oscillation into sterile neutrinos is ruled
lowed for vacuum oscillations if th88 neutrino flux is un- ~ Out at the 99.99% C.L. These results are changed only
constrained. Instead of the rather limited parameter spacaidNtly (strengthened slightlyif the *B flux is allowed to

that is permitted with the standard solar model value of th¢/a"y independently of all other fluxes. In this case, we obtain

: : - - 2 _ 2
88 flux (see Fig. 5, the squared neutrino mass difference canfOf active neutrinos(sterile neutrinos xmin=11.0 (xmin
=19.3) for 1 DOF, which is excluded at the 99.8% C.L.

span the entire two order of magnitude range fram? .
—4Xx10 2 e\2to Am?=5X10"0e\2if S, is allowed to  (99.999% C.L.

How are the inferred parameters for vacuum neutrino os

vary arbitrarily. The allowed range of tH8 cross section For Zthe model considered in ReB1], «=5/9. In this
factor at 99% C.L. is, for vacuum oscillations, 0.4 Casexmi,=14.3(3 DOF), and the model is ruled out at the
<S;7/S(INT) ;7<2.0. 99.8% C.L.
For completeness, we note that the best-fit values for the
vacuum solution and arbitra3B flux are E. Summary of analysis of rates
The principal results of this section are displayed in Figs.
Am?=8.4x10"11 eV?, (159  2-8, except for the BOREXINO predictions which are given

in Eq. (7), Eq. (9), and Eqg.(11), and the demonstration in
Sec. IV D that constant-reduction solutions are disfavored.
sinf26=0.98, (15b For the reader’s convenience, we also present the numerical
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TABLE II. Minimum x? for different neutrino oscillation solu- Survival Probabilities
tions of the solar neutrino problems The reference solar model cor-
responds to the INT normalizatiqor, in parentheses, the CIT nor- 1 T T T T T T T T T T T
malization) of S;-(0). Results are given for oscillations into either H SMA _:
either active or sterile neutrinos. . 0.8 . average ]
- . . ;o 0,6 u HRSERRERY day =
Solution MSW Vacuum Oscillations ;° E - - —night E
SMA  LMA LOW T %4H E
active 1.7(2.8 43(19 7.438.2 4.3 (2.7 o2 H 3
sterile  1.7(1.6) 19.0 (17.0 17.0 (16.0 12.0 (11.2 0 L -

0.8
0.6
0.4

values of the best-fit neutrino mixing angles and mass differ-
ences for each case considered.

In all of the calculations shown in the figures, we have
used the INT normalization for th28 production cross sec-
tion, S;7. However, this cross section is relatively poorly 0.2
known and, unfortunately, at present it is largely a matter of
judgment as to which normalization, INT or CIT, is most 0
appropriate. We have therefore presented results for both 08 F LOwW
normalizations; the difference between neutrino parameters —; b
determined with the INT and the CIT normalizations is an 3 0.6 |

P(v -v,)

indication of the magnitude of the uncertainties in neutrino ;" 04 E\\.___ =
parameters that are caused by uncertainties in the basic @ [ 3
nuclear physics data. 02 F o~
Particle physics solutions in which the suppression of the T T
electron neutrino flux is independent of the neutrino energy 0 0 5 10 15

are ruled out at more than the 99% C.L. for oscillations into Energy (MeV)
both active and sterile neutringsee Sec. IV D gy

Table Il presents the minimung® for the different neu- FIG. 9. Survival probabilities for MSW solutions. The figure
trino oscillation scenarios that we have considered in thigresents the yearly-averaged survival probabilities for an electron
section. The primary entries in the table represgf(tmin)  neutrino that is created in the sun to remain an electron neutrino
with the INT normalization forS;;; the entries enclosed in upon arrival at the SuperKamiokande detector. The best-fit MSW
parentheses were computed using the CIT normalization fogolutions including regeneration in the earth are described in Sec.
S;7. The INT and CIT normalizations give about equally IV. The fL_JII Iine refers to the average s_urvival probabilities com-
good fits to the observed rates in solar neutrino experiment?,med taking into acgount regeneratlpn in the earth .and the dotted
with the INT normalization slightly favoring the SMA MSW ine .refers to calculatlo_nS for the daytime that_ do not |_nclude regen-
solution and the CIT normalization slightly favoring the eration. The dashed line includes regeneration at night. There are

. . 8 only slight differences between the computed regeneration prob-
LMA solution (see also Fig. 7 Indeed, the largerB flux, abilities for the detectors located at the positions of Super-

the CIT normalization, implies a stronger suppression by 0Skamiokande, SNO and the Gran Sasso Underground Laboratory
cillations at higher energies, and consequently, a flatter dgsee Ref[43]).

pendence of the suppression factor on energy than is implied
by the INT normalization. A. Expectations for survival probabilities

Figure 9 shows the computed survival probabilities for
V. ZENITH-ANGLE DEPENDENCE OF RATES electron type neutrinos as a function of energy for the day
I ._(no regeneration the night(with regeneration and the an-

