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Solar neutrinos: Global analysis with day and night spectra from SNO
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We perform global analysis of the solar neutrino data including the day and night spectra of events at SNO.
In the context of two active neutrino mixing, the best fit of the data is provided by the large-mixing angle
(LMA) Mikheyev-Smirnov-Wolfenstein solution withAm?=6.15x10 ° eV?, tarf§=0.41, fz=1.05,
wherefg is the boron neutrino flux in units of the corresponding flux in the standard solar it®@ie). At the
30 level we find the following upper bounds: < 0.84 andAm?<3.6xX 10" eV2. From a Ir interval we
expect the day-night asymmetries of the charged current and electron scattering evenfsie=13e9" 3%
and A53=2.1"21%. The only other solution which appears at the Bvel is the VAC solution withAm?
=4.5x10 Y eV?, tarf=2.1, andfz=0.75. The best fit point in the low probability, low mass region, with
Am?=0.93x10 7 eV? and tak§=0.64, is accepted at 99.95% (8)5C.L. The leasty? point from the small
mixing angle solution region, withm?=4.6x 10 ® eV? and taR9=5x 104, could be accepted at the 5.5
level only. In the three neutrino context the influenceofis studied. We find that with an increase@f; the
LMA best fit point shifts to a largeAm?, the mixing angle is practically unchanged, and the quality of the fit
becomes worse. The fits of LOW and SMA slightly improve. Predictions for the KamLAND experitoeait
rates, spectrum distortipmave been calculated.
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[. INTRODUCTION (3) No substantial distortion of the neutrino energy spec-
trum has been found.
The SNO dat41-5] is the breakthrough in the long story  (4) Solutions of the solar neutrino problem based on pure
of the solar neutrino problem. With a high confidence levelactive—sterile conversion,.— v, are strongly disfavored.
we can claim that solar neutrinos undergo the flavor conver- These results further confirm earlier indications 1f
sion —,v,— appearance from comparison of fluxes determined
- from the charged current event rate in the SNO detector
ve— vy, v, Offand v, ,v,. (1 [1,2], and the ve—scattering event rate obtained by the
. Super-KamiokandéSK) collaboration[6—8§].
Moreover, ponelectroq neutrmqs compose a larger part of the Implications of the new SNO results for different solu-
sola_r neutrln_o qu>_< at high energiéalso pa.”"i" conversion to tions (see[9,10] for earlier studiescan be obtained immedi-
_sterll_e neutrinos is _not exclud}_ad]'he main issue now is to ately by comparison of the result@, 3 with predictions
identify the mechanisrrof neutrino conversion. from the best fit points of different solutiofd1-17. In

There are several important pieces of new information = . .
from the recent SNO publicatioi3—5]. particular, for the large mixing angl&MA ) solution the best

(1) Measurements of the energy spectra with low threshfit Prediction NC/CG=3.3 (for lower threshold [15] is
old (as well as angular distributiprof events allow one to Slightly higher than Eq(2). So, new results should move the

extract information on the neutrino neutral currgitC),  Pest fit point to larger values of mixing angles. The expected
charged curren{CC), as well as electron scatteringS ~ day—night asymmetry in the best fit point,6%, is well
event rates. In particular, in assumption of absence of distowithin the interval(3). Clearly new data further favor this
tion, one gets for the ratio of the NC/CC event rates: solution.

For low probability, low masgLOW) solution: NC/CC
=2.4[15] in the best fit point, which is & (experimental
lower than the central SNO value. The expected asymmetry
was lower than Eq(3), therefore this solution is somewhat
which deviates from 1 by aboutcd less favored, and SNO tends to shift the allowed region to

(2) Measurements of the day and night energy spectrgmaller values of¢ which correspond to smaller survival
allow one to find the D-N asymmetries of different classes ofprobability.

events. Under constraint that total flux has no D-N asymme- |mplications of new SNO results have been studied in

NC 2.9+-0.4 2
cc 290 2)

try one gets for the CC event rafté] [18-22. In this paper we continue this study. We perform
cc L 15 global analysis of all available data including the SNO day
Apn=7.0+4.921%. (3 and night energy spectra of events, and the latest data from
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Super-Kamiokande and SAGE. We identify the most plau- In the case of two neutrinos there are two oscillation pa-

sible solutions and study their properties. rameters: the mass squared differentm?, and the mixing
The paper is organized as follows: In Sec. |l we describgparameter taf9. So, we have three fit parameters:

features of our analysis. In Sec. Ill we present results of thm?, tarfd, fg, and therefore 8idata points —3=78

x? test and construct the pull-off diagrams for various ob-degrees of freedortDOF).

