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Constraining neutrino oscillation parameters with current solar and atmospheric data
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We analyze the impact of recent solar and atmospheric data on the determination of the neutrino oscillation
parameters, taking into account that both the solarne and the atmosphericnm may convert to a mixture of
active and sterile neutrinos. We use the most recent global solar neutrino data, including the 1496-day Super-K
neutrino data sample, and we investigate in detail the impact of the recent Sudbury Neutrino Observatory
~SNO! neutral current, spectral, and day/night data by performing also an analysis using only the charged
current rate from SNO. We confirm the clear preference of the pure active large mixing angle solution of the
solar neutrino problem and obtain that the LOW solution, vacuum oscillation, small mixing angle, and just-so2

solutions are disfavored with aDx259, 9, 23, 31, respectively. Furthermore, we find that the global solar data
constrains the admixture of a sterile neutrino to be less than 44% at 99% C.L. A pure sterile solution is ruled
out with respect to the active one at 99.997% C.L. By performing an improved fit of the atmospheric data, we
also update the corresponding regions of oscillation parameters. We find that the recent atmospheric Super-K
~1489-day! and MACRO data have a strong impact on constraining a sterile component in atmospheric
oscillations: if thenm is restricted to the atmospheric mass states only a sterile admixture of 16% is allowed at
99% C.L., while a bound of 35% is obtained in the unconstrained case. Pure sterile oscillations are disfavored
with a Dx2534.6 compared to the pure active case.

DOI: 10.1103/PhysRevD.67.013011 PACS number~s!: 14.60.Pq, 14.60.Lm, 14.60.St, 26.65.1t
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I. INTRODUCTION

Apart from confirming, yet again, the long-standing so
neutrino problem@1–5#, the recent results from the Sudbu
Neutrino Observatory~SNO! on neutral current~NC! events
@6,7# have given strong evidence that solar neutrinos con
mainly to an active neutrino flavor. In addition, valuab
spectral and day/night information has been provided@6,7#.
This adds to the already robust evidence that an extensio
the standard model of particle physics is necessary in
lepton sector. Although certainly not yet unique, at least
the case of solar neutrinos, which can be accounted for
by spin-flavor precession@8,9# or nonstandard neutrino ma
ter interactions@10#, the most popular joint explanation o
solar and atmospheric experiments is provided by the n
trino oscillations hypothesis, with neutrino mass-squared
ferences of the order ofDmSOL

2 &1024 eV2 and DmATM
2 ;3

31023 eV2, respectively.
In the wake of the recent SNO NC results we have rea

lyzed the global status of current neutrino oscillation d
including these and the remaining solar data@1–7# as well as
the current atmospheric@11,12# samples, including the 148
day Super-Kamiokande data@13# and the most recen
MACRO data@14#. Motivated by the stringent limits from
reactor experiments@15# we adopt an effective two-neutrin
approach in which solar and atmospheric analyses decou
However, our effective two-neutrino approach is generaliz
in the sense that it takes into account that a light ste
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neutrino@16–21#, advocated to account for the Liquid Scin
tillation Neutrino Detector~LSND! anomaly@22#, may take
part in both solar and atmospheric conversions. The nat
setting for such a light sterile neutrino is provided by fou
neutrino models. In this paper we will determine the co
straints on oscillation parameters in this generalized scen
following from solar and atmospheric data separately. S
separate analyses are necessary ingredients towards a
bined analysis of all current oscillation data, including sol
atmospheric, negative short-baseline data and the LSND
periment@23,24#. As shown in Ref.@23# such separate analy
ses can be performed independently of the details of the f
neutrino mass scheme.

Since the release of the latest SNO data in April 200
number of global solar neutrino analyses in terms of act
oscillations have appeared@9,25–31#. Moreover, it has been
shown by model-independent comparisons of the S
charged current~CC! rate with the SNO NC and Super-K
rates that transitions of solar neutrinos into sterile neutri
are strongly constrained by the recent data~see, e.g., Refs
@6,26–28#!. However, so far no dedicated global analys
exist where a participation of a sterile neutrino in the osc
lations is fully taken into account.1 Here we present a com
plete solar neutrino analysis including sterile neutrinos,
termining the allowed ranges for the oscillation paramet
uSOL and DmSOL

2 , as well as for the parameter 0<hs<1

1In Ref. @32# admixtures of a sterile neutrino to solar oscillatio
are considered. However, the authors of Ref.@32# are mainly inter-
ested in the determination of the solar neutrino fluxes and he
their results are complementary to those obtained here. Some
siderations of sterile solar neutrino oscillations can also be foun
Ref. @30#.
©2003 The American Physical Society11-1
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describing the active-sterile admixture. Furthermore, we
vestigate in detail the impact of the SNO neutral curre
spectral, and day/night data and compare with an anal
where we use only the charged current rate from SNO.