I MSW.OSC'"at'O.nS occur, the observed evgnt ratgs Npual ag\J/erage. The sur\gival proba%ilities computed here for
solar neutrino experiments can _depend upon which region, the pest-fit points differ relatively little from the values cal-
any, of the earthl that the neutrinos jcraverse before .reachm&”ated earlie(see Fig. 4 of Ref[43]), despite the fact that
the detector. At times when the sun is below the horiagn, i the present study we have taken account of the measured
or v, coming from the sun can be re-converted in the earthgyperkamiokande rate, the somewhat different fluxes from
into the more easily detected. Thus for a certain range of the BP98 model, the improved estimates for nuclear fusion
neutrino parameters the observed event rate will depengross sections, and other updated data. The changes in the
upon the zenith angle of the sun, i.e., the angle that the supest-fit oscillation parameters caused by the use of the new
makes with respect to the direction of the zenith at the posieata are relatively smafsee Sec. IY. The principal differ-
tion of the neutrino detector. This is known as the earthence is that with the present parameters the expected Day-
regeneration effedt56—5§. Night difference for the SMA solution is extremely small,
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not even visible in Fig. 9. Note, however, that a potentially 107 g
detectable Day-Night difference is predicted for the LMA 2
solution at the higher neutrino energies. The Day-Night dif- -
ference is expected to be relatively large for the LOW solu- 107 g
tion, but only at energies below 1 MeV. The Day-Night dif- N
ference predicted by the LOW solution would be detectable -
by the BOREXINO experiment, which will observe the 0.86 107 &
MeV neutrino line from’Be electron capture. = -
g C
. =10k
B. SuperKamiokande result E 3
The SuperKamiokande Collaboration has given a prelimi- ° I
nary value for the difference between the event rates at night 1077
and during the day. After only 504 days of data, they obtain 3
an initial estimate for this Day-Night asymmetr, of - )
[8,10]: 10-8 = Zenith angle + 4 Rates + BP 988
A= D+N=—0.023tO.OZ(IstaI)iO.OlA(syst). (16) 1078 bbbttt
10~ 1073 10-2 10-! 100
inZi
This estimate applies for events in which the recoil electron Sin(E0)
has an energy of at least 6.5 MeV. The difference shown in 10-%
Eq. (16) is in the direction that would be expected from £
regeneration in the earttthe sun is apparently brighter at X
night in neutrinog but is small and is not statistically sig- 10+
nificant. 2
The SuperKamiokande Collaboration has also given -
[8,10] a preliminary distribution of the event rates versus 10
zenith angle in which the rates and their errors are plotted in 3
10 angular bins. = -
5 107
C. Constraints on neutrino parameters 5 -
We have determined the constraints placed upon neutrino 107 |
mixing parameters using the preliminary Day-Night asym- £
metry [Eq. (16)] and also the 10-bin zenith angle distribu- A
tion. We use the techniques and results contained in our pre- 1ok  D/N asymmetry + 4 Rates + BP 98
vious detailed discussion of the expected zenith-angle 3
dependence of solar event rafds] to analyze the 10 bin -
measurements of the zenith angle distribution reported by the w0l 1(;3 — 1(;2 — 1(;1 BT
SuperKamiokande Collaboration for the first 504 days of ob- sin?(20)
servationg 10].
Figure 1@a) shows the results of a combined MSy¥ fit FIG. 10. Angular distribution exclusion. The region that is ex-

with active neutrinos of the SuperKamiokande zenith anglesluded by the SuperKamiokande zenith-angle distribution or by the
dependence and the total rates of the Homestake, GALLE)@UperKamlokande Day-Night measurement is shown as the light
SAGE, and SuperKamiokande experiments. The region jshaded area in the upper and lower panels, respectively. The darker

the figure that is excluded by the zenith angle dependence rcg)aded regions in the upper panel are the regions that are allowed
y the total measured rates from the chlorine, GALLEX, SAGE,

dind SuperKamiokande experiments plus the zenith angle distribu-
tion measured by SuperKamiokande. The darker shaded regions in
the lower panel are allowed by the four measured rates and the
%uperKamiokande Day-Night asymmetry.

shaded lightly and, almost touches the darkly shaded LmA
and SMA allowed regions for the combined zenith angle an
rate constraints. Figure (i) shows the combined solutions
using the SuperKamiokande Day-Night asymmetry and th
four total rates. As shown previously from simulated data
[43], the Day-Night asymmetry is more sensitive to the LMA

PHYSICAL REVIEW D 58 096016

solution and the zenith-angle distribution is more sensitive tds excluded by the measured zenith-angle dependence.
the SMA solution. We see from Fig. () that the observa- Figure 11a) and Fig. 11b) show the analogous regions

tions by SuperKamiokande of the Day-Night asymmetryfor MSW oscillations into sterile neutrinos. The only MSW
have eliminated a sizable fraction, almost a half, of the pasolution for oscillation into sterile neutrinos is the SMA. The
rameter space for the LMA solution that is allowed if one regeneration effect is not as effective a test of the sterile
only considers the total ratésf. Fig. 2). A small part(with neutrino oscillation solution as it is for oscillation into active

sinf20>10"2) of the parameter space of the SMA solutions neutrinos(cf. Fig. 11 and Fig. 2
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1078 g lated using the standafdndistorted ®B [19] neutrino spec-
r trum. We also compare the observed energy spectrum with
- Sterile v recoil energy spectra calculated assuming MSW or vacuum
10~ g neutrino oscillations and use these results to constrain the
F allowed neutrino parameter space.
108 .
£ A. SuperKamiokande energy spectrum
[N B The SuperKamiokande Collaboration has made available
< 10-¢ = [10] preliminary data, including estimated statistical and sys-
“g 2 tematic uncertainties, from 504 days of operation in which
[ the recoil energy spectrum is divided into 16 bins, with 15
107 | _ bins having a width of 0.5 MeV starting at 6.5 MeV and
F 3 continuing to 14 MeV. The final bin includes events with
C ] energies from 14 MeV to 20 MeV and contains more counts
10-8 L Zenith angle + 4 Rates + BP 98 — than would be expected from an undistortt®l spectrum
normalized at lower energies.
10-9 IS IR RTT! BT S S RETT! B S WRTTT! R SR AT B. Fit to undistorted energy spectrum
10+ 10-® 10-2 10t 100
sin2(20) The minimum x? for the fit of the undistorted energy
spectrum to the measured energy spectrum is 31 for 15 DOF.
107 g The fit with the undistorted spectrum is acceptable only at
F slightly less than the 1% C.L., consistent with the results
- Sterile v reported by the SuperKamiokande Collaboration at Neutrino
10 98[10].
I C. Fits to MSW and vacuum oscillations
@ fun
10 The simplest tesf60] for a deviation from the standard
g recoil energy spectrum is to investigate whether the r&jo,
2 ol of the observed to the standard energy spectrum is a con-
| : stant, which would be expected in the absence of a distor-
< - tion. We have therefore fit the ratio R to a linear function
107 B _ using the measureld.0] number of events and their quoted
3 uncertainties in the 16 bindgrom 6.5 MeV to 20 MeV and
C ] the standard electron recoil energy spectiir] modified
(08 _ D/N asymmetry + 4 Rates + BP 98 _ by the energy resolution of the SuperKamiokande detector.
3 3 Thus
N R R R=Ry+ Sp* (W,—10 MeV), a7
1o 10-4 10-3 10-2 10t 100
sin%(20) where R, represents the average event rate &ds the

o ] . . average slope that measures the deviation of the recoil elec-

_FIC_;. 11._ Angular dlstrlbutl_on exclusion for sterile neutrln(_)s. tron energy spectrum from the undistorted shape. The total
This figure is the same as Elg. 10 gxcept that the present f'gurslectron energy isV,. The energy spectrum of recoil elec-
refers to oscillations into sterile neutrinos. trons is determined by convolving the neutrino spectf@8j
with the calculated survival probability, the neutrino-electron
scattering cross-sectionsl8], and the energy resolution