servables. In Sec. IV we determine the regions of solutions In the case of three neutrino mixing we adopt the mass

and describe their properties. In Sec. V we consider the effecicheme which explains the solar and the atmospheric neu-

of #;30n the solutions. In Sec. VI we study the predictions totrino data. In this scheme the mass eigenstateand v, are

KamLAND for the parameters given by the found solutions.splitted by the solatnm3,, whereas the third mass eigen-

The conclusion is given in Sec. VII. state,vs, is separated by larger mass split related to the at-
mosphericAmZ,. Matter effect influences very weakly mix-
Il. GLOBAL ANALYSIS OF THE SOLAR NEUTRINO ing (flavor content of the third mass eigenstate. The effect of
DATA third neutrino is reduced then to the averaged vacuum oscil-

In this section we describe the main ingredients of ourltions. In this case, the survival probability equals

analysis. We follow the procedure of analysis developed in P —cod6..P?+ sint 5
previous publication§9,10,15,16,23 ee 613Pce + SIM 01, ®

where si;;=U.; describes the mixing of electron neutrino

A. Input data in the third mass eigenstate am{2) is the two neutrino

We use the following set of the experimental results: oscillation probability characterized by a5, Ami2 and

(1) Three rate$3 degrees of freedom the effective matter potential reduced by factor’egs(see

(i) the Ar production rat& ,, measured by the Homestake e.g.,[30,3]] for previous studies
experimen{24], In general, in the three neutrino case the fit parameters are

(i) the Ge production rat&€g., from SAGE[25], tarf0,,, Am3,, sind;3, andfg. However, here for illustra-

(i) the combined Ge production rate from GALLEX and tive purpose we take the fixed value 6f; near its upper
GNO [26]. bound. So, the number of degrees of freedom is the same as

(2) The zenith-spectra measured by Super-Kamiokandi the two neutrino case.
[6] during 1496 days of operation. The data consists of eight

energy bins with seven zenith angle bins in each, except for D. Statistical analysis
the first and last energy bins, which makes 44 data points. ) ] o )
We use the experimental errors giver[if] and we treat the We perform they< test of various oscillation solutions by

correlation of systematic uncertainties ag16]. Following ~ Calculating

the procedure outlined i{rL0] we do not include the total rate 2 .2 2 2
of events in the SK detector, which is not independent from Xglobal™ Xrate™ XSK™ XSNO
the spectral data. where x2.., x3«, and x2yo are the contributions from the

(3) From SNO, we use the day and the night energy spec- ) : )
tra of all eventg5]. We follow procedure described ). total rates, from the Super-Kamiokande zenith spectra, and

Additional information on how to treat the systematic uncer-the SNO day and nl_ght spectra gorrespondmgly. Each of the
o . entries in Eq.(6) is the function of three parameters
tainties was given by27].

. (Am?, tarfg, fg).

Altogether there are 81 data points. Some details of treatment of the systematic errors are
given in the Appendix.

The uncertainties of contributions from different compo-

All solar neutrino fluxegbut the boron neutrino flyxare  nents of the solar neutrino fluxpp-, Be-, B-, etc) to Ge-
taken according to standard solar mo@®EM) of Bahcall, production rate due to uncertainties of the cross section of
Pinsonneault, and BaqBPB2000 [28]. We use the boron the detection reaction,— Ga correlate. Similarly, uncertain-
neutrino flux as a free parameter. We define dimensionlesties of contributions to Ar production rate due to uncertainty
parameter in vo— Cl cross section correlate. Followir{@2] we have

taken into account these correlations.

(6)

B. Neutrino fluxes

Fg
BT FESM’ @ E. Cross-checks. Comparison with other analysis

We have checked our results performing two additional
fits:

(1) To check our treatment of the SK data we have per-
formed global analysis taking from SNO only the CC rate.
That corresponds to the analysis dondB]. We get very
good agreement of the results.

We perform analysis of data in terms of mixing of two  (2) To check our treatment of the latest SNO data we have
flavor neutrinos and three flavor neutrinos. performed analysis using the day and night spectra from

where the SSM boron neutrino flux is taken to Bg""
=5.05x10° cm 2 s™1. For the hep neutrino flux we take
fixed valueFe,=9.3x10° cm 2 s~ * [28,29.

