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Model-dependent and -independent implications of the first Sudbury Neutrino Observatory results
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We briefly discuss some implications of the first solaresults from the Sudbury Neutrino Observatory
(SNO) experiment in the charged-current channel. We first show that the present SNO response function is very
similar to the Super-Kamiokand&K) one above 8.6 MeV in kinetic electron energy. On the basis of such
equivalence we confirm, in a completely model-independent way, the SNO evidence for an active, nonelectron
neutrino component in the SK event sample, with a significance greater thaifl&n, by assuming no
oscillations into sterile neutrinos, we combine the SBNO data to derive allowed regions for two free
parameters(i) the ratiofg of the true ®B v flux from the Sun to the corresponding value predicted by the
standard solar modéSSM), and (ii) the v, survival probability(P..), averaged over the common SK and
SNO response function. We obtain the separata@gesfg= 1.03ig;gg (in agreement with the SSM central
value, fg=1) and(P.=0.34"3% (in >30 disagreement with the standard electroweak model prediction,
(Peey=1), with strong anticorrelation between the two parameters. Finally, by tdlgirmad its uncertainties
as predicted by the SSM, we perform an updated analysis of thacBive neutrino oscillation parameters
(dm? tarfw) including all the solaw data, as well as the spectral data from the CHOOZ reactor experiment.
We find that only the solutions at tan~O(1) survive at the & level in the global fit, with a preference for
the one at highsm?>—the so-called large mixing angle solution.
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[. INTRODUCTION and strongly indicate an averaggflux suppression of about
one-third (P.e ~ 1/3). Finally (Sec. I\V) we assume the va-
The Sudbury Neutrino Observatof@NO) experimen{1] lidity of the SSM, and perform an updated analysis of all the
has recently presented the first measurements o thed available solar neutrino dafancluding the SNO event rakte
—p+p+e reaction rate induced byB solar neutrinos in a 2v active oscillation framework. Large mixing angle
through charged current€C) [2]. The observed CC event solutions are clearly preferred in the global fit, while the
rate, normalized to the latest standard solar mq&&M) small mixing one is not allowed at theo3level (99.73%
prediction[3], C.L.) by the parameter estimation test. We conclude our
work in Sec. V.

SNO/SSM=0.347+0.029, (1)
] o ) ~Il. USING THE SK-SNO EQUIVALENCE (WITH NO
not only confirms the def|C|t_0f solar neutrino events previ- ADDITIONAL ASSUMPTION )
ously observed by the chlorir@], gallium [5], and water- _ o . _
CherenkoV[6,7] experiments, but provides:a3o evidence An important characteristic of any solar neutrino experi-

[2] for a v, , contribution in the Super-Kamiokand&K) ment is the energy spectrum of parent neutrinos contributing
measurement of thev,+e —w,+e  reaction rate X to the collected event sample in the absence of oscillations—

=e,u,7) in a similar energy rangg7]: the so-called response functign(E,) [10]. The response
function basically folds the solar neutrino energy spectrum
SK/SSM=0.459+0.017. (20  with both the differential interaction cross section and with