If minimal standard electroweak theory is correct, thefunction[10]. These integrations smooth the effect of distor-
shape of théB neutrino energy spectrum is independent oftions; therefore, the expected distortion can be well described
all solar influences to an accuracy of 1 part irf 189]. The by a simple linear dependence.
shape of the neutrino spectrum determines the shape of the Figure 12 shows the result of this calculation. The 2o,
recoil electron energy spectrum produced by neutrino@nd 3r allowed regions are shown in the figure. We have
electron scattering in the detector. Therefore, any departuréken account of the bin correlations between the systematic
of the observed electron recoil energy spectrum from therrors in the fashion explained in the Appendix. The best-fit
shape predicted by standard electroweak theory would be point lies atRy=0.474 andS;=0.0153, withy2,,=23.5 for
“smoking gun” indication of new physics. In this section, 14 DOF. Therefore, a straight line is not a particularly good
we compare the preliminary recoil electron energy spectruniit to the data; it is acceptable at the 5.3% C.L. The main
reported by SuperKamiokandd0] with the results calcu- reason that the fit is acceptable only at a modest C.L. is that

VI. PRELIMINARY SPECTRAL SHAPE
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FIG. 12. Deviation from an undistorted energy spectrum. The 10"% —— T

1o, 20, and 3r allowed regions are shown in the figure. The ratio of
the observed counting rate as a function of electron recoil energy
[10] to the expected undistorted energy spectfd®| was fit to a 104 &
linear function of energy, with intercef®, and slopeS; [see Eq.

(17)]. The five oscillation solutions discussed in Sec. IV, SMA

active and sterile, LMA, LOW, and vacuum oscillations, all provide 10-6
acceptable fits to the data, although the fits are not particularly
good; see text in Sec. VI.

T T TFTTI

10-¢

the last three bins indicate a deviation from a smooth ex-

trapolation at lower energies. This deviation could be real or

it could be a statistical fluctuation. 107
Figure 12 also shows the ranges of the predicted slopes

(Sp) for different successful descriptions of the solar neu-

trino total experimental rates, i.e., the SMA active and ster- 1070

ile, LMA, LOW, and vacuum oscillation solutions described

in Sec. IV. All of the oscillation solutions shown in Fig. 12 | | .

permit a wide range oR, that includes the range measured P T S PSP E—,

by the SuperKamiokande Collaboration. For visual conve- sin®(28)

nience, we have not included the horizontal error bars, i.e.,

the uncertainties iRy, for the neutrino oscillation solutions : ) ' ;

shown in Fig. 12 Therefore, there are acceptable oscillationFigure 13a) refers to active neutrinos and Fig.(bBrefers to sterile

solutions of all four types that describe both the total rates irf\€Ullinos: Each panel shows the region in MSW solution space that

the four solar neutrino experiments and the recail electro® allowed by the SuperKamiokan&0] measurements of the re-

enerayv spectrum measured by SuperKamiokande coil energy spectrum from the scattering & neutrinos by elec-
gy sp . .y P . trons. The best-fit solution when only the energy spectrum is con-
.HOW powerful a constr'alnt IS the §pectrum shape in deter'sidered is shown by dark points in Fig. (@Band Fig. 18b). It is
mining the allowed neutrino osc_lllatlon para_meters?_ interesting to compare the regions allowed by the spectral energy
Figure 13 ShOWS' for _bOth active and Ster_'le n_eutrlnos, th"f'jistribution with the regions allowed by the total rates, cf. this fig-
parameter region that is allowed by considering only the,q \ith Fig. 2 and Fig. 4.

spectral information. Only a small fraction of MSW param-

eter space is consistent with the spectral data. It is instructiv;eig_ 2 and Fig. 4, with the regions shown in Fig. 13, which

to compare the regions allowed by the rates only, shown iyye allowed by the spectrum data. The best-fit solutions con-
sidering only the spectrum, marked by dark points in Fig. 13,
do not lie within the allowed regions for the global solutions

3The allowed range, cf. Sec. IV, &, is 0.38 to 0.86 for the SMA  discussed in Sec. VII.

active solution, 0.33 to 0.84 for the SMA sterile neutrino solution, Figure 14 shows the region that is allowed for vacuum

0.31 to 0.55 for the LMA solution, and 0.42 to 0.53 for the LOW oscillations by the information from the SuperKamiokande

solution. energy spectrum. The dark circle shows the best-fit point.

Am? (eV?)

T

T

Spectrum only: Sterile

T

FIG. 13. Spectrum shape: allowed region for MSW oscillations.
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FIG. 14. Spectrum shape: allowed region for vacuum oscilla- E ]
tions. The figure shows the allowed region in the parameter space of r .
vacuum oscillations that is permitted by the SuperKamiokda6é 1074 & E
measurements of the recoil electron energy spectrum; cf. Fig. 5. A ]
The dark point shows the best-fit point considering the measured C ]
spectrum as the only constraint; the valuexﬁgn:30.5. 10-5 -
Just as for MSW oscillations, only a small fraction of the & C i
parameter space is allowed for vacuum oscillations by the < jo-s | .
spectrum constraint. The complementarily of the analysis E F E
that uses only the rates and the analysis that uses only the = r ]
spectral data can be seen by comparing Fig. 5 and Fig. 14. 107 | .
VIl. GLOBAL SOLUTION: RATES, ZENITH-ANGLE L Rates + Spectrum + Zenith Angle ]
DISTRIBUTION, AND ENERGY SPECTRUM 1078 E
. . . . . " E SSM: Bahcall and Pi 1t 1998 3
We discuss in this section simultaneous fits to all the i shee” and Minsonnest ]
available data. We consider solutions that describe the total S T BT I I

rates in the four experimenighlorine, SuperKamiokande, 10-4 10-3 10-2 10! 10°

GALLEX, and SAGH plus either the energy spectrum mea- sin%(20)