C. Neutrino mixing and conversion
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TABLE I. Best-fit values of the parametetsn?, tarf ¢, andfg, Kpt— Kex
as well as the minimuny? and the corresponding goodness of fit D= —p,
(g.0.f) for various global solutions. The number of degrees of free- IK
dom is 78. _ SK ACC
K= QAr ’ QG61 NC/CC! Rve ' ADN 'ADN . (7)
Solution Am?/eV? tarfo fg X2n  g.0.f ) _ o )
Here o is the one sigma standard deviation for a given
LMA 6.15x10 ° 0.41 1.05 652 85% observableK. R, is the reduced total rate of events at SK.
VAC 4.5x10°1° 21 0.749 749 58%  We take the experimental errors onlyi = o®.
LOW 0.93x10°7 0.64 0.908 77.6  49% According to Fig. 1 only the LMA solution does not have
SMA 46x10 % 05x10% 057 997 49% strong deviations of predictions from the experimental re-
sults. LOW and VAC solutions give worse fit to the data.
SNO, as in[4]. We have reproduced the results of papdr IV. PARAMETERS OF SOLUTIONS

with good accuracy. We define the solution regions by constructing the con
Our input set of the data differs from that used in other 4 )

analyses:pWe include more complete and up-dated informigurS of.constal 168%, 90%, 95%, 99%’. 99.73P,®pnfldence

tion. SNO[4] uses the SK day and night spectra measure vel with respect of the absolute minimum in the LMA

after 1258 days. In contrast, we use preliminary SK zenitt{egion: Fofl}lovxingz the nszamel procedurfg SS[]@]’. forl ea<|:h
spectra measured during 1496 days[ 18] the NC/CC ratio pg"”t |n2t eam, tg 9 plane We Tind minimal value
(Am?,tarf) varyingfg . We define the contours of con-

and the D-N asymmetry at SNO where included in the analyXmin ! o
sis. The analysis done by Barger al. [18] uses the same Stant confidence level by the condition

data set we do.
XZain(Am? tarf 0) = x4, (LMA) + A 2, €)
2
. x* TEST where xZ;, (LMA) =65.2 is the absolute minimum in the
In this section we describe the results of fit for two neu-LMA region andA x? is taken for two degrees of freedom.
trino mixing.
In Table | we show the best fit values of parameters A. LMA

2 . . .
Am?, tarfd, fg for different solutions of the solar neutrino Recent SNO data further favors the LMA Mikheyev-

Fhrgbgf)rgdr:/ggsacl)sfotk?évf?t the corresponding valuesrff, and Smirnov-WolfensteifMSW) solution(see, e.g.[33)). In the
The absolutg? minimum, y?=65.2 for 78 DOF, is in the best fit point we get

LMA region. The vacuum oscillation is the next best. It,  Am2=6.15x10"% eV?, tarf§=0.41, fg=1.05.

however, requires~30% lower boron neutrino flux. The 9)
LOW solution has slightly higher®>. The small mixing
angle(SMA) gives a very bad fit. The value ofAm? is slightly higher than that found in the

In order to check the quality of the fits we have calculatedSNO analysis and higher than in our previous anallyst.
predictions for the available observables in the best fit pointhe shift is mainly due to updated SK results which show
of the global solutiongsee Table)l Using these predictions smaller D-N asymmetry than before. Large SNO asymmetry
we have constructed the “pull-off” diagram@&ig. 1) which  which would pushAm? to smaller values is still statistically
show deviationsP , of the predicted values of observables insignificant. The mixing angle is shifted to larger valas
K from the central experimental values expressed in e 1 comparison with previous analysidue to smaller ratio of

unit: the NC/CC event rates. The boron neutrino flux is 5% higher
Ga FIG. 1. Pull-off diagrams for
SK global solutions. Shown are devia-
tions of predictions from experi-
NC/CC mentally measured values for the
Acc Ar-production rate, Ge-production
DN rate, SK rate, the day-night asym-
AESN metries at SK and SNO. The pull-
offs are expressed in the units of 1
fy . . - P S i standard deviation, &.
-3 -2 3 -2 -1 0 +1 +2 +3 -2 -1 0 1 2 3

Deviation
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108 — S ——— From our analysis we get

€>0.08 (30). (13
o That is, at 3r: e>sirf6,, where ¢, is the Cabibbo angle.
> D This result has important theoretical implications.
<10 ¢ E (4) Lower limit on mixing:
& ]
5 tarf6>0.23, 99% C.L. (14)

is changed weakly.
5 L In Figs. 3a)—3(d) we show the grids of predicted values
0.10.20.30.40.50.60.70.80.9 1 for various observables.

t929 According to the pull-off diagram and Figs(a—3(d), the
LMA solution reproduces observables-aflo or better. The
FIG. 2. The global LMA MSW solution. The boron neutrino 1argest deviation is for the Ar production rate: the solution
flux is considered as a free parameter. The best fit point is markeBredicts a 1.6 larger rate than the Homestake result.
by a star. The allowed regions are shown at, 0% C.L., 95% The best fit point value andainterval for Ge production
C.L., 99% C.L., and 3. rate equal

than the central value in the SSMEg=fg-F53°M=5.32 Qee=70.5 SNU, Qge=(63-84) SNU, 3o (15
x 10 cm 2 571 being, however, within & deviation and

well in agreement with SNO measurements. _ Notice that at maximal mixingQge<63 SNU which is 2r
compared with previous determinatigtl—17.