the detector threshold and energy resolution, and thus it takes

The SK-SNO comparison can be made rigorously modeflifferent forms for each experiment. However, it can be
independent by making an appropriate choice for the SKmade(partly accidentally equal in SK and SNO by an ap-
energy threshold, as suggested 9] and discussed also in Ppropriate choice of the detected electron energy thresholds
the SNO papef2]. In this work we first providéSec. I) an  (or, more generally, energy rangeas shown ir{8,9] on the
improved discussion of such model-independent comparisoiasis of theexpectedSNO technical specifications.
which, based on thépreviously undiscloseddetailed SNO By repeating the analysis ifB] with the present SNO
detector specifications, confirms the3o evidence for a  kinetic energy thresholdg"°=6.75 Me\) and energy reso-
v, . flavor component in the SK event sample. We then aslution [2], we find a best-fit SK-SNO agreement for a SK
sume(Sec. Ill) no oscillations into sterile neutrinos, and de- threshoIdT§K>8.6 MeV [instead oﬂ'§K>5 MeV—m,, for
rive combined constraints on two free parametéisithe  which the value in Eq(2) is officially quoted[7]]. Such an
ratio fg of thetrue 8B v flux from the Sun to the correspond- “adjusted” threshold is in good agreement with the one es-
ing value predicted by the SSM, ar(d) the v, survival timated in the SNO paperT§K>8.5 MeV [2]). Figure 1
probability (P, averaged over the SK-SNO response func-displays our calculations for the corresponding SK and SNO
tion. Such constraints confirm the SSM prediction far, response functions t8B neutrinos, which appear to be in
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FIG. 2. Model-independent consequences of the SK and SNO
FIG. 1. Best-fit equalization of the SK and SNO response funcsesults with equalized response functions: The data are well within
tions to 8B neutrinos, as obtained by shifting the SK threshold tothe region where active neutrino transitions— v, , mustoccur,
8.6 MeV in electron kinetic energy. and are 3.& distant from the diagonal line of “no active oscilla-
tions.” This conclusion does not depend on either the standard solar
very good agreement with each other. Concerning the smathodel or the possible presence of additional transitions to sterile
shape difference in the first half of the response functionsheutrinos. See the text for details.
we estimate that, in our analysis, the corresponding effect is

(in the worst casea factor of 5 smaller than the effect of the SNO/SSM=fg(Peg), (4)
total SNO uncertainty in Eq), so that we can safely take

0sk=0sno- With the adjusted SK threshold, the SK and Oa

SNO detectors are thus equally sensitive to the incorfilbig SK/SSM=fg(Peg) + fBO__e<Pea>’ ®

neutrinos. The possible small contribution leép neutrinos

(not shown in Fig. 1does not spoil the SK-SNO equaliza- \yheref, is the ratio between the trienknown 8B v, flux
tion of response function®], as fqr as thdﬂepflux is taken 4t the Sun and its SSM predictigB], (Peo is the ve sur-
below the experimental upper limit provided by the latest SK;;y/q) probability (energy-averaged over the common SK-
spectral measuremerifg]. SNO response function(P,,) is the averaged transition

Althoug_h there is no official number thJOted yet by the SKprobabiIity to active neutrinosi,=wv,, ,), ande, /o is the
Collaboration for the SK/SSM value a>8.6 MeV, one  ratig of the(properly averagefB,9]) cross sections af, and
can try to recover it from the published SK spectral datave on electrons. We calculate,/o,=0.152 for TS=8.6

. ) . . b .

[7,11]. We adopt the provisional SNO own estim@2, cor- e\, Notice that the above relations do not imply any as-

responding to take sumption either orfg, or on possible sterile neutrino oscil-
lations, or on the functional form oP.((E,) or P4 (E,),
and thus they areompletely model-independent

From the above relations one can derive that

SK/SSM=0.451+0.017 (T$*>8.6 MeV),  (3)

which amounts to a small shift in the central value of the

total SK rate. The attached SK error is assumed to be basi-SK/SSM<SNO/SSM s always forbidden((P,)<0),
cally the same as in E@2), since it should be dominated by 6
systematic errors rather than by statistical uncertainties. Fur-

thermore, the SK-SNO comparison is dominated by the SK/SSM=SNO/SSM is allowed only if (P, ,) =0,
(presently larger SNO uncertainties, so that aipyesumably (7)
smal) official SK re-evaluation of the numbers in E@®) is

not expected to produce significant changes in the resultssk/SSM>SNO/SSM s allowed only if (P¢,)>0.

discussed beloy12]. (8)
For osk=0sno, the following relations holdexactly
[8,9: Figure 2 displays the above constraints at a glance. The SK
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FIG. 3. Model-independent analysis of SK and SNO, assuming . | | | |
no oscillations into sterile states, in the plane charted pyfree 10 o e
factor multiplying the SSM®B neutrino fluy and (P.o) (v, sur- 10 10 10 a0 ! 10
vival probability averaged over the SK-SNO response fungtion tan‘w
The contours of the allowed regidobtained forA x’=1, 4, and 9 FIG. 4. Pre-SNO 2 oscillation analysis of total neutrino event
give, after projections onto the axedgr=1), the separated, 20,  rates. CHOOZ data included. The regions shown in the figure are
and 3 ranges forfg and(P.e). Thefg range is in good agreement  gjjowed 90, 95, 99, and 99.73% C.L. for the joint two-parameter
with the SSM pl’ediction$3] (ShOWn as at 1o horizontal banﬁ estimation tes][l‘]_]’ as obtained by drawing |s/92 contours at
while the (Pee) range is in>3c disagreement with the standard A,2=4.61, 5.99, 9.21, and 11.83 above the global minimum.
electroweak model prediction of electron flavor conservation