sured by SuperKamiokande or both the energy spectrum and
the Day-Night asymmetry(or zenith-angle dependence

measured by SuperKamiokande. rates observed in the four solar neutrino experimgotdorine
We begin by showing in Sec. VI A that an arbitrary com- SuperKamiokande, GALLEX, and SAGEand the measured

bination of undistorted solar neutrino energy spectra is, 'nTperKamiokande electron recoil energy spectrum. Figuie)15

dependent of any astrophysica_l considerations, ruled out 2hows the only allowed region in MSW parameter space that is
the 3.5 level. We next show in Sec. VII B that the best consistent with the combined constraints from the four measured

global fit for the MSW solutions is acceptable at the 7% C.L. 4165 and the electron recoil energy spectrum and zenith angle dis-

for active neutrinog8% C.L. for sterile neutrings The best-  yipytion that are measured by SuperKamiokande. Contours are

fit global solution is very close the best-fit SMA solution grawn at 99% C.L.

when only the total experimental rates are considered. Fi-

nally, we show in Sec. VII C that the best global fit for A. Global fits: Arbitrary undistorted fluxes

vacuum oscillations is acceptable at the 5% C.L. What is the best fit to the total rates plus the SuperKamio-
The results of the simultaneous fits to all of the availablekande spectrum and Day-Night asymmetry if we allow arbi-

data of the neutrino predictions are shown in Figs. 15—17trary values, subject only to the luminosity constrdiat],

which present the allowed regions for the different oscilla-for the pp, "Be, °B, and CNO fluxes? The minimung?

tion scenarios. satisfies

FIG. 15. Global fits: MSW solutions. Figure & shows the
regions in MSW parameter space that are consistent with the total
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FIG. 16. Global fits: sterile neutrinos. The figure shows the al- FIG. 17. Global fits: vacuum solutions. The figure shows the
lowed parameter region for MSW oscillations into sterile neutrinosallowed parameter region for vacuum oscillations that is consistent
that is consistent with the measured total rates, the zenith-anghith the measured total rates, the recoil electron energy spectrum,
distribution, and the recoil electron energy spectrum. Contours arand the Day-Night asymmetry. Contours are drawn at 99% C.L.
drawn at 99% C.L.

is very close to the SMA solution when only rates are con-

Xzinimun 3 rates-spectrum sidered[cf. Eq. (4)]. Including the spectrum in addition to
' . 10 8o 13n 15 the total rates, eliminate@t 99% C.L) the entire LOW so-
+DIN; arbitrary pp, ‘Be,"B, ™N, ~0)=39.2, lution and a large portion of the LMA solution at higher

(18 Am?. The inclusion of the spectral constraint also eliminates
for the SMA solution part of the region at smaller mixing
for 15 DOF? This result is excluded at the 99.94% C.L., angles that is allowed if only the total rates are considered.

which corresponds to a 3s5deviation from minimal elec- Figure 15b) shows the allowed region for MSW param-
troweak theory. eters when the constraints from the SuperKamiokande
zenith-angle distribution is included together with
B. Global fits: MSW solutions the constraints from the four measured total rates and the

i i ) ) SuperKamiokande electron recoil energy spectfuithe
Figure 1%a) displays the results of imposing on the MSW e fit solution is almost identical to what is obtained for the

solutions the combined constraints of the total rates and thgyeg only case and for the case of rates plus zenith-angle
SuperKamiokande spectrum. The best-fit MSW solution conggnstraint namely

sidering both total rates in the four experiments and the elec-

tron recoil energy spectrum measured by SuperKamiokande AMm2=5.4x10"6 eV2 (203
has ' ’
Am?=5.4x10"° eV? (199 sinf20=5.5x10 3. (20b)
sinf20=6.3x 103, (199  The minimumy?,,=37.2, which again is acceptable at the

7% C.L. (for 26 DOBR. Only the SMA solution survives at
The minimum x2,,=26.5, which is acceptable at the 7% the 99% C.L. when the zenith-angle and the spectrum con-
C.L. (for 17 DOB, not a very good fit. The best-fit solution straints are added to the constraints of the total experimental

“There are 3 DOF associated with the rates, 15 DOF associated®We have not shown the combined fit including the Day-Night
with the spectra shape which has one overall normalization paranasymmetry, the spectrum constraint, and the total experimental rates
eter that is variable, and 1 DOF for the Day-Night asymmetry. All since the excluded region is very similar to what appears in Fig.
5 fluxes are allowed to vary freely, subject only to the luminosity 15(b). We chose to display the fit with the zenith-angle distribution
constraint. since this provides the best restriction on the SMA solution.
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rates. The LMA and the LOW solution are marginally ruled BOREXINO experiment are robust. We find, in particular,
out (x2,,=47(49) for the LMA(LOW) solution. that the global range predicted by the MSW solution with

The Day-Night asymmetry parametér, which is defined — active neutrinos is
by Eq. (16), lies in the range

(b0)78e SMA_O 23+0.24 25)
—0.0048<A<0.025, (21 (po)gpeg oOL

for active neutrinos when all three sets of constraints ard he corresponding range for MSW oscillations into sterile
applied. The best-fit solution predicts a Day-Night asymme-heutrinos is
try whose absolute value is less than 0.1%.

How is the global solution changed if oscillations involve ($0)78e sterile_ ) 006025 (26)

. . . . ' 0.002°

sterile neutrinos? Figure 16 shows the allowed solution space (dT)pog
when the measured total rates, energy spectrum, and zenith- o
angle dependence are all included as constraints. The bestJi@r vacuum oscillations,
solution is very close to what is obtained from the rates only

(or the rates plus spectrum constrajrfte sterile neutrinos. (¢0)78e vacuum_ 0-43832- 27)
We find (¢0)Bpos '
AmM?=4.0x10"° eV? (229 The principal change caused by the imposition of the ad-
ditional constraints due to the measured spectrum shape and
Sint20=6.9x 103, (22b Day-Night asymmetry is a modest shrinking of the allowed

range for the vacuum solutions.
The minimum x2.,=36.5, which is acceptable at the 8%

C.L. (for 26 DOB, slightly better than for active neutrinos. E. Global fits: Predicted 'Be v, fluxes
A, lies in the range (neutrino-absorptionexperiment that measures the total flux

of 0.86 MeV v, reaching the earth fromMBe electron cap-
tures in the sun. The preliminary name for this experiment is
ENS.