From Fig. 2 we find the following bounds on oscillations B. VAC
parameters. o -
(1) Am? is rather sharply restricted from below by the  In the best fit point we gef“=74.9 and
day—night asymmetry at SKAmM?>2.3x10°eV? at
99?’730/3(:_L_ Y y Y2(VAC)— yA(LMA)=9.7. (16)

. . 2 - .
(2) The upper limits omAm® for different confidence lev- g4 this solution is accepted at the- Jevel. Notice that the

els equal: solution appears in the dark side of the parameter space
1.2x10°% eV? 68.27% C.L. which means that some matter effect is present. This solution

’ ' was “discovered” in 1998 and its properties have already

Ame<{ 1.9x107* eV?, 95% C.L,, (10)  been described in the literature. Clearly it does not predict
3.6x10 % eV?, 99.73% C.L. any day—night asymmetry. The solution requires rather low

(1.60) boron neutrino flux and gives rather poor description
of rates(see Fig. L In particular, a 2.@ higher Ar produc-
which appears for maximal mixing &im?~8x 10-* eV2 tion rate and a 24 lower NC/CC ratio are predicted. Im-

3 Th limit L le b bst posing the SSM restriction on this flux leads to exclusion of
tialiy)stroﬁglgggﬁ;nlrgéfoorg'mlxmg angie becomes substan-,is yac solution at the 3 level.

All these limits are stronger than the CHOQ2Z4]| bound

0.53, 68.27% C.L., C. Any chance for SMA?

0.65, 95% C.L., We find that the best fit point from the SMA region has

tarf < 0.84  99.73% C.L x?=99.8. For the difference of? we have:

11
X2(SMA) — x2(LMA )=34.5. (17
Maximal mixing is allowed at the-4¢ level for Am?=(5— . )
7)x 1075 eV2. That is, $MA is accepted at Sr5only. M_oreover, the §0Iu-
Notice that the SNO data alone exclude maximal mixingt'on requires about @ lower boron neutrino flux than in the
at about 3 the data determine now rather precisely theSSM. It predicts negative day-night asymmetAsy=
NC/CC ratio which is directly related to $if Also observed ~—0-93%. _ o _
germanium production rate as well as argon production rate OUr results are in qualitative agreement with thosgij,
disfavor maximal mixingsee Figs. &) and 3b)]. where even larged x> has been obtained.
So, now we have strong evidence that solar neutrino mix- We find that thex? increases weakly with t&A up to
ing significantly deviates from maximal value. One can in-tarf6=1.5x10"°, wherex?~ 105.

troduce the deviation paramef@5s] Is SMA excluded? We find that very bad fit is due to the
latest SNO measurements of day and night spectra. We have
e=1-2sirfé. (12 checked that the analysis of the same set of data but CC rate
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FIG. 3. Lines of constanfa) Ge production
rate, (b) Ar production rates(number at the
curves in SNUY, (c) NC/CC ratio, and(d) day—
night asymmetry of CC events in the LMA re-
gion. In the best fit pointRge=70.5 SNU, Rx,
=2.95 SNU, NC/CG-3.15, and AS{=3.9%.
The dependence dfz on oscillation parameters
is taken into account.

7
-5 Vs AT/ A s e T . e R
0.10.20.30.4 0.520.6 0.70.80.9 0.10.20.30.4050.60.70.80.9 1
2
tg o tgo

from SNO only(2001 yeay instead of spectrum leads to the predicted for the Earth core-crossing bin. Previous analysis
best fit valuesAm?=4.8x10 ¢ eV?, tarf#=3.9x10 4, which used SK day and night spectra could not realize the
andfg= and y?(SMA) — x?(LMA) =11 in good agreement latter problem.
with results of a similar analysis if8]. Since CC SNO data Notice that the SNO data alone do not disfavor SMA with
are in a good agreement with the new NC/CC result, justarge tadf=(1.5-2)x10 3. This region, however, is
using the NC/CC does not produce a substantial change strongly disfavored by SK.
guality of the SMA fit[19]. So it is the spectral data which Zenith angle distribution can give a decisive check of the
give a large contribution tg?. SMA solution. The SNO night data could be divided into two
The SMA solution with very small mixing provides rather bins: “mantle” and “core.” Concentration of the night ex-
good description of the SK data: the rate and spectra. Theess of rate in the core b{f36] due to parametric enhance-
(reduced rateR=0OBS/SSM of the ES events can be written ment of oscillations for the core crossing trajectorigg],
as would be the evidence of the SMA solution with relatively
large mixing: taRf=(1.5—2)x 10" 3. However, the SK ze-
[ES]=fg[Pee(1—1)+r], (18  nith spectra do not show any excess of the “core” bin rate
which testify against this possibility.
Probably some unknown systematics could improve the

wherer ~0.16 is the ratio ofv, —e to v,—e cross sections. X i ) >Y=t >
SMA fit. Otherwise, this solution is practically excluded.

