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Determination of neutrino mixing parameters after SNO oscillation evidence
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An updated analysis of all available neutrino oscillation evidence in solar experit&tday and night
spectra, global rates from Homestake, SAGE, and GALLEXIuding the latest SNO CC and NC data is
presented. Assuming that the shape of the SNO CC energy spectrum is undistorted and using the information
provided by SNO we obtain, for the fraction of electron neutrinos remaining in the solar beam at erérgies
MeV, ¢CC/¢NC:O.34f8j82, which is nominally many standard deviations away from the standard value. The
fraction of oscillating neutrinos into active ones is computed to @gc(—@cc)/(@SSM—cDCC)=o.92tg;§g,
nearly 5o deviations from the pure sterile oscillation case. The data are still compatible with an important
fraction of sterile component in the solar beémp to 20%—-30% of the totalln the framework of two active
neutrino oscillations we determine individual neutrino mixing parameters and their errors in the region of no
spectrum distortion4(T.)<1%); weobtainAm?=4.5"27x 105 eV?, tarf6=0.40"5%9. These parameters
are in agreement with those ones of the bgssolution in the LMA region.
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[. INTRODUCTION torted from the SSM prediction. With this assumption the
SNO Collaboration checks the hypothesis of nonoscillation,
The observation of neutral current neutrino interactionsor zerog,, , , flux.
on deuterium in the SNO experiment has been recently pre- It would be advantageous to use this assumption of non-
sented[1,2]. Using the neutral currerfNC), elastic scatter- distortion for several reasons. Not only in general terms of
ing (ES), and charged currefCC) reactions and assuming simplicity and logical economy but also because with it a
the B neutrino shape predicted by the standard solar modehuch higher statistical accuracy and power of prediction can
(SSM), the electron and active nonelectron neutrino compobe obtainedcompare the total NC fluxes obtained with and
nent of the solar flux at high energiesz6 MeV) are ob- without the distortion hypothesis obtained fi]). Using
tained. The nonelectron component is found to b&c these fluxes is appropriate for the calculation of constraints
greater than zero, the standard prediction, thus providing then mixing parameters in theoretical models where such spec-
strongest evidence so far for flavor oscillation in the neutratrum distortion is negligible, this is true in particular for
lepton sector: the agreement of the total flux, provided by th@mple regions of oscillation space favored by all previous
NC measurement with the expectations implies as a bydata(with or without previous SNO CC data
product the confirmation of the validity of the SSI/&-5]. Usually, the best fit to the data has been routinely obtained
The SNO experiment measures f## solar neutrinos via in the large mixing angléLMA ) region(see[15] and refer-
the following reactiong6-9]: (1) charged currentCC): v,
+d—2p+e, (2) elastic scattering(ES: v,+e — vy
+e~, and(3) neutral currenfNC): v,+d—p-+n+v,. The
first reaction is sensitive exclusively to electron neutrinos.
The second, the same as the one used at Super-Kamioka
(SK), is instead sensitive, with different efficiencies, to all
flavors. Finally the NC reaction is equally sensitive to all

TABLE |. Summary of data used in this work. The observed
signal (Sssy and ratiosSpaa/ Sssm With respect to the BPB2001
model are reported. The SK and SNO rates are fhcto 2 s 2
units. The Cl , SAGE, and GNO-GALLEX measurements are in

U units. In this work we use the combined results of SAGE
and GNO-GALLEX: Sg,/Sssm (Ga=SAGE+GALLEX +GNO)
=0.579+0.050. The SSMB total flux is taken from the BPB2001

active neutrino species. _ model[4]: ¢,(°8)=5.05(L'22) x 10° cm 2 s L.

The results presented recently by SNO on solar neutrinos :
[10] confirm and are consistent with previous evidence fromgyperimentRef] Seeu Spatal Ssam (= 107)
SK and the rest of the solar neutrino experimefité—
13,14. The CC, ES, and NC global and day and night fluxesSK (12584 [38] 2.320.03£0.08 0.45%0.011
presented in Refg1,2], summarized in Table I, are derived Cl [41] 2.56+0.16+0.16 0.332:0.056
under the assumption that t#8 spectral shape is not dis- SAGE[14,35 67.2-7.0x3.2 0.521+0.067

GNO-GALLEX [36,37 74.1+6.7+-3.5 0.600-0.067
SNO datd1,2]:
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"Email address: vito.antonelli@mi.infn. it SNO-ES 2.3%0.24+0.12 0.473:0.053
*Email address: ruggero.ferrari@mi.infn.it SNO-NC 5.09%0.44+0.45 1.00&0.125
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ences therein the qualitative explanation for that being the dec 005
fact that just in that region the observed rather undistorted ¢—=0.34,0j04.
SK spectrum can be optimally adjusted. The spectrum dis- NC

tqrtion of the oscillgting solutions for SN'O' in the LMA.re- this value is nominally many standard deviations 13s)

gion has been e_xp!|C|tIy fOL_lnd to be negligifE6]. Quanti- away from the standard model c4<].