We have calculated the range of allow&8l v, survival
probabilities for comparison with the results of a future
LENS experiment. We again considered neutrino parameters
C. Global fits: Vacuum oscillations consistent with all the available solar neutrino data: total

Figure 17 shows the allowed regions for the vacuum os€vent rates, Day-Night asymmetry, and spectrum shape. We
cillation parameters when the constraints from the rates, thgiveé below the predicted values for the survival probability,
spectrum shape, and the Day-Night asymmetry are all inP, for an electron-type 0.86 MeV neutrino created in sun to

—0.003% Agierii< 0.007. (23)

. . . L
The best-fit solution predicts a value for the asymmetry pa-
rameter whose absolute value is less than 0.1%.

cluded. The best-fit vacuum oscillation solution has remain an electron-type neutrino when it reaches the terres-
trial target. For MSW oscillations into active neutrinos we
Am?=6.5x10" 1 e\? (249  find
Sir?26=0.75, (24b) Prge sva=0.02'07]. (28

The corresponding range for MSW oscillations into sterile

The minimum x2,,=28.4, which is acceptable at the 6% CTeS
neutrinos is

C.L. (for 18 Dg)F). This value ofy?,, is only slightly below
the Yalue ofy —30;,5 that is foun_d for the be_st-flt point in P7ge seric=0.006" 923 (29)
the “spectrum-only” analysigcf. Fig. 14). The inclusion of

the spectral constraints reduces considerably the domain @for vacuum oscillations,

allowed solutions for vacuum oscillatior{sf. Fig. 17 and

Fig. 5. P7ge vacuum:0-30t8€121- (30)

D. Global fits: Predicted "Be »— e scattering rates With current knowledge, the allowed rangefkaries all

) the way from 0.00 to 0.72, which emphasizes the importance
We have calculated the range of allowé&Be neutrino- of this proposed measurement.

electron scattering rate9.86 MeV line that is consistent

with all of the available solar neutrino data: total event rates,
Day-Night asymmetry, and spectrum shape. The results are
very similar to what was obtained earlier in the discussion The preliminary results of the SuperKamiokande mea-
of the rates only; see Ed7), Eq. (9), and Eq.(11). We  surement of the electron recoil energy spectrum provide ad-
conclude that the neutrino oscillation predictions for theditional evidence, beyond that available from just the total

F. Global fits: Energy-independent suppression
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rates discussed in Sec. IV D, regarding the hypothigflss  x 1076 eV?, sirf26=5.5x10"3 (and for sterile neutrinos:
54] for an energy-independent suppression of the solar neusm?=4.0x 10~° eV?, sirf26=6.9x 10~%). For vacuum os-
trino fluxe$ (but see also the discussion of Fig. 18 in Sec.cillations, the best-fit solution isSAmM2=6.5x 10! eV?,

VIl E). Assuming an energy-independent suppression of thejn22g=0.75.
neutrino fluxes in the BP98 standard solar md@él], x2, .
for oscillations into active neutrinos is 487 DOB, i.e., this A. Indications of new physics

solution is disfavored at 99.95% C.L. If tf8 neutrino flux Th Its 1 the first ph fthe S Kamiokand
s allowed 1 vary 25 3 e paramelgt,~42 (10 DOB, 11 541 107 e 1 phese of e Suberkamiolande
which is disfavored at 99.96% C.L. Energy-independent os: b 9 pny

cillations into sterile neutrinos are disfavored at 99.998%> required to_descnbe solar neutrino experiments. .
If we consider only the total rates in the solar neutrino

. . 2= . . _
C.L. (minimum x*=50.3) if one allows an arbitrari neu experiments, then there is no linear combination of the un-

trino flux. Maximally-mixed oscillations into active neutri- = ' . -
nos which predicf51] a constant survival probability of 5/9 distorted neutrino energy spef:tra th.at can fit the available
data at the @ level (see the discussion in Sec. [IB1 and

give xmn =45 (18 DOB, which s disfavored at 99.96% C.L. Sec. Il B 2. This result, whose physical basis is described in

Fpr arbitrary®B neutrino flux,x*=44.5(17 DO, which is Sec. Il C, is independent of any astrophysical arguments re-
disfavored at 99.97% C.L. garding the basic correctness of the solar model. In particu-
lar, the 3r discrepancy ignores the additional evidence pro-
VIIl. DISCUSSIONS AND CONCLUSIONS vided by helioseismological measurements, which agree to
We summarize and discuss in this section our principaldh Precision(0.1% rms in sound speeds, see R&b))
conclusions. In Sec. VIII A, we discuss the indications that"Vith the predictions of the standard solar model. The Stan-
solar neutrino experiments are suggesting new physics. rd Solar M_odel pred|ct|0_ns are |n_con5|stent with the ob-
present in Sec. VIII B the robust inferences based only on th&€7Ved rates in solar neutrino experiments at approximately
total event rates and in Sec. VIII C the implications of theth® 20 level (see Sec. Il A o
absence of a statistically significant zenith-angle dependence '€ data from the total rates alone indicate that #ge
for the Superkamiokande event rates. In Sec. VIII D, we€nergy spectrum from the sun is _d|storted, i.e., the surV|v_aI
analyze the strong constraints imposed by the electron recdprobability for electron type neutrinos to reach the earth is

energy spectrum measured by SuperKamiokande. Our glob&N€rdy dependent. ,
analysis is described in Sec. VIII E, where we present the If we impose the additional constraints from the measured

implications of the combined constraints from the total ratesSUPerkamiokande spectrum and Day-Night asymmetry as
the zenith-angle dependence, and the spectrum shape Wiell as the total rates, then an arbitrary linear combination of
1 - 7 8 . .

summarize in Sec. VIII F our overall view of the solar neu- th€Pp. ‘Be, °B, and CNO neutrino fluxes is ruled out at the

trino situation. 3.50 confidence level(see Sec. VII A. This minimum dis-
For a given hypothesis, MSW or vacuum oscillatidgas- ~ crepancy again ignores all information about the solar model.