Taking Res=0.45 andfg=0.58 we find the effective sur-
vival probability: P,.=0.73. Then, for reduced CC event
rate we ge{ CC]=fgP.,=0.425, close to the ES rate, and D. LOW starts to disappear?

moreover, R
In the best fit point we gey?=78.9, so that

NC/CC~1/P=1.37, (19 X2(LOW)— x3(LMA)=12.4, (20)

which is substantially smaller then the observed quar@ty
So, one predicts in this case a suppressed contribution of thghich is slightly beyond the @ range. In contrast with other
NC events to the total rates. Correspondingly, significant disanalyses, LOW does not appear at the [8vel. Notice that
tortion of the energy spectrum of events is expected with an the SNO analysi$4] the LOW solution exists marginally
smaller than observed rate at low energies and a higher ragé the 3 level. Inclusion of the SK data which contain in-
at high energies. formation about zenith angle distributiofzenith spectra
This problem with SNO could be avoided for larger mix- worsen the fit(this effect has also been observed 13]).
ing: tarf6>1.5x 102 (in fact, imposing the SSM restriction The LOW solution gives rather poor fit of total rates. In
on the boron neutrino flux leads to the shift of the best fitthe best fit point we get 2dl larger Ar production rate and
point to largerd). In this case, however, serious problems1.20 lower Ge production rate. For the day—night asymme-
with SK data appear, namely, with spectrum distortion andry of the CC events we predicd5y=3.5% and for ES
zenith angle distribution. Strong day—night asymmetry isevents:Agﬁ=2.7%.
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107 R In the fit with the free boron neutrino flux, the observables
. ] at high energies¥5 MeV) are determined by the following
reduced rates

<

Lio* L 7 [NC]ENCSSM:fB'

N ]

5

CcC
[CC] = W: fB CO§1013P((929) ,
-5 P IR PR R NI N RRR N
0.10.20.30.4 0.520.6 0.70.80.9 1 ES )
g0 [ES]= @zfg[co.#‘elfge)(l—rwrr]. (23

FIG. 4. Global LMA solution for siR¢,3=0.04. The boron neu- ] )
trino flux is considered as a free parameter. The best fit point ié\s far as the fit of experimental data on CC events are con-
marked by a star. The allowed regions are shownatd0% C.L.,  cerned(SNO, SK, and partly, Homestakehe effects off;3
20, 99% C.L., and 3. is simply reduced to renormalization of the boron neutrino

flux:
V. THREE NEUTRINO MIXING: EFFECT OF 043

Results of the global analysis in the three neutrino context
are shown in Fig. 4. To illustrate the effect of a third neutrino co',,
we use the three neutrino survival probabili§) for fixed
value siff;;=0.04 near the upper bound from the CHOOZ without change of the oscillation parameteysi;, and 6.
experiment34]. The number of degrees of freedom is the The dependence of the parameters &qg appears via the

(24)

same as in the previous analysis. ratios of rates, which do not depend fin. From Eq.(23) we
We find the best fit point: find
Am,=6.7x10"° eV?, tarf¢=0.41, fg=1.09 (21) [NC] 1
cos'0,, (25)

with y2=66.2. The best fit value oimf2 is slightly higher [CC] Pffe)
than that in the two neutrino case, whereas the mixing angle

is unchanged. The solution requires a slightly higher value of co0,5[ [ES]

the boron neutrino flux. The changes are rather small, how- {m— 1—r)}~ DR
ever, as a tendency, we find that with increaseé gfthe fit Pee

becomes worse in comparison with the 2ase. For sift;5 ) ) .
=0.04 we getA y2=1.0. So, the effect ofd,5 is equivalent to a decrease of the ratios

In Fig. 4 we show the contours of a constant confidencéNCI/[CC] and[ES]/[CC]. According to Fig. 4, this shifts the
level constructed with respect to the best fit paiat). The  allowed regions to largeAm;, and 61,. _
contours changed weakly for low mass valudsn?, _For low energy me'asuremer(galllu.m experiments sen-
<10*eV? and there are significant changes fﬁ'mfz S|t|v§ to thepp-neutrino flux, which is known. rather well,
~10"% eV2. In particular, the 3 upper bound ommfz is the increase 09.13 shou!d be compensated py increase of the
Am§2<5.8>< 107% eV2: the lower 3 bound on mixing: survival probability. This may occur due to increase\oh;,

tarf6,,=0.18 (compare with numbers in Tablé. INotice, or/and decrease of tafy,.