tatively, the main mfo_rmatlon content of the_shape of the Finally, if in addition to SNO data we consider the flux
observable spectrum is summarized by the first moment ghregicted by the solar standard mode one can define, follow-
the distribution, the average spectrum energy. For the SSNg Ref [17], the quantity sifw, the fraction of “oscillation
case and in the absence of oscillations, it is found in Refne trinos which oscillated into active ones,” again using the

[16] that the average kinetic energyT.)=7.658 gNO data and fully applying systematic correlatiofsee
=0.006 MeV. This has to be compared with the expectedrgpie 11 in Ref.[1]), we find the following result:

value for a typical, nondistorting, LMA oscillating solution

(Te)=7.654 MeV and with the far values of the distorted _ dne— dee 0.3
small mixing angle(SMA) (7.875 MeV) and vacuum oscil- sifa= WZO'QZOZZO'
lation (VAC) (8.361 Me\} solutions. ssmee

In this work we present an up-to-date analysis of all avail-rhe sg\ flux is taken as thB flux predicted in Ref[4].
able solar neutrino evidence including the latest SNO resultg oye that, although consistent with it, this result differs sig-
in the most simple framework. First we will reobtain some nificantly from the number obtained in RétL7], this is due

model independent results which put in a quantitative bas'{o the introduction of systematic correlations in our calcula-

the extent of the deviations with respect to the ?tan(jar ion. The central value is clearly below ofenly active os-
nonoscillating case and the relative importance o active illations: the fraction of sterile neutrinos is Cas

sterile oscillations. Second we will obtain allowed areas in_g g (1). Although electron neutrinos are still allowed to
parameter space in the framewqu_ of active wo neutring,qijiate into sterile neutrinos the hypothesis of transitions to
oscillations fr<2)m a standard statistical analysis. Ind|V|duaIOnly sterile neutrinos is rejected at nearly 5this signifi-
vqlues forAm* and taﬁ_a with error estimation will be .Ob' cance would be reduced if we consider applying a one-sided
tfilned from th(_a analy_S|s of marginal I_|kel|hoods. In this Sta'analysis to avoid nonphysical values.

tistical analysis we include all available data from SK,

Homestake, and gallium experiments. From SNO we include

the latest results on global day and night fluxes, we make use IIl. METHODS AND STATISTICAL PROCEDURES

in particular of(a) the total °B flux as measured by the NC  The computation of the neutrino oscillation probabilites in
reaction and(b) the electron neutrino day—night global sojar and earth matter and of the expected signal in each
asymmetry. The main conclusion of our analysis to be pregyperiment follows the standard methods found in the litera-
sented below is that it is already possible to determine afre [15,17—24. We solve numerically, as is explained in
present active two neutrino oscillation parameters with relagetail in Ref. [15], the neutrino evolution equations for all

tively good accuracy. the oscillation parameter space. The survival probabilities for
an electron neutrino, produced in the Sun, to arrive at the
Il. SOME MODEL INDEPENDENT RESULTS Earth are calculated in three steps. The propagation from the

production point to the Sun’s surface is computed numeri-
Different quantities can be defined in order to make thecally in all the parameter ranges using the electron number
evidence for disappearance and appearance of the neutrigiensity n, given by the Bahcall-Pinsonneault-Basu 2001
flavors explicit. Letting alone the SNO data, from the three(BPB2001 model [4] averaging over the production point.
fluxes measured by SNO it is possible to define two usefulThe propagation in vacuum from the Sun’s surface to the
ratios, deviations of these ratios with respect to their standargarth is computed analytically. The averaging over the an-
value are powerful tests for the occurrence of new physicsaual variation of the orbit is also exactly performed using
Here we compute the values fgi-c/ pesand ¢pcc/ pyc be-  simple Bessel functions. To take the earth matter effects into
ing specially careful with the treatment of the correlations onaccount, we adopt a spherical model of the earth density and
the uncertitudes, the inclusion or not of these correlationghemical composition. In this model, the earth is divided in
can affect significantly the results for these ratisse Table 11 radial density zong®5], in each of which a polynomial
Il in Ref. [1] for a complete list of systematical errpréor  interpolation is used to obtain the electron density. The com-
the first ratio, from the value from SNO ratgk| we obtain  position of the neutrino propagation in the three different
regions is performed exactly using an evolution operator for-

bec malism [24]. The final survival probabilities are obtained
—=0.73"5739, from the correspondingnonpurg density matrices built
Pes from the evolution operators in each of these three regions.