tive or sterile neutrings we search numerically for the best-

fit solution and quote the C.L. for acceptance or exclusion B. Average event rates

based upon the relevagf,, and the appropriate number of  The most robust results of the solar neutrino experiments
DOF. The acceptance levels found in this paper seem someo far are the total observed rates, which are summarized in
what higher than reported by the Superkamiokande Collabotable I. We have therefore evaluated accurately the allowed
ration in their review talk at Neutrino 98, but we think that regions of neutrino parameters for either active or sterile
this difference is largely due to the fact that we haveMSw or vacuum neutrino oscillations, using the total rates
searched for the best-fit solution rather than test the accepgs the only constraints. If neutrino oscillations are indeed
ability of previously recognized solutions and that we haveoccurring, a subset of the parameters that are consistent with
used the BP98 rather than the BP95 predictions in analyzinghe total rates must also be consistent with the other mea-
the total rates. sured quantitiegelectron recoil energy spectrum and Day-
To the best of our knowledge, the present paper is the firstlight asymmetry, a proposition that we have also tested.
to determine global solutions that take account of the mea- The principal results considering only the total rates are
sured total rates in all of the solar neutrino experiments, agisplayed in Figs. 2—8. We have also given in Sec. IV the
well as the SuperKamiokande zenith-angle distribution angest-fit neutrino oscillation parameters and mass differences
the SuperKamiokande electron recoil energy spectrum.  for each scenario that we have discussed.
As described below in Sec. VIl E, the best-fit global The most important Change in the allowed range of neu-
MSW solution for active neutrinos is:Am?=5.4  trino parameters compared to our previous we& (which
was prior to the announcement of the SuperKamiokande re-
sulty is that the SMA solution is shifted to somewhat
SDifferent physical mechanisms that might lead to an energy-Smaller mixing angles, from the earlier value of *gio
independent suppression may predict different zenith angle deper= 8.7X 1072 [43] to the current-fit value of sf26=6.0
dences for the detector event rates. Therefore, we have not include§10 2 [Eq. (4a)]. The main causes of this shift are the
information about the zenith-angle distribution in the global fits for smaller predictedB neutrino flux (for the INT normaliza-
energy-independent suppression. tion) and the the lower SuperKamiokande rdsmmewhat
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lower than the Kamiokande ratelf the low energy cross E. Global analysis
section factor for théBe(p, y)®B reaction is treated as a free

v} B The combined constraints from the total rates, the zenith-
parameter, then the best-fit mixing angle for the SMA solu-am‘:ﬂe dependencer the Day-Night Asymmetry and the
tion decreases to an even smaller value of?Xir 3.5

3 X . > electron recoil energy spectrum provide the most compre-
X 10" [Eq. (128]. Further improvements in the most im- pengive test of neutrino oscillation descriptions of solar neu-
portant nuclear cross sections are unlikely to reduce signifi

. . . frino experiments.
cantly the size of the allowed neutrino parameter regiohs P

; L - The allowed solution space for MSW oscillations, includ-
Fig. 3), althc_)u_gh further moderate shifts in the best-fit value:smg the rates and the energy spectrum, is shown in Figa)15
may be anticipated.

The relatively modest shift in mixing angles from 44 and thg allowed solution space including al! three sets of
=8.7x 10 3 to sirf20=6.0x 10" 2 has the effect of reducing constraints, rates, energy spectrum, and zenith-angle depen-
drastically the predicted Day-Night asymmetry from Whatdence, 1S shown in Fig. 16). The best-fit §0Iutlon, in both
was expected earligi3], i.e., 1.8% for the best-fit SMA Cases, Is close to Fhe best-fit SMA ;olutlon whep only the
solution, to a probably un-measurably small 0.35% asymmef‘-Otal rateg are con&dergd. The best-fit MSW solutions shown
try for the current best-fit SMA solutiofand is even smaller N both Fig. 1%8) and Fig. 18b) are not particularly good,
for the best-fit global solution, see Sect. VIII E belowhe  but are acceptable at the 7% C.L. When all three sets of
Day-Night asymmetry is obviously sensitive to details of theconstraints are imposed, the SMA solution space is reduced
neutrino parameter solutions. somewhat in size compared to what is allowed if only the

Some theoretical models are already strongly disfavoredotal rates are considered. For sterile neutrinos, the SMA
by the constraints of the total rates alone. For example, modsolution is acceptable at the 8% C.L.; the allowed region,
els in which the suppression of electron type neutrinos isvhich is similar to what is obtained for active neutrinos, is
independent of energy are excluded at the 99.8% C.L. oshown in Fig. 16. The LMA and LOW solutions are ex-
more, depending upon the precise scenario considees cluded for active and sterile neutrinos at the 99% C.L. when

the results described in Sec. IMD all three constraints, rates, spectrum, and Day-Night asym-
metry, are included.
C. Zenith-angle dependence of rates The global fits of MSW solutions to all the available data

- N . redict a Day-Night asymmetry, defined by Efj6), for the
No statistically significant Day-Night asymmetry or b : \

zenith-angle dependence of the solar neutrino event rate h?susp?;Ktir:'?gﬁngf gé%jg;@gagzge;gf 6“'5\’/ Mﬁv) ttrri]r?t
been detected so far by the SuperKamiokande experimenF 9 : : or active neutrinos

[8-10]. The small-value of the observed Day-Night asym_and —0.0031<A<0.007 for sterile neutrinos. The best-fit
metry éxcludes a large part of the LMA region in neutrino solutions predict an asymmetry whose absolute value is less

0 ) .
parameter space that is allowed if only the total solar neu'Ehan 0.1%, unmeasurably small, for both active and sterile