2 — 4 2 . ..
however, that changes are substantially weaker if the con- Fsr t?m12<f tlr? ev the_boro_? nedumnol spectrum s mt'
tours are constructed with respect to the absolute minimu € bottom ot the suppression pit and the fow energy neutri-

for 6,5=0 (6). nos are on the adiabatic edge. In the fit, the increash 06

H 2 2
The changes can be easily understood from the followin omeinsazted by the increase ff and Ami,. For Amj,
analytical consideration. 10" eV~ the spectrum is in the region where conversion

The contribution of the last term in the probabilify) is IS determined mainly by averaged vacuum oscillations with
iible: : o some matter correction®®?)~(1—0.5sirf26;,). The de-
negligible: for the largest possible value 8f; it is below ee 1

; (26)

0.5%. So, we can safely use approximation: pendence orAm3, is very weak which explains substantial
enlargement of the allowed region to large values\oifz.
Pee~C08 013P )~ (1—2sirf0,5) P2 (22)  The effect of 6,53 can be compensated by decreasefof

which explains expansion of the region toward smaller
Mainly the effect of¢, 5 is reduced to the overall suppression tarf ;5.
of the survival probability. The suppression factor can be as For LOW solution increase ofi,; leads to improvement
small as 0.90-0.92. of the fit, so that this solution appeaffer sirf6;;=0.4) at
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10_3 P . 200 17171771
Etot ¢ 3 = —_— ]
D8 || 06 I 0 /= T~ 0.41,5e-5
- ® 150 t e 041,6158—5
- S —-— 0.41,7e-5
N> [ > no oscillation
810‘4 4\" { ¢ B 100 7
NE ;,\\ ) E
% £
= ( 3 50 ]
N
il MO SSSS=————— 1 A L
0.10.20.304 0.520.6 0.70.80.9 1 1 2 3 4 5 6 7 8 9 10
tgo visible energy (MeV)
FIG. 5. Lines of constant total suppression at KamLAND. Inthe ~ FIG. 6. Spectral distortion for three different values &m?,
best fit point:Ry,m=0.65. including the best fit point of our analysis.
the 3o level with respect to best fit poiri21). Also for the The suppression factor strongly depends/m? in the
SMA solution the effect of9;5 leads to slight improvement range below the best fit point and this dependence is very
of the fit. weak forAm?>10"* eV?. No bound onAm? from the al-
lowed region can be obtained by measurements of the total
rate.

VI. PREDICTIONS FOR KAMLAND The distortion of the visible energy spectrum depends on

The next step in developments will be probably related toAm? strongly. In Fig. 6 we show the spectrum for different
operation of the KamLAND experimefi88]. Both the total ~ values ofAm?. There is a shift of maximum to large with
rate of events above the effective threshdld; and the en-  increase of\m?. For the best fit value ckm?® the maximum
ergy spectrum of events will be measured. is atE~3.5 MeV. The most profound effect of oscillations

We characterize the effect of the oscillation disappearanct the suppression of rate at high energies. For instance, for
by the ratio of the total number of events with visible energyE~5 MeV the suppression factor is smaller than 1/2.
aboveTgys:

VIl. CONCLUSIONS

R :i dEdT’dTE F.p_d_of(-r T) We find that the LMA MSW solution with parameters
Kam N , [} dT 1 ’ 2 2 . .
0J Tets E Am?~6.15x 10 ° eV? and taRf=0.41 gives the best fit to

(27)  the data. The solution reproduces well the zenith spectrum
i i ) ) measured by SK and the day and night spectra at SNO. It is
where F; is the flux from thei reactor,P; is the survival j, 4 very good agreement with SSM flux of the boron neu-
probability for neutrinos from thé reactor,o is the cross tino: fy=1.05.
section of the detection reaction, afh(l, T’) is the energy The recent SNO results together with zenith spectra re-
resolution.Ny is the rate without oscillationsRj=1). sults from SK slightly shifted the best fit point to largem?