Concerning the atmospheric data, we perform an upd
of previous analyses@23,33#, adopting again the most gen
eral parametrization of atmospheric neutrino oscillations
the presence of sterile neutrino mixing, characterized by f
parameters. We find that the recent 1489-day Su
Kamiokande data combined with the latest MACRO d
lead to considerably stronger rejection against a sterile n
trino contribution to the oscillations than the previous 128
day data sample.

The plan of the paper is as follows. In Sec. II A we set t
general parametrization for solar oscillations in the prese
of active-sterile mixing. In Sec. II B we briefly describe th
solar neutrino data and their analysis. In Sec. II C we pres
the results of our analysis, aimed at studying the impac
recent solar data in the determination of the solar neut
oscillation parameters, assuming, as mentioned, that thne
may convert to a mixture of active and sterile neutrinos.
give the regions of oscillation parameters for different
lowed hs values, display the global behavior o
DxSOL

2 (DmSOL
2 ) andDxSOL

2 (uSOL), calculated with respect to
the favored active large mixing angle~LMA ! solution, and
evaluate the impact of the SNO NC, spectral, and day/n
data. Present solar data exhibit a higher degree of rejec
against non-LMA and/or nonactive oscillation solution
which we quantify, giving also the absolute goodness of
~GOF! of various oscillation solutions. Our solar neutrin
results are briefly compared with those obtained in other
cent analyses in Sec. II D. In Sec. III A we set our notatio
for atmospheric oscillations in the presence of active-ste
admixture. In Sec. III B we briefly describe the atmosphe
neutrino data and their analysis. In Sec. III C we describe
results for atmospheric oscillation parameters in an impro
global fit of current atmospheric neutrino data. We quan
the impact both of our improved analysis as well as that
the recent data in rejecting against the sterile oscillation
pothesis. We update the corresponding regions of oscilla
parameters and display the global behavior
DxATM

2 (DmATM
2 ) and DxATM

2 (uATM). We compare the situa
tion before and after the recent 1489-day atmosph
Super-K data samples and give the present GOF of the
cillation hypothesis. In Sec. III D, we briefly compare o
atmospheric neutrino results with those of other analys
Finally, in Sec. IV we present our conclusions.

II. SOLAR NEUTRINOS

A. Active-sterile solar neutrino oscillations

In the following we will analyze solar neutrino data in th
general framework of mixed active-sterile neutrino oscil
tions. In this case the electron neutrino produced in the
converts into a combination of an active nonelectron n
trino nx ~which again is a combination ofnm andnt) and a
sterile neutrinons :

ne→A12hs nx1Ahs ns . ~1!
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The parameterhs with 0<hs<1 describes the fraction o
the sterile neutrino participating in the solar oscillation
Therefore the oscillation probabilities depend on the th
parametersDmSOL

2 , uSOL, andhs . The natural framework of
light sterile neutrinos participating in oscillations are fou
neutrino mass schemes, proposed to account for the LS
result @22# in addition to solar and atmospheric neutrino o
cillations. For previous studies of solar neutrino oscillation
a four-neutrino framework see Refs.@21,33,34# and for an
exact definition of the solar parameters and adopted appr
mations see Ref.@23#.

B. Data and analysis

As experimental data, we use the solar neutrino rates
the chlorine experiment Homestake@2# (2.5660.16
60.16 SNU), the most recent result of the gallium expe
ments SAGE@3# (70.8 25.2

15.3
23.2
13.7 SNU) and GALLEX/GNO

@4# (70.864.563.8 SNU), as well as the 1496-days Supe
Kamiokande data sample@1# in the form of 44 bins~eight
energy bins, six of which are further divided into seven z
nith angle bins!. In addition to this, we include the lates
results from SNO presented in Refs.@6,7#, in the form of 34
data bins~17 energy bins for each day and night period!.
Therefore in our statistical analysis we use 3144134581
observables, which we fit in terms of the three parame
DmSOL

2 , uSOL, andhs , with a xSOL
2 of the form

xSOL
2 ~DmSOL

2 ,uSOL,hs!

5 (
i , j 51

81

~Ri
ex2Ri

th!•~sex
2 1s th

2 ! i j
21

•~Rj
ex2Rj

th!.

~2!