; ) : neutrinos.
trino rates are considerddee Fig. 10 For vacuum oscillations, Fig. 17 shows the allowed solu-

tion space when the rates, energy spectrum, and zenith-angle
dependence are all imposed. The best-fit vacuum solution is
The electron recoil energy distribution reported byacceptable at the 6% C.L. The inclusion of the Day-Night
SuperKamiokand¢l10] is inconsistent with no distortion at and the spectral constraints reduces considerably the param-
about the 99% C.L. On the other hand, all of the populareter regions for vacuum oscillatioitsf. Fig. 5).
neutrino oscillation solutions determined from the total rates Figure 18 shows how wellor poorly) the calculated glo-
only (SMA, LMA, and LOW MSW solutions and vacuum bal oscillation solutions fit the observed SuperKamiokande
oscillations provide acceptable, although not excellent, fits[10] electron recoil energy spectrum. Each of the three pan-
to the recoil energy spectrurfef. Fig. 12. The observed els shows for a different global oscillation solutiqde-
distortion of the spectrum, i.e., the overall slope parameter, iscribed in Sec. VIl the ratio of the number of electrons in a
in the direction predicted by the SMA solution. However, asgiven energy bin to the number expected using the undis-
emphasized by the SuperKamiokande Collabordtl@h, the  torted neutrino energy spectrufi9] and the electroweak
fits using the oscillation solutions for active neutrinos thatneutrino-electron scattering cross sections with radiative cor-
are preferred by the total rates are not particularly good. Theections[18]. The data shown were presented by the Su-
last three points in the recoil spectrum are somewhat highgrerKamiokande collaboration at Neutringd®)]. In comput-
than would have been expected from an undistof®&adeu- ing the predictions for the different global oscillation
trino spectrum. solutions, we included the reported SuperKamiokande en-
Figure 13 shows the regions of MSW parameter spacergy resolution and trigger efficiency function. All three of
that are allowed for both active and sterile neutrinos by im-the best-fit global solutions fall well below the measured
posing only the constraint of consistency with the electrorratio in the three highest energy bins. The possibility that this
recoil energy distribution. The best-fit solutions for the spec-discrepancy at high energies might be due to a larger-than-
trum only, marked by dark points in Fig. 13, do not fall expected cross section for the productiorhefp neutrinos is
within the allowed regions determined by the global fit to all discussed extensively by Bahcall and Kradiég]. The glo-
of the data(see Sec. VIII E beloy For vacuum oscillations, bal best-fit vacuum oscillation solution shows a slight upturn
Fig. 14 shows the regions allowed by the spectral data alonet the lowest energies that might be detectable when

D. Electron recoil energy spectrum
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08 T T T T T ] energy dependence in thg survival probability is strongly
i MSW (active) 1 disfavored by the combined data from solar neutrino experi-
008 .l. ] - ments, while standard solar model calculations accurately
2 i + | ] predict the helioseismologically measured sound velocities
04 *’!‘W . in the sun.
i . However, with the existing data it is not possible to de-
0.8 —+—+—+—+——+—+——+——+—+—+—+—— termine which kind of transitios) solar neutrinos undergo.
MSW (sterile) 1 Fits of neutrino oscillation scenarios to just the total event
Lo8f L 1 . rates in the chlorine, Kamiokande, GALLEX, SAGE, and
E - ']'[ | . SuperKamiokande experiments, which may be the most ro-
04 W - bust currently available experimental information, suggest
[ ] neutrino parameters in which the Day-Night asymmetry and
of—+—+—+—+——+—+—+—+——+—+—+—+— the spectral distortion are difficult to measure. The situation
[ Vacuum Oscillations ] may improve significantly when data from the lower-energy
o6l J_ ] ] spectral bins of SuperKamiokande, at 5.5 MeV and 6.0 MeV,
2 [ "]'l | ] are available. Crucial information will also be provided by
P 1 the future SNO[13], BOREXINO [14], and GNO[63] ex-
[ -+ ] periments.
ol o 0] We suspect that the unique description of solar neutrino
5 10 £ (MeV) 15 20 phenomena will require global analysis of all of the available

data. We hope that this paper is a useful step along the path

FIG. 18. Global best fits versus measured energy spectrum. THOWard a complete solution of the solar neutrino problems.
three panels compare the global neutrino oscillation solutions dis-
cussed in Sec. VII versus the electron energy spectrum measured by ACKNOWLEDGMENTS
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Ratio, that is plotted is the ratio of the number of electrons in a_ We are grateful to the chlorine, Kamiokande, GALLEX,

given energy binE, to the number that is calculated using the SAGE, and SuperKam_iokand_e Collabo_rations for the Sup_erb
standard, undistorteBB neutrino energy spectrufit9] and elec- data that made possible this analysis. We are especially
troweak neutrino-electron scattering cross sections with radiativ@rateful to the Superkamiokande Collaboration for making
corrections[18]. The no oscillation solution is a horizontal line, available preliminary data at Neutrino 98, in addition to the
which, following the Superkamiokande Collaboratigt0], is nor-  data in their formal papel9], which permitted more strin-
malized to the BP95 predictidi27] and lies at ratie-0.37. gent inferences. J.N.B. acknowledges support from NSF
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robust. Very similar predictions are obtained using only the

total rates as a constraint and using f[he presently available APPENDIX: ANALYSIS DETAILS
data on the spectral shape and Day-Night asymmetry as well
as the total rates. The results are summarized i(ZEs), Eq. We describe here the methods used in our statistical
(26), and Eq.(27). analysis of the solar neutrino data.
We have also evaluated the globally allowed range of the
ve survival probability which could be compared with future 1. Rates only

measurements of the, ‘Be neutrino flux, in a charged cur-

rent (LENS) experiment. The results are given in H89), _ In the analysis which includes only the event.rates_ in the.
Eq. (29), and Eq.(30). different detectors, we use the procedure described in detail

in Ref.[34]. The x? for the combined fit is defined as:

F. Summation XZ(Rate3=2i,j:1,4( Rith_ Riexp)
Different neutrino oscillation scenarios, including SMA
MSW conversion to either active or sterile neutrinos and
vacuum conversion to active neutrinos, give similar quality
descriptions of the solar neutrino data, acceptable at the levélere R is the theoretically predicted event rate
6%—8%. Moreover, with the strong evidence for atmospherién the i-th detector (chlorine, SAGE, GALLEX and
neutrino oscillations than is now available, an oscillation so-Superkamiokande which takes into account the electron
lution of the solar neutrino problem seems even more probreutrino survival probabilitiesR™ is the corresponding ex-
able than before. In addition, any description of solar neutriperimentally measured event rate, ang is the error matrix
nos that does not include some new physics that causes ahich is a function of the theoretical uncertaintigaiclear