In our calculations we used the energy spectra of reactognq g, At the same time the allowed regions of oscillation
neutrinos from39,40. The differential cross section of the parameters shrunk, leading to important, and statistically sig-
p+ve—n+e’ reaction is taken froni41]. The parameters nificant, upper bounds on mixing angle andh?. Now we
of the 16 nuclear reactors, maximal thermal power, distanc@ave strong evidence that “solar” mixing is honmaximal,
from the reactor to the detector, etc., are giveridB]. We  and moreover, deviation from maximal mixing is rather
used the Gaussian form for the energy resolution functionarge. We find that quasivacuum oscillation solution with
f(T,T") with o/E=5%/VE(MeV), andT¢;=2.6 MeV as  Am?=4.5x10 °eV? and mixing in the dark side is the

the threshold for the visible energ$2]. only other solution accepted aw3level, provided that the
In Fig. 5 we show the contours of the constant suppreshoron neutrino flux is about 30% below the SSM value.
sion factor in theAm®—tarf6 plot. In the best fit point The LOW solution is accepted at slightly higher than the
30 level and it reappears at ther3evel if 6,5 is included.
Rykam=0.65, (28 The SMA solution gives very bad fit of the data especially
the SNO spectra predicting a rather small contribution of the
and in the Ir region: R¢,,,=0.4-0.7. NC events in comparison with CC events.

Notice that the best fit point is in the range of lowest We find that 6,5 produces a rather small effect on the
sensitivity of the total rate on taf. If, e.g., Rxam IS Mea-  solutions even with new high statistics data. As a tendency
sured with 8% accuracy which would correspondRg,,,  we see that inclusion of thé,; effect worsens the fit of the
=0.65+-0.05, we get from Fig. 5 that any mixing in the data in the LMA region, and shifts the best fit point to larger
interval tarf§=0.12—-1.0 is allowed. AmZ,.
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We have found predictions for the KamLAND experi- LOW and VO solutions have comparable goodnesses of the
ment: in the best fit point one expects the suppression factdit and appear at aboutd3level with respect to the global
for total signal~0.6 to 0.7 and the spectrum distortion with minimum, the SMA solution is strongly disfavored. At the
substantial suppression in the high energy part. same time, there is a rather significap@antitativedifference

Note addedThis section has been added up on request off results. (Some of these differences have already been
the referee to perform critical comparison of existing resultsmarked in the paper.

from global analyses of the data including results of papers | general, the difference in results can be related to the

which have appearesdlfter our publication[43—45. following ingredients.
(1) Input data. Super-Kamiokande: The majority of
ACKNOWLEDGMENT groups used the zenith spectra. The day—night spectra have

We thank Professor Mark Chen for clarification of the P€€n used by Bargest al, and by the SNO collaboration.
way SNO treats the correlations between the systematic un-NiS can partly explain the significant difference of their re-
certainties. The authors are grateful to J. N. Bahcall for emSults.
phasizing the necessity to take into account correlations of Gallium experiments: The data have been analyzed in
cross-section uncertainties in contributions of different fluxeghree different ways(i) combining rates from Gallex and
to Ar and Ge production rates we have discussed in Sec. Il DGNO and using the SAGE rate as an independent measure-

ment, (i) combining all three rateg19,20, and (iii) using
APPENDIX combined rates and the seasonal asymmptd]. In the
) o ) present paper as well as i43—45 the new GNO data pub-

The _systematlc uncerta|_nt|es were treated according t@sned at Neutrino 2002 have been included.

[23]. Writing the total counting rate in SNO as a sum over  gNQ: the data have been used following prescriptions of
different contributions and different spectral bins, we have: ¢ japoration. However, we can not reproduce exactly results
of analysis of SNO data by the SNO collaborat[dh itself.

R= E R, (A1)  The allowed LMA regions from our analysis is shifted to
i=15 larger mixing angles. Similar shift has been found by Fedli
al. [44].

where the index stands for the different spectral bins and
runs over the five contributions to the SNO d&&C, NC : - :

' ' the boron neutrino flux: if19] and in the present papég
ES, neutron background, and low energy backgroue o taken as a free parameter, whereas the SSM predictions

assume that all systematic uncertainties of the SNO result al%ve been used 44,45, The hepneutrino flux is either

thg uncertainties in thg theoretical prediction. These Uncerynored or used according to prescription [it9] without
tainties can be written in terms of the systematic uncertain:

. . _ error.
ties of the input parameters of experimew: (3) Method. Treatment of errors. Substantial differences

can be related to correlations of errors, and propagation of
IR, IR, ; ;
= 1 2 (AInX)2  (A2) systematic and theoretical errors to the observables.
k=114 dIn X, 91N X (4) Conversion and oscillation probabilities. In principle,
there is no ambiguity or inaccuracy in calculations of prob-
We take the systematic uncertainties frfh The differ-  abilities. Still some features of results may testify for the