The night quantities are obtained using appropriate weights
a value which is~2.70 away from the no-oscillation expec- which depend on the neutrino impact parameter and the sag-
tation value of one. The ratio of CC and NC fluxes gives theitta distance from neutrino trajectory to the Earth’s center, for
fraction of electron neutrinos remaining in the solar neutrinoeach detector’s geographical location.
beam, our value is The expected signal in each detector is obtained by con-
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We have introduced the flux normalization facterwith
respect to the SNO NC flux whose central and error values
are given in Table I. This flux normalization will be used
below as a scale factor for the SK spectrum. The quaniity

is the asymmetry on the day and night electron neutrino rates
extracted from the SNO CC, ES, and NC data, imposing the
- conditionA=Ac, ,,=0, as predicted by active-only mod-
107 N 107 - els[2]. The strong anticorrelation &, and A,,; makes the
CL,GA,ASNO imposition of this constraint useful, thus reducing greatly the
SK Sp(d)+Sp(n) uncertainties with respect to the rafc.

AT 0% 5 10k The definition of the)(éIob function is the following:

#(*B)=5.09+ 0.64

1073 1073

107 ‘ 107

Am? /e V2

KAMLAND expectations

107 107°

102 10 1 10 102 107 1 10 2 _/pth T, 2y—-1/pth
tan? @ tan? 0 Xglob_(R _Rexp) (0-) (R _ReXp)y (3)

FIG. 1. (Left) Allowed areas in the two neutrino parameter whereo? is the full covariance matrix made up of two terms,
space. The point with error bars corresponds to the best results from?= o2, + o', The diagonal matrix2,. contains the the-
fit to marginal likelihoods. The colored areas are the allowed regretical, statistical, and uncorrelated errors Whﬂér con-
gions at 90%, 95%, 99%, and 99.7% C.L. relative to the absolUtQains the correlated Systematic uncertainties. 'FRH?XP are
minimum. The region above the upper thick line is excluded by thgength 2 vectors containing the theoretical and experimental
reactor experimentgl2]. (Right) Superimposed to the figure on the data normalized to the SSM expectations. The2correla-
right, KamLAND constant signal contours normalized to the tion matrix has been computed using standard techniques
nonoscillation expectation. Contours, from inside to outwards, re[33,34]_ We have used data on the total event rates measured
spectively, at 0.4, 0.5, 0.6, 0.7, and 0.8. at the Homestake experiment, at the gallium experiments

. . N . SAGE[14,35, GNO [36], and GALLEX [37] (see Table |

voluting neutrino fluxes, oscillation probabilities, neutrino ¢ 4 explicit list of results and referendeBor the purposes
cross sections, and detector energy response functions. Ve this work it is enough to summarize all the gallium ex-

have used neutrino-electron elastic cross sections which "b'eriments in one single quantity by taking the weighted av-
clude radiative correction26]. Neutrino cross sections on erage of their rates.

deuterium needed for the computation of the SNO measure- £qr the analysis of the SK energy spectrum, following
ments are taken froff27]. Detector effects are summarized closely the procedure assumed by the SK Collaboration
by the respective response functions, obtained by taking int[>32,38], we consider a2 function:

account both the energy resolution and the detector effi-

ciency. The resolution function for SNO is that given in

[1,2,28. We obtained the energy resolution function for SK Xgpeczdz: (aRM=R¥D) (0 + Seori)

using the data presented[i29—31. The effective threshold "

efficie.ncies, which take int_o account thg live time .for eqch X (aRN— Rexr’)+X‘2§, (4
experimental period, are incorporated into our simulation

program. They are obtained frof32]. where the vectors of data and expectati®hare defined as

The statistical significance of the neutrino oscillation hy-before. We have introduced the SNO NC flux normalization
pothesis is tested with a standagd method which is ex- factor @ given above and the correlation paramedey, is
plained in detail in Ref[15]. Our present analysis is based assumed to be constrained by the last term in the sgim:
on the consideration of the following? quantity made of =(8gor— 52*:”)2/0%_ The complete variance matrix is not a
three well differentiated pieces: constant quantity. It is obtained from combining the statisti-

cal variances with systematic uncertainties and dependent on
x?= X§|0b+ Xgpec_sk+ X3No- (1)  this correlation parameter. For each day and night spectrum
the corresponding 2919 block correlation matrices are con-
The contribution of SNO to thg? is given by servatively constructed assuming full correlation among en-
ergy bins. The components of the variance matrix are given
o ath)z ( Ag‘— Ag)(p) 2 by standard expressiofi$5] in terms of statistic errors, bin-

(2)  correlated and uncorrelated uncertainties. The data and errors

2 _
Xsno ( for individual energy bins for the SK spectrum has been

oA

o

TABLE II. Mixing parameters:(A) Best fit in the LMA region andB) from fit to marginal likelihood
distributions.