XV MR R, (A1)
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cross-sections, age, luminosity and heavy element abun- —0.096<A¢,;<0.050. (A4)
dances in the standard solar modsd well as the experimen-

tal statistical and systematic errors from each experiment The lower limit in Eqg.(A4) is not especially useful since
(see Table)l The theoretical uncertainties are determined inwe have found by explicit calculation that asymmetries pre-
BBP98[20]. Following BBP98, we have included theoretical dicted by MSW parameters in the entire range 1@V?
uncertainties due to the diffusion of elements in the sun an&cAm?<10 3 eV? and 10 *<sirf2<1.0, never take on

to the electron capture cross section ‘@e, not previously very large negative valueA¢ —0.005). However, the up-
included as uncertainties in neutrino oscillation studies. Aper limit is exceeded for certain choices of previously-
detailed description of how the individual uncertainties areallowed oscillation parameters; these parameters are there-
calculated can be found at http://www.sns.ias.egunly/  fore excluded by the SuperKamiokande measurement.
SNdata in the menu item “Solar neutrino rates, fluxes, and Since the significant theoretical uncertainties cancel in the
uncertainties.” Important correlations exist between the neusatio, we definey? for the Day-Night asymmetry as:

trino fluxes that must be included correctly in the evaluation

of the error matrix or the calculated allowed regions will be X*(DIN) = (A= Aexp)! AAeyp, (A5)

incorrectly reduced in size. i ) ,
where Ay, is the theoretically predicted asymmetry due to

neutrino regeneration in the eartkero for vacuum oscilla-

tions) and AA¢,,=0.024 is the combined statistical plus sys-
Next we describe the analysis of the recoil electron spectematic error given by the SuperKamiokande Collaboration.

trum in SuperKamiokande which includes a computation of Figure 10 and Fig. 11 show the excluded regions for ac-

2. Recoil electron spectrum

the following x? function: tive and sterile neutrinos, respectively. Note that the rela-
) " y tively large uncertainties in the totdB neutrino flux cancel
x“(Spectrum=3; j_; 1 aS"—S) in forming the asymmetry ratio and therefore do not affect

the excluded regions. Also, we have verified that at the
present level of accuracy the excluded regions are not af-

fected significantly by the uncertainty in the undistorfi&d
th . . . .
Here S is the theoretically predicted event rate for itie o trino spectrum.

energy bin in SuperKamiokande aS&® is the correspond- The measured zenith angular distribution provides another
ing experimentally measured event rate. In this paper, we Usgnstraint on neutrino oscillation parameters. We have cal-
the measured electron recoil energy spectrum data presentgfated the predicted zenith angular distribution of events for
by the SuperKamlokand_e Collab(_)ratl{)m] at Neutrino 98 many points in the sf26-Am? plane and have compared the
and the recently determined undistorted spectfaij. The  pregicted distributions with the binned zenith-angle distribu-

statistical as well as the systematic experimental errors arg,, presented10] by the SuperkKamiokande Collaboration
included. Since the latter are fully correlated, we assume &; the Neutrino 98 conference.

correlation coefficient of 1 between each pair of bins. Ne-
glect of these correlations would lead to an appreciable in-
crease of the regions that is excluded. The entries in the XZ(Zenith):Ei,jzl,lo(azith—zfx’))
covariance matrix are:

XW, H(aS"-S™). (A2)

The x? in this case is defined by

XU HaZ]~Z99). (A6)
Wi J = O';Stato'jStatgi J + O'iSyStO'ijSt. (A3) . . . . .
The predicted distribution for the zenith angle dependence

The coefficienta in Eq. (A2) is an overall normalization Was calcul_ated by assuming un_interrupted operatiqn of the
coefficient and is varied as a free parameter independent siUPerkamiokande detector during 504 days starting from
Am? and sif26. This variation reflects the fact that we are APril 1, 1996. This assumption is not precisely correct since
interested here in a test of the shape of the measured spdf€ detector has been occasionally shut down for calibration
trum and not in the overall event rate in SuperKamiokande.and maintenance. However, since these interruptions are a

We calculate the theoretically expected event rates in théMall fraction of the data taking period, our calculation is not
individual bins including the quoted energy resolution andSeriously degraded by the lack of published information
trigger efficiency function in SuperkKamiokande. We neglectdPout the detailed operating schedule.
the uncertainty in the energy normalization since, according "€ SuperKamiokande Collaboration can perform a

to the SuperKamiokande Collaboration, it is less than 1%. unique public service by test_ing the sensitivity of their infer-
ences based upon the zenith angle dependence to the as-

sumptions regarding the operating schedule. They can test at
what quantitative level the small effects due to the precise
The Day-Night asymmetry measured by operating schedule affect the conclusions regarding neutrino
SuperKamiokandd10] is not significantly different from parameters.
zero, which limits the allowed neutrino oscillation param- The matrixU that appears in EQA6) is assumed, in our
eters. Assuming & errors and combining the statistical and calculations, to be diagonal. Correlations between the 10
systematic errors in quadrature, the asymmairy, defined  bins of the zenith angular distribution might conceivably
by Eq.(16), is arise from systematic effectfor example, electrons falling

3. Day-Night asymmetry and zenith angular dependence
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in different bins being detected by the same photomultiplieswhere L"=R,+ So(Eei—Eo), Eo=10MeV is a
tubes. Although these correlations are expected to be smallconveniently-chosen energh, ; is the total electron energy
it would be very useful if the SuperKamiokande Collabora-in theith bin (we use the energy in the middle of each energy
tion were to publish their estimates of any correlations thabin), andS, andR, are arbitrary parameters which are varied
causeU to be non-diagonal. until the minimumy? is found. The covariance matri is

the same as the covariance matrix defined in B&&).

4. Straight line fit

. ) 5. Global fits
As discussed in Sec. VI C, the ratig, of the measured to

the expected Spectra| energy distribution can be fit by a In Sec. V”, we Combine in diffel’ent Wa.yS the ConStraintS
straight line, as in Eq17). For an undistorted spectrum,is ~ from the measured total rates, the spectrum shape, and the

a constant independent of energy. Day-Night asymmetryor zenith-angle dependencén each
The ¥2 in this case is defined as a sum over the 16 energ§ase, we add the? for each data sdtates, energy spectrum,
bins of the electron spectrum: and Day-Night asymmetry or zenith-angle distribujiofihe
individual x2 are defined in previous sections of this appen-
x3(Line)=%; ;_; 14 aL{"—S7P) dix and are treated as independent in the global fits. Thus in
1 y Sec. VI the effectivey? are always the sum of two or three
XW;(al'=S7), (A7) independent terms.
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