((Peg=1). providing a system of two equations in the two unknovigs
+SNO experimental data are well within the region where@nd(Pee). By fitting the experimental values of SNO/SSM
theremustbe v,— v, , transitions, independently of a pos- @nd SK/SSM given in Eqs1) and(3), respectively, one can
sibly open[13] ve— v, channel. Only at>3¢ (more pre- then determine allowed ranges ffy and(Pe.). o
cisely, at 3.1 sigmathe experimental data would hit the di-  Figure 3 shows th% contgurs of the allowed region in the
agonal line which parametrizes the case of ne-v, . ((Pee),fe) plane fory“=Ax“=1, 4, and 9, whosgrojec-
transitions (corresponding to either no oscillations or pure fions onto the coordinate axes give therl2o, and 3
ve— vs oscillations. Such results represent an alternativeSeparate rangdd4] for fg and(Pee). The strong anticorre-
way to look at the SNO eviden¢g] for a v, . component in lation reflects the fact that a higtB flux can be partly com-

the SK events at 3o. ’ pensated by a smaller survival probability, and vice versa.
The projected & range forfg (fz=1.03"329 is in agree-
. USING THE SK-SNO EQUIVALENCE (WITHOUT ment with the SSM predictioiishown with its*+ 1o error
STERILE NEUTRINOS ) band from[3], fg=1%33%. On the other hand, the projected

The SNO result$l] and the model-independent analysis ?ioo gjfogﬁ folr t::e a\{fr]ra%e survclivald p:obabmty(l}e) del
in the previous section show that there is evidence for active "' i°-18)’ clashes with the standar gectrow_ea mode
neutrino transitions. Therefore, it is legitimate to explore thepredlctlon of electron flgvgr conservationRee) =1) at
consequences of thedditional hypothesis ofpurely active >30. In the context of this figure, the standard model of the
flavor transitions, corresponding to tak®,,)=1— (P.g). In Sun appears to be in better shape than the standard model of

. : electroweak interactions.
such a case, the SK-SNO relations in B@8.and (5) read The results indicate that, in the case of generic active
SNO/SSM=fg(Pee), (99  oscillations(i.e., no other assumption apart frdf.s)=0 in
the range probed jointly by SK and SNGhe v, survival
Ta . probability takes basically the lowest value allowed by pre-
SKISSM=fg(Pee) + fBo'e(l (Pee)), SNO experiments. It has been shown 1®] that the lowest
(100  values of (Pyo (in the ®B energy range are typically
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FIG. 5. Pre-SNO 2 oscillation analysis of total neutrino event FIG. 6. Post-SNO 2 oscillation analysis of total neutrino event
rates and of SK day-night energy spectra. CHOOZ data included.rates. CHOOZ data included.

reached within the so-called large mixing angléMA) so-  CHOOZ spectral resulfs7] (14 bin, as discussed [22]) to
lution to the solar neutrino problem, which may therefore bethe usual solar neutrino data, and show then the results in the
expected as favored. This will be confirmed by the analysisnass-mixing plane dm?,tarfw), covering both octants in

in the next section. w= 0, [23]. Since we are now assuming a specific func-
tional form for P.(E,) (i.e., the one predicted by standard
IV. USING ALL THE SOLAR NEUTRINO DATA oscillation theory at any given mass-mixing p9jrthe SK-
(ASSUMING THE SSM AND TWO-FAMILY ACTIVE SNO model-independent comparison becomes unimportant,
OSCILLATIONS ) and we can use the full SK rate given in Eg) [7].