In order to fully isolate the impact of the recent neutr
current, spectral, and day/night information of the SNO
sult, we also present an analysis which does not include s
information. To this aim we use only the SNO events w
energy higher than 6.75 MeV, for which the NC compone
is negligible@5#. We sum these events to a single rate, co
bining with Cl, Ga rates and full Super-K data, as describ
above. This procedure is analogous to the pre-SNO-NC s
ation, except that we take advantage of the enhanced st
tics on the CC rate provided by the new data. We will refer
this analysis as SNOCC

rateanalysis and it contains 48 dat
points. The comparison with the analysis including the co
plete SNO data published this year (SNOCC,NC

SP,DN) allows us to
highlight the impact of the SNO NC, spectral, and day/nig
information.

For the solar neutrino fluxes we use the standard s
model ~SSM! flux @35#, including its standard8B flux
prediction.2 Motivated by the excellent agreement of the r
cent SNO NC result with the predictions of the standa
solar model, we prefer to adopt a boron-fixed analysis. Ho
ever, for the case of the LMA solution we explicitly illustrat

2We choose not to include the flux indicated by the recentS17

measurement of Ref.@36#.
1-2
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CONSTRAINING NEUTRINO OSCILLATION . . . PHYSICAL REVIEW D67, 013011 ~2003!
the effect of this assumption by performing also a boron-f
analysis, where we treat the solar8B flux as free parameter in
the fit. For simplicity we neglect thehep and F neutrino
fluxes, whose contribution to the present solar neutrino
periments is marginal, while for thepp, Be, B,pep, N, and O
fluxes we use the SSM value given in Ref.@35#, taking prop-
erly into account their theoretical uncertainties and cross
relations in the calculation of thex2 function.

For the neutrino cross sections of chlorine, SAG
GALLEX/GNO, and Super-K we assume the same as use
previous papers@37–39#, while for the CC and NC neutrino
deuteron differential cross sections relevant for SNO we
the tables given in@40#. The contribution of the cross-sectio
uncertainties to the covariance matrix for the chlorine a
gallium experiments is calculated as suggested in Ref.@32#.
For a given experiment~chlorine or gallium! we use full
correlation of the error on the cross section for low-ene
neutrino fluxes~pp, pep, Be, N, and O!, but no correlation of
the cross section error between the low-energy fluxes and
higher-energy8B flux.

The neutrino survival probabilityPee is extracted from
the neutrino evolution operatorU, which we factorize as a
product of three factorsUsun, Uvac, andUearthcorresponding
to propagation in the Sun, vacuum, and Earth, respectiv
The first and last factors include matter effects with the c
responding density profiles given in Refs.@35# and@41#. As a
simplifying approximation, we assume thatUsun depends
only on the neutrino production pointxW0 , Uvac only on the
Sun-Earth distanceL, andUearth depends only on the zenith
anglez of the incoming neutrinos. Therefore in our calcul
tions we neglect the small correlation between seasona
fects and day-night asymmetry@42#. For each value of the
neutrino oscillation parametersDmSOL

2 /E, uSOL, andhs we
calculate the neutrino survival probabilityPee by averaging
over xW0 , L, and z, properly accounting for all the interfer
ence terms betweenUsun, Uvac, andUearth.

Special care is taken in including all the theoretical a

FIG. 1. Allowed regions of tan2uSOL andDmSOL
2 for hs50 ~ac-

tive oscillations!, hs50.2, andhs50.5. The lines indicate the re
gions determined by the SNOCC

rate analysis~see definition in text!,
the shaded regions correspond to SNOCC,NC

SP,DN ~see text!. The confi-
dence levels are 90%, 95%, 99%, and 3s for 3 degrees of freedom
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experimental errors and their cross correlations in the ca
lation of the covariance matrix, for which we follow th
description of Ref.@31# ~covariance approach!. In particular,
the errors associated to the boron-flux shape, the ene
scale, and the energy-resolution uncertainties of the Su
Kamiokande and SNO experiments are recalculated for e
point in parameter space.

C. Results and discussion

In order to determine the expected event numbers for
various solar neutrino experiments we calculate thene sur-
vival probability for each point in parameter space
(tan2uSOL,DmSOL

2 ,hs) and convolute it with the standard so
lar model neutrino fluxes@35# and the relevant neutrino cros
sections. We have compared such expected event num
with the data described above, taking into account the de
tor characteristics and appropriate response functions. U
the above-mentionedxSOL

2 we have performed a global fit o
solar neutrino data, whose results we now summarize.