Method

inimum m-=5.44<10"" e tarr6=0. Xm=30. g.o.f. 0
(A) Mini LMA Am?=5.44x10"° eV? F6=0.40 2=30.8 f.: 80%
(B) From Fit Am?=4521x10"%eV?  tarfd=0.40"329
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obtained from Ref[32]. Other information from the SK re- 1
sults, such as the global day—night asymmetries, is to a large

extent already contained in the above-mentioned quantities0.5 0.5
It is therefore not included in our analysis and does not P
0 I 0 L
change the results presented further on. o 0T 5 0 100 10 10
tan2 6 Am? /eV2

IV. RESULTS AND DISCUSSION FIG. 2. Marginalized likelihood distributions for each of the

To test a particu|ar oscillation hypothesis against the paOSCi”ation parameterAmz (rlght), tar\20 (leﬂ) The curves are in

rameters of the best fit and obtain allowed regions in paramarbitrary units with normalization to the maximum height. Values
eter space we perform a minimization of the four- for the peak position are obtained by fitting two-sided Gaussian
dimensional function )(Z(Amz tarto. . 8 ). For & distrbutions(not shown in the plogt Dashed lines delimit- 1o

1 4 Ycor/ - cor

=M w=am,, a given point in the oscillation parameter error regions around the maximum.
space is allowed if the globally subtracted quantity fulfills tail distances thus justifying the consistency of the proce-
the condition A x?=y?(Am?,0)— x2:,-<x2(C.L.). Where dure. The goodness of Gaussian fit to the distribution in
Xﬁ:4(90%, 95%, ...¥7.78, 9.4... are theguantiles for ~ squared mass, although somewhat smaller, is still good. The
four degrees of freedom. The summation now contains 41 Vvalues for the parameters appear in Table Il. They are fully

bins in total: 3 from the global rates and SNO asymmetryconsistent and very similar to the values obtained from

and 2x19 bins for the SK day and night spectrums. simple x? minimization.
The results are shown in Fig.(left) where we have gen-
erated acceptance contoursm? and tadé. In Table Il we V. CONCLUSIONS

present the best fit parameters or local minima obtained from
the minimization of they? function given in Eq.(3). Also
shown are the values Q(frznm per degree of freedomy€/n)

In summary, in this work we have presented an up-to-date
analysis of all available solar neutrino evidence including the
C9 latest SNO results in the most simple framework. The direct
and the goodness of fig.o.f) or significance level of each measurement via the NC reaction on deuteriuntBfneu-

point (definition of SL as in Ref[39)). In Fig. 1 (right) we  yinos combined with the CC results have largely confirmed
superimpose the global signal expected in the KamLANDyhe neytring oscillation hypothesis. We have obtained the al-

experiment from reactor electron antineutrinos. We observ%wed area in parameter space and individual valuea fo?

that at the most favored regions obtained before, the Kamémd taR @ with error estimation from the analysis of marginal

LAND e>§pected s_lgr_1al is situated at a intermediate regIoNikelihoods. In the framework of two active neutrino oscilla-
where high sensibility to both mass squared and mmngiii)nS we obtain

angle parameters is found. The experiment expects aroun

50% of the nonoscillation signal, in this region it would suf- Am?=45'2/x107° eV?, tarf§=0.40"5750.

fice to reach a total error of 5%—10¢& quantity reachable

after 1 year of data takingn the measurement to be able to We have shown that it is already possible to determine at

confirm the SNO results. present active two neutrino oscillation parameters with rela-
In order to obtain concrete values for the individual oscil-tively good accuracy. The KamLAND experime(see Ref.

lation parameters and estimates for their uncertainties, it i§#0] and specially the near future long baseline experiments

preferable to study the marginalized parameter constraints. Will have a clear chance of first confirming present mixing

is justified to convery? into likelihood using the expression Parameters obtained from solar originated neutrinos, and sec-
£=e‘X2’2, this normalized marginal likelihood is plotted in ond, measuring first and second generation mass and mixing

Fig. 2 for each of the oscillation parametere? and taRé. parameters under laboratory-controlled conditions.

For tarf# we observe that the likelihood function is concen-
trated in a region 02tarf#<1 with a clear maximum at
tarf6~0.4. The situation foam? is similar. Values for the We acknowledge the financial support of the Italian
parameters are extracted by fitting one- or two-sided GausIUR, the Spanish CYCIT funding agencies, and the CERN
ian distributions to any of the peak§its not shown in the Theoretical Division. The numerical calculations have been
plots). In the case of the angle distribution the goodness of fiperformed in the computer farm of the Milano University
of the Gaussian fit is excellerig.o.f >99.9%) even at far theoretical group.
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