Concerning SNO, in this work we include the total CC

From the SNO result§2] and from the analysis in the rate[Eq.(1)] but not the published CC energy spectr[@h
previous sections we have learned thatthere is evidence Notice that the present SNO spectrum information should be
for active neutrino oscillations, an@) assuming purely ac- subdominant as compared to SK since, although one expects
tive v oscillations, the SSM is confirmed and thgsurvival —a SNO sensitivity to spectral deviations a factor of 2 larger
probability should be-1/3 in the SK-SNO energy range. Let than in SK[24], the current SNO spectral erraitsoth statis-
us now make two further assumptions about neutrino phystical and systematjcare more than a factor of 2 larger than
ics, namely, that the’ fluxes from the Sun can be taken asin SK (and the published SNO event sample is an order of
predicted(with their uncertaintiesby the SSM[3], and that magnitude smaller than the SK gn#loreover, it is not easy
active neutrino oscillations occur in an effective two-family to recover(from both the published SNO and SK dathe
framework. The latter hypothesis is totally correct if the mix- information needed to propaggtsntly, on both the SK and
ing angled,; vanishes, and is accurate up@gsir’é;3 cor-  SNO spectra, the correlatéd shape spectrum uncertainties
rections if 6,5>0. We remind that the joint analyses of SK [25] around the best-fit spectrum(that we take froni26] as
atmospheric neutrino dafd6] and of the CHOOZ reactor in [7]). Therefore, we prefer to postpone the SNO spectrum
results [17] place stringent upper limits o3 [18—20.  analysis(and its properly correlated combination with the
Moreover, the CHOOZ data forbid large, disappearance SK spectrumto a future work[27]. The total SNO CC rate
for neutrino square mass differences higher tha@.7 is, however, already important by itself, and to appreciate its
x 10" 3% eV?, and thus they are also relevant to cut away thémpact we show first the 2 analysiswithout SNO for refer-
region of energy-averaged solar neutrino oscillatipp8—  ence.
22]. Therefore, we perform ai2analysis by adding the final Figure 4 shows the results of ther Zanalysis using the
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TABLE |I. 2v active oscillations: Positions and local values for the relewfntninima [SMA, LMA,
LOW, and QVO) solutiond. Upper part: pre-SNO situation, without and with SK day-night spectral[d3ta
(19+19 bin). Lower part: post-SNO situatiofiotal SNO CC rate includef®], 1 datum. In all cases, the fit
includes the chloring4], combined galliun{5] and SK[7] total rates(3 data, as well as the final CHOOZ
spectral dat17] (14 bin).

log;((tarfw)  logyo( Sm?/eV?)  x? log(tarfw) log,o Sm?/eV?) X2

Data: pre-SNO rates- CHOOZ Data: pre-SNO rates SK spec.+ CHOOZ
SMA —3.03 —5.04 7.70 —3.40 —5.10 49.3
LMA —-0.54 —4.56 10.6 —0.48 -4.31 42.2
LOW -0.14 —7.00 15.6 —0.12 —6.99 46.8
(QVO +0.25 —10.0 7.80 +0.39 —9.34 48.1

Data: post-SNO rates CHOOZ Data: post-SNO rates SK spec.+ CHOOZ
SMA —2.94 —5.00 12.0 —3.50 —5.10 57.7
LMA —0.35 —4.36 11.7 —0.43 —-4.31 43.0
LOW —0.20 —6.99 16.4 —-0.17 -6.97 47.5
(QVO +0.53 —10.1 10.5 +0.31 -9.32 49.0