Our global best fit point occurs for the values

tan2uSOL50.46, DmSOL
2 56.631025 eV2 ~3!

and corresponds tohs50. We obtain axmin
2 565.8 for 81

23 degrees of freedom~DOF!, leading to the excellen
goodness of fit of 84%. In Fig. 1 we display the regions
solar neutrino oscillation parameters for 3 DOF with resp
to this global minimum, for the standard case of active
cillations, hs50, as well as forhs50.2 andhs50.5. The
first thing to notice is the impact of the SNO NC, spectr
and day/night data in improving the determination of t
oscillation parameters: the shaded regions after their in
sion are much smaller than the hollow regions delimited
the corresponding SNOCC

rate confidence contours. Especiall
important is the full SNOCC,NC

SP,DN information for excluding
maximalsolar mixing in the LMA region and in closing th
LMA region from above in DmSOL

2 . Values of DmSOL
2

.1023 eV2 appear only at 3s. Previously solar data on its

FIG. 2. DxSOL
2 as a function ofDmSOL

2 and tan2uSOL, for pure
active (hs50), pure sterile (hs51), and mixed neutrino oscilla-
tions (hs50.5). Upper and lower panels correspond to t
SNOCC

rate and SNOCC,NC
SP,DN samples defined in text.
1-3
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FIG. 3. DxSOL
2 displayed as a function ofhs with respect to favored active LMA solution, for the SNOCC

rate~left panel! and the
SNOCC,NC

SP,DN~right panel! analysis, as defined in text.
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own could not close the LMA region, only the inclusion
data from reactor experiments@15# ruled out the upper par
of the LMA region@38#. We obtain the following 3s ranges
~1 DOF!:

LMA: 0.26<tan2uSOL<0.85,

2.631025 eV2<DmSOL
2 <3.331024 eV2. ~4!

It is interesting to note that these 3s intervals are essentially
unchanged if we minimize with respect tohs or if we apply
the constrainths50 ~pure active oscillations!. In order to
compare our allowed regions given in Fig. 1 with those
other groups, one has to take into account that we calcu
the C.L. regions for the 3 DOF tan2uSOL, DmSOL

2 , andhs .
Therefore at a given C.L. our regions are larger than
usual regions for 2 DOF, because we also constrain the
rameterhs .

Next we notice the enhanced discrimination against n
LMA solutions implied by the new data, apparent in Figs.
2, and 3. This shows that the first hints@37,43# in favor of a
globally preferred LMA oscillation solution, which followed
mainly from the flatness of the Super-K spectra, have n
become a robust result, thanks to the additional data
which SNO has contributed significantly.3 One sees that, in
contrast with the SNOCC

rate situation, non-LMA solutions do
not appear at 95% C.L. However, the LOW solution~LOW!
and vacuum oscillation~VAC! solutions still appear at 99%
C.L. for 3 DOF.

In order to concisely illustrate the above results we d
play in Fig. 2 the profiles ofDxSOL

2 as a function ofDmSOL
2

~left! as well as tan2uSOL ~right! by minimizing with re-
spect to the undisplayed oscillation parameters, for the fi
values ofhs50, 0.5, 1. By comparing top and bottom pane
in Fig. 2 one can clearly see the impact of the f

3See also Ref.@44#.
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SNOCC,NC
SP,DN sample in leading to the relative worsening of a

non-LMA solutions with respect to the preferred active LM
solution.

The corresponding best fit values for the various solutio
of DmSOL

2 anduSOL and the values ofxSOL
2 evaluated at the

best fit points are compiled in Table I. This table gives resu
for the three cases considered above: pure active, pure
ile, and mixed neutrino oscillations, both for the SNOCC

rate and
the full SNOCC,NC

SP,DN analysis. To calculate the goodness of
of the various solutions we evaluate in this table thex2 for
4822 (8122) DOF for the SNOCC

rate (SNOCC,NC
SP,DN) analysis

defined previously. Note that we fixhs at the three values 0
0.5, and 1. In the pure active case we find for LOW, VA
small mixing angle~SMA!, and just-so2 the following dif-
ferences inx2 relative to the global best fit in LMA:

DxLOW
2 58.7, DxVAC

2 58.6,

DxSMA
2 523.5, Dx just-so2

2
531.0. ~5!

Note that especially SMA and just-so2 are highly disfavored
with respect to LMA.

In addition to the scrutiny of the different neutrino osc
lation solutions in the solar neutrino oscillation paramet
DmSOL

2 and uSOL, the present solar data can test the ste
neutrino oscillation hypothesis, characterized by the para
eter hs introduced above. The results can be presented
several equivalent ways. For example, rejection of sterile
lar neutrino oscillations is already hinted by comparing t
middle and right panels of Fig. 1 with the left one, corr
sponding to the pure active oscillation case: clearly the so
tions deteriorate ashs increases. Furthermore, the lines f
hs50.5 andhs51 shown in Fig. 2 clearly show that steril
solutions are strongly disfavored with respect to pure ac
solutions.