(2) Solar neutrino fluxes. There are different treatments of

a? . (TH)

jlvjz

ent systematic uncertainties are added in quadrature. difference in the description of Earth regeneration effect.
Equation (A2) can be written in terms of the different  Let us now compare results of different groups, concen-
contributionsR;; (Al) as trating on the points, where disagreement is significant.
5 (1) There is a large spread of vaIuesAcﬁﬁin(LMA) in the
oi,.i,(TH) LMA region which cannot be explained by the difference of

numbers of degrees of freedom used: e.g., Maliinal.
=3 SRR D @, (AINX)2 x2i(LMA) =66.1 (79 DOB, this paper:y2,,(LNA) =65.2
i1=15ip=15 Y1 ZASTia U2 (78 DOB, Bahcallet al:: x2,,(LMA) =75.4(77 DOB. The
(A3) differenceA xy?=9.3—10.2 cannot be explained by distortion
of the spectrum which could enhance inaccuracies.
where we have introduced the parameteys The spread of the oscillation parameters in the best fit
points from the latest analyses is reasonably small and stable.
A stronger difference appears in the contours of constant
confidence leve(C.L.) far from the best fit point. In particu-
lar, there is substantial difference in C.L. at which maximal
These parameters are numerically estimated by changingixing is accepted, or the difference ofripper bounds on
the response function of the detector through changes in thaixing angle: tahf,,,,=0.55 (SNO), 0.64 (Barger et al),
parametersy. 0.89 (Bahcallet al), 0.84 (this papey, 0.83 (Maltoni et al)),
There is a qualitative agreement between results of differd.0 (Fogli et al.). Also the difference appears in the maximal
ent groups in that the LMA solution gives the best fit, theallowed value ofAm? allowed at a given C.L. For instance,

din Ri,j

ai’j’kE é’TXk (A4)
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at the 3r level we get from different analyses in the units of

10 % eV Am?,=1.9 (SNO), 2.3 (Bargeret al), 3.4 (this
papej, 3.7 (Bahcall et al), 8 (Fogli etal), 10 (Maltoni
et al).

Thus the shapes of the functiog?®= y?(Am? tarf6)

found by different groups differ substantially even in the different groups

LMA region.

(20 In the LOW region the spread
Ax2, (LOW-LMA) = x2. (LOW) — x2..(LMA) is relatively
small: Ax2, (LOW-LMA) =9.3-12.4. It is smaller than the
spread of absolute values gf2,;,(LOW). So, the global
minimum (in LMA) and the local one in the LOW region
shift simultaneously. Also the spread of oscillation param
eters in the best fit points of the LOW solution is small.

of

The situation is similar for the VO solution: the spread of

Axfmn(VO—LMA) ~8-10 is relatively small with the excep-
tion of results of Bargeet al., and, to some extent, Bandyo-
padhyayet al.

(3) There is a large spread oAy, (SMA-LMA)
= x2i(SMA) — x2. (LMA) obtained by different groups in

PHYSICAL REVIEW D66, 113005 (2002

In this connection the following remarks are in order.

There is no significant difference g2, in the SMA re-
gion: x2,,=101 (Bahcallet al), x?=99.7 (this paper x4,
=96.9 (Fogli et al), ¥>=99.5 (Bandyopadhyayet al). So,
the spread of differencea)(ﬁ]in(SMA-LMA) obtained by
is not because of the difference
x2(SMA), but, mainly, because of spread y,,(LMA).

The possible difference in results can be due to various
treatments of the systematic errors and their propagation to
observables. In particular, the uncertainty in the absolute
scale of the neutrino energy propagates to the errors in the
individual energy bins in a way which depends on the dis-

in

tortion of the energy spectrum. This, however, should not
affect solutions with flat spectrum distortion, like LMA or
LOW, and SMA with very small mixing.

It is expected that far from the favored regigegion of
global minimum of y?) the functionsy?(Am?,tarf6) ob-
tained from different analyses can be substantially different
(accumulation of errors, instability of the analysis, gtc.
However, the comparison performed above does not support

the SMA region. The result of our analysis is rather close tQhis expectation Comp|ete|y: Significant Spread,(éfappears

the one performed by Bandyopadhyagtal. Ayx?
=x2i(SMA) — x2..(LMA) ~31-34. The analysis made

already in the global minimum.
Clearly, the differenceAy?~3—5 from complicated

by Barger etal, disfavors SMA much stronger: analysis with many degrees of freedom should not be con-
Ax2:(SMA-LMA) =57.3. On the other hand, the analysessidered as a problem. The spreag?®~ 10 is on the border-
by Bahcallet al, Fogli et. al, and Maltoniet al, give rather line. It does not yet change the implications of results. Most
close valueskxﬁqm(SMA-LMA) ~23-26 which are about 9 probably the spread originates from different treatments of
to 10 smaller than in the present paper. Moreover, the posthe systematic correlated errors. Larger valuea gf can be
tion of minimum in the oscillation parameter plane is differ- really problematic: they may lead to different interpretations

ent(see Sec. IVQ

of results.
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