three pre-SNO total solar neutrino rat@hlorine[4], com-  SK data analysigll], is now sufficiently strong to produce a
bined gallium[5], SK [7]) and to the 14-bin CHOOZ data significant decrease of the likelihood of the SMA solution.
[17] (relevant to suppress the likelihood of the higim?*  Since the SNO spectral dafa] (not included heredo not
region, as derived by drawing isa<? contours(for Npe  show any deviation from the standard shape within(trav
=2) around the globay? minimum. The fit in Fig. 4 favors large errors, we may expect that the addition of such data in
the small-mixing angléSMA) solution, as compared to the
regions at tafio~O(1), usually referred to as large-mixing
angle(LMA ) at highsm? and at lowsm? (LOW), extending 167
down to the quasivacuum and vacuum oscillati@yO and g
VO) regions. Figure 5 shows the impact of the SK day-night
spectral datd7,11] (19+19 bins minus one adjustable nor- 0 F
malization factoy, that cut away the vacuum solutions and B
also change the relative likelihood of the local SMA, LMA, =
and LOW best fits, favoring the LMA solutiofsee also E
Table |). Notice also the small region allowed at 99.73% C.L. r ]
in the lowestém? decade(the so-called Just-Sasolution, 10°L i
see the first of Refl15] and references therginSimilar re- g E
sults have been largely discussed in the recent solar neutrin
literature(see, e.g.[15,11,28,29, and we do not add further ¢~ 10
comments here. = ;
Figure 6 is analogous to Fig. 4, but including the SNO CC >~ _ -s|
rate [2]. The LMA (SMA) solution in Fig. 6 is enlarged g
(reducedl as compared to Fig. 4, due to the anticipated SNO «

2v active oscillations

T T T T T T T T R T T TT1TTTH

preference for relatively small values of tivg average sur- 10 — E
vival probability, which tend to favor the LMA case. The L sl (2 DF)
SMA solution tends to adapt to the low val(Bge) ~ 1/3 by N - 5%

10 E

— 997%

privileging its rightmost partwhere the nonadiabati¢. sup- N,

pression is stronggrand indeed the final compromise makes ;
the SMA local fit comparable to the LMA onsee Table)l s L
However, in doing so, the SMA fit also privileges the part g
where spectral deviations are sizable, contrary to the SK day r ]
night spectrum observations. e
Indeed, the SMA solution disappears aBs when the 10 10 10 g 0 ! 10
SK day-night spectral data are included, as shown in Fig. 7 tan‘w
(analogous to Fig. 5, but including the SNO total CC yate  FiG. 7. Post-SNO 2 oscillation analysis of total neutrino event
The “tension” between the total rate informatidpushing rates and of SK day-night energy spectra. CHOOZ data included.
the SMA to the right and the SK spectrunipushing the Solutions at small mixing are highly disfavored. See the text for
SMA to the lefy, which was already emerging from the latest details.

Cl+Ga+SK+SNO rates + CHOOZ E
+ SK D—N energy spectra .
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future analyses can only corroborate such a trend. The LMAroughly =14 P¢)) should be found by the SNO experiment
solution appears to be favored in the global fit, enhancing thén its second phase of operatigmeutral current mode

hopes of interesting new physics at KamLai&D] and at
future neutrino factorieg31]. The LOW solution turns out to
be slightly less favored than the LMA one, essentially be- e have discussed the following implications of the first
cause the gallium data prefer an increase ofiffeurvival ~ SNO results(with increasing degree of model dependénce
probability at low energies, which is more easily provided in(i) evidence for ve—v, , transitions from a model-
the LMA region rather than in the LOW solutidisee, e.g., independent comparison of SK and SN@) bounds on the
[15]). However, the LOW solution is still in good shape, and 8B neutrino flux factorfg and on the average, survival
should be tested through day-night earth matter effects in thprobability under the hypothesis @jeneri¢ active v oscil-
BOREXINO experiment[32] or, with less sensitivity, lations; and finally(iii) a marked preference for large-mixing
through winter-summer matter effects after several years ofolutions vs the small mixing one, by assuming both active
data taking in the Gallium Neutrino Observatof@NO)  oscillations and standard solar model predictions. It seems
[33]. Notice that the LOW solution extends down to the qua-that the SNO experiment has just started to delight us with
sivacuum oscillatiorf34] region, which might be probed in the first of a series of interesting results.

BOREXINO by pushing its time-variation sensitivity close
to its upper limits[35]. Notice that no VO or Just-Scsolu-
tions survive in Fig. 7. Finally, we remark that the indica- This work was supported in part by INFN and in part by
tions for a relatively small value ofP.s) suggest that a the Italian MURST under the “Astroparticle Physics”
large, unmistakable neutral-to-current ratio enhancemergroject.

V. CONCLUSIONS
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