In order to summarize the above results we display in F
3 the profile ofDxSOL

2 as a function of 0<hs<1, irrespec-
tive of the detailed values of the solar neutrino oscillati
1-4
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TABLE I. Best fit values ofDmSOL
2 anduSOL with the correspondingxSOL

2 and GOF for pure active, pure
sterile, and mixed neutrino oscillations. Results are given for the SNOCC

rate ~left column! and for the full
SNOCC,NC

SP,DN analysis ~right column!. The relevant number of DOF is 4822 (8122) for the SNOCC
rate

(SNOCC,NC
SP,DN) analysis.

SNOCC
rate SNOCC,NC

SP,DN

Region tan2uSOL DmSOL
2 xSOL

2 GOF tan2uSOL DmSOL
2 xSOL

2 GOF

Pure active (hs50)

LMA 0.46 7.231025 40.9 69% 0.46 6.631025 65.8 86%
LOW 0.83 4.831028 46.2 46% 0.66 7.931028 74.4 62%
VAC 1.7 6.6310210 45.0 51% 1.7 6.3310210 74.4 63%
SMA 1.131023 5.031026 57.8 11% 1.431023 5.031026 89.3 20%
just-so2 1.0 5.5310212 59.6 9% 1.0 5.5310212 96.8 8%

Mixed (hs50.5)

LMA 0.46 7.631025 45.4 50% 0.42 6.631025 74.4 62%
LOW 0.91 3.531028 51.1 28% 0.83 4.831028 86.3 27%
VAC 1.6 6.9310210 49.4 34% 0.35 4.6310210 81.3 41%
SMA 3.631024 4.031026 59.7 8% 4.431024 4.031026 96.3 9%
just-so2 1.0 5.5310212 59.8 8% 1.0 5.5310212 97.0 8%

Pure sterile (hs51)

LMA 0.44 1.631024 56.0 15% 0.38 1.631024 99.0 6%
LOW 1.6 1.431029 58.5 10% 1.6 1.131029 101.6 4%
VAC 1.7 6.9310210 56.1 15% 0.33 4.6310210 89.1 21%
SMA 3.531024 3.531026 61.2 7% 3.631024 3.531026 99.4 6%
just-so2 1.1 5.5310212 59.9 8% 1.0 5.5310212 97.2 8%
ec
po
w
f

-
ng
ch
m
ith

-
tive

sis

e
ce

ed
e

he
parametersDmSOL
2 and uSOL. This figure clearly illustrates

the degree with which the solar neutrino data sample rej
the presence of a sterile component for each one of the
sible solar neutrino oscillation solutions. The figure sho
how the preferred LMA status survives in the presence o
small sterile component characterized byhs ~also seen in
Figs. 1 and 2!. Further, one sees that the valuehs50 is
always preferred, so that increasinghs leads to a deteriora
tion of all oscillation solutions. Notice that there is a crossi
between the LMA and VAC solutions, as a result of whi
the best pure sterile description lies in the vacuum regi
However, in the global analysis pure sterile oscillations w
hs51 are highly disfavored. We find ax2-difference be-
tween pure active and sterile ofDxs2a

2 533.2 if we restrict to
01301
ts
s-

s
a

e.

the LMA solution, orDxs2a
2 523.3 if we allow also for VAC.

For 3 DOF theDxs2a
2 523.3 implies that pure sterile oscil

lations are ruled out at 99.997% C.L. compared to the ac
case.

For the LMA solution we have also performed an analy
without fixing the boron flux to its SSM prediction. In
this case we treat the8B flux as a free parameter in th
fit, and remove the error on this flux from the covarian
matrix. From Fig. 3 one can see that the constraint onhs
is weaker in the boron-free case than in the boron-fix
one, since a small sterile component can now b
partially compensated by increasing the total8B flux
coming from the Sun. From the figure we obtain t
bounds
FIG. 4. Best-fit active solar neutrino survival probabilities.
1-5
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MALTONI, SCHWETZ, TÓRTOLA, AND VALLE PHYSICAL REVIEW D 67, 013011 ~2003!
solar data: hs<0.44 ~boron-fixed!,

hs<0.61 ~boron-free! ~6!

at 99% C.L. for 1 DOF. In summary, we have found that,
long as the admixture of sterile neutrinos is acceptably sm
the LMA is always the best of the oscillation solutions, e
tablishing its robustness also in our generalized oscilla
scheme.

To round off our discussion of the solar neutrino fit upda
we present in Fig. 4 thene survival probability versus energ
E for the various solutions LMA, LOW, and VAC, calculate
as described above at the localx2-minima given in Table I.
Similar plots can be made for the case of sterile oscillatio

D. Comparison with other groups

Before turning to the atmospheric neutrino fits let us co
pare our solar neutrino results with those of other grou
Since the release of the latest SNO data in April 2002 sev
analyses have appeared. Taking into account the l
amount of experimental input data, variations in the analy
~such as the construction of thex2 function or the treatmen
of theoretical errors! and the complexity of the codes in
volved it seems interesting to compare quantitatively the o
comes of different analyses. In Table II we have compi
some illustrative results of the solar neutrino analyses p
formed by the SNO and Super-K collaborations@1,7#, as well
as theoretical ones@9,25–31#.

Generally speaking, on statistical grounds, one exp
the differences in the statistical treatment of the data to h
little impact on the global best fit parameter values, which
in the LMA region for all analyses and are in good agre
ment. These differences typically become more visible
one compares absolute values of thex2, and/or as one de
parts from the best fit region towards more disfavored so
tions. Aware of this, we took special care with details such
the dependence of the theoretical errors on the oscilla
parameters, which enter in the covariance matrix charac
izing the Super-K and SNO electron recoil spectra. This w
we obtain results which we consider reliable in the full o
cillation parameter space.

In the row labeled ‘‘DOF’’ we show the number of ana
lyzed data points minus the fitted parameters in e
analysis.4 One can see from these numbers that vari
groups use different experimental input data, in particular
spectral and zenith angle information of Super-K and
SNO is treated in different ways. Despite obvious differen
in the analyses there is relatively good agreement on the
fit LMA active oscillation parameters: the obtained best
values for tan2uSOL are in the range 0.3420.47 and for
DmSOL

2 they lie in the interval (5.027.9)31025 eV2. There
is also good agreement on the allowed ranges of the osc
tion parameters~not shown in the table!. For example, the

4Here we do not treaths as a free fit parameter, since we consid
only the limiting caseshs50 and 1; this is the reason for the num
ber 8122 in the present analysis.
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3s intervals given in Ref.@25# (0.24<tan2uSOL<0.89 and
2.331025 eV2<DmSOL

2 <3.731024 eV2) and in Ref.@29#
(tan2uSOL<0.84 and 2.331025 eV2<DmSOL

2 <3.6
31024 eV2) agree very well with the ranges given in E
~4!. However, even for the favored LMA solution, there a
some differences in the GOF of the best fit LMA solutio
ranging from 53%@25# to 97%@27#, due to differences in the
construction of thex2 function by different groups.

There is remarkable agreement on the rejection of
LOW solution with respect to LMA with aDxLOW,active

2

'10. Our result for the vacuum solutionDxVAC,active
2 58.6 is

in good agreement with the values obtained in Re
@1,25,29,31#, whereas Refs.@26,27,30# obtain higher values.
Our result for the SMA solution ofDxSMA, active

2 523.5 is in
good agreement with the values obtained in Refs.@25,30,31#;
while Refs. @26,29# and especially Ref.@27# obtain higher
values. On the other hand in Ref.@1# SMA is somewhat less
disfavored.5

There had been so-far no dedicated global analysis of
lar neutrino oscillations including the most recent SNO d
for the case where sterile neutrinos take part in solar osc
tions (hsÞ0). Model-independent considerations of tran
tions into sterile neutrinos can be found in Refs.@6,26–28#.
Solar neutrino oscillations in the presence of active-ste
admixtures are also studied in Ref.@32#, although in a differ-
ent context. In the lower part of Table II we compare t
partial results given in Refs.@25# and@30# for the pure sterile
case (hs51) with the corresponding values found in th
present analysis. Although there are noticeable difference
the shownDx2 values, there is agreement on the qualitat
behavior. We have also studied intermediate levels of ste
neutrino admixture, giving the corresponding regions of
cillation parameters and the fullx2 profiles relative to the
favored active LMA solution~not shown in Table II, see
Figs. 1, 2, and 3!.

We now turn to the analysis of the latest atmospheric d
As already mentioned in the introduction, separate analy
of solar and atmospheric data samples constitute the ne
sary ingredients towards a full combined study of all curre
oscillation data, including also the short-baseline data,
shown in@23,24#.

III. ATMOSPHERIC NEUTRINOS

A. Active-sterile atmospheric neutrino oscillations

In our analysis of atmospheric data we will make use
the hierarchyDmSOL

2 !DmATM
2 and neglect the solar mas

splitting. Further, in order to comply with the strong co
straints from reactor experiments@15# we completely de-
couple the electron neutrino from atmospheric oscillation6

In the following we will consider atmospheric neutrino da
in a generalized oscillation scheme in which a light ster
neutrino takes part in the oscillations. The setting for su
scenarios are four-neutrino mass schemes@16–18#. In such
schemes, besides the solar and atmospheric mass-split

r 5Tracing back the reason for these and other differences in T
II goes beyond the scope of this work.

6For a dedicated study of these issues see Ref.@45#.
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TABLE II. Comparison of solar neutrino analyses among different groups. We show the number of analyzed data points minus the fitted parameters, the best fit values of tan2uSOL

andDmSOL
2 for active oscillations and the correspondingx2-minima, and GOF. Further we show theDx2 with respect to the best fit LMA active solution for various other solutions

~active, as well as sterile!.

SNO
Collaboration
@7#, Table IV

Super-K
Collaboration
@1#, Table III

Barger
et al. @27#,

Table II

Bandyopadhyay
et al. @26#,

Table II

Bahcall
et al. @25#,
Table IV

Creminelli
et al. @30#,

Chap. 7

Aliani
et al. @28#,

Table II

De Holanda
and Smirnov@29#,

Table I

Fogli
et al. @31#,

Table I

Barranco
et al. @9#,
Table I

Present
analysis

DOF 7523 46 7523 4924 8023 4922 4124 8123 8123 8122 8122

Best fit LMA solution

tan2uSOL 0.34 0.38 0.39 0.41 0.45 0.45 0.40 0.41 0.42 0.47 0.46

DmSOL
2 @1025 eV2# 5.0 6.9 5.6 6.1 5.8 7.9 5.4 6.1 5.8 5.6 6.6

xLMA
2 57.0 43.5 50.7 40.6 75.4 33.0 30.8 65.2 73.4 68.0 65.8

GOF 90% 58% 97% 66% 53% 94% 80% 85% 63% 81% 86%

DxLOW,active
2 10.7 9.0 9.2 10.0 9.6 8.1 12.4 10.0 8.7

DxVAC,active
2 10.0 25.6 15.5 10.1 14.0 9.7 7.8 8.6

DxSMA,active
2 15.4 57.3 30.4 25.6 23.0 34.5 23.5 23.5

DxLMA,sterile
2 29.0 33.2

DxLOW,sterile
2 35.9

DxVAC,sterile
2 26.0 23.3

DxSMA,sterile
2 39.7 33.6

C
O

N
S

T
R

A
IN

IN
G

N
E

U
T

R
IN

O
O

S
C

ILLAT
IO

N
...

P
H

Y
S

IC
A

L
R

E
V

IE
W

D67,
013011

~2003!

013011-7



t

re
a

-
r

da

o-
t
ss

n-

ly

ge

th
n-
-

tio
s
at
th
a

uc
O
g
r
5

e
d
n
a
a

ila
e

bi
ha
e
u

m-

eu-
the

n
ers

g
the

or
bins
n-

-
ter-
ble

ble
n-

as

th

vent
les,

n

MALTONI, SCHWETZ, TÓRTOLA, AND VALLE PHYSICAL REVIEW D 67, 013011 ~2003!
there is also a largeDm2 motivated by the LSND experimen
@22#. In contrast with the case of solarne oscillations, the
constraints on thenm content in atmospheric oscillations a
not so stringent: in fact such constrains are provided by
mospheric data themselves@46#. As a result, to describe at
mospheric neutrino oscillations in this general framewo
@23,33# we need two more parameters besides the stan
2-neutrino oscillation parametersuATM andDmATM

2 . We will
use the parametersdm andds already introduced in Ref.@23#,
and defined in such a way that (12dm) and (12ds) corre-
spond to the fractions ofnm and ns participating in oscilla-
tions with DmATM

2 , respectively. Hence pure active atm
spheric oscillations withDmATM

2 are recovered in the limi
dm50 andds51. In four-neutrino models there is a ma
scheme-dependent relationship betweends and the solar pa-
rameterhs . For details see Ref.@23#.

We will also perform an analysis by imposing the co
straint dm50. In such ‘‘restricted’’ analysis thenm is com-
pletely constrained to the atmospheric mass states. On
this limit the parameterds has a similar interpretation ashs

introduced in the solar case. Fordm50 we obtain thatnm

oscillates into a linear combination ofnt and ns with
DmATM

2 :

dm50 : nm→Ads nt1A12ds ns . ~7!

B. Data and analysis

For the atmospheric data analysis we use all the char
current data from the Super-Kamiokande@13# and MACRO
@14# experiments. The Super-Kamiokande data include
e-like and m-like data samples of sub- and multi-GeV co
tained events~ten bins in zenith angle!, as well as the stop
ping ~five angular bins! and through-going~ten angular bins!
up-going muon data events. We do not use the informa
on nt appearance, multiringm, and neutral-current event
since an efficient Monte Carlo simulation of these d
samples would require a more detailed knowledge of
Super-Kamiokande experiment, and in particular of the w
the neutral-current signal is extracted from the data. S
information is presently not available to us. From MACR
we use the through-going muon sample divided in ten an
lar bins@14#. We did not include in our fit the results of othe
atmospheric neutrino experiments, such as the recent
kton-yr data from Soudan-2@47#, since at the moment th
statistics is completely dominated by Super-Kamiokan
@38#. Furthermore, some of the older experiments have
angular sensitivity, and thus cannot be used to discrimin
between active and sterile neutrino conversion, our m
goal.

Our statistical analysis of the atmospheric data is sim
to that used in Ref.@23#, except that we now take advantag
of the new Super-Kamiokande data and of the full ten-
zenith-angle distribution for the contained events, rather t
the five-bin distribution employed previously. Therefore w
have now 65 observables, which we fit in terms of the fo
relevant parametersDmATM

2 , uATM , dm , andds :
01301
t-

k
rd

in

d-

e

n

a
e
y
h

u-

.9

e
o
te
in

r

n
n

r

xATM
2 ~DmATM

2 ,uATM ,dm ,ds!

5 (
i , j 51

65

~Ni
ex2Ni

th!•~sex
2 1s th

2 ! i j
21

•~Nj
ex2Nj

th!.

~8!

Concerning the theoretical Monte Carlo program, we i
prove the method presented in Ref.@38# by properly taking
into account the scattering angle between the incoming n
trino and the scattered lepton directions. This was already
case for sub-GeV contained events, however, previously@23#
we made the simplifying assumption of full neutrino-lepto
collinearity in the calculation of the expected event numb
for the multi-GeV contained and up-going-m data samples.
While this approximation is still justified for the stoppin
and thru-going muon samples, in the multi-GeV sample
theoretically predicted value for down-comingnm is system-
atically higher if full collinearity is assumed. The reason f
this is that the strong suppression observed in these
cannot be completely ascribed to the oscillation of the dow
coming neutrinos~which is small due to small travel dis
tance!. Because of the non-negligible neutrino-lepton scat
ing angle at these multi-GeV energies there is a siza
contribution from up-going neutrinos~with a higher conver-
sion probability due to the longer travel distance! to the
down-coming leptons. However, this problem is less visi
when the angular information of multi-GeV events is i
cluded in a five angular bins presentation of the data,
previously assumed@48#.

C. Results and Discussion

Folding together the atmospheric neutrino fluxes@49#, our
calculated neutrino survival probabilities including Ear
matter effects with the profile of Ref.@41#, and the relevant
neutrino cross sections, we determine the expected e
numbers for the various atmospheric neutrino observab

FIG. 5. Allowed regions of the parameters sin2uATM andDmATM
2

at 90%, 95%, 99%, and 3s for 4 DOF and different assumptions o
the parametersds and dm ~see text!. The lines ~shaded regions!
correspond to 1289~1489! days of Super-K data.
1-8
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FIG. 6. DxATM
2 as a function of sin2uATM ~left! andDmATM

2 ~right!, using 1289-~upper! and 1489-~lower! days of Super-K data, for the
case of neutrino oscillations with arbitraryds anddm , best-fitds anddm , pure active, and mixed active-sterile neutrino oscillations.
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taking into account the appropriate detector response cha
teristics. Comparing with the data described in Sec. III B,
have performed a global fit of the atmospheric neutrino d
using the above-discussedxATM

2 , following the same method
used in Ref.@38#. We now summarize the main features
this fit.

Our global best fit point occurs at the parameter value

sin2uATM50.49, DmATM
2 52.131023 eV2 ~best! ~9!

and ds50.92, dm50.04. We see that atmospheric data p
fers a small sterile neutrino admixture. However, this eff
is not statistically significant, also the pure active caseds
51,dm50) gives an excellent fit: the difference inx2 with
respect to the best fit point is onlyDxact2best

2 53.3. For the
pure active best fit point we obtain

sin2uATM50.5, DmATM
2 52.531023 eV2 ~active!

~10!

with the 3s ranges~1 DOF!

0.3<sin2uATM<0.7,

1.231023 eV2<DmATM
2 <4.831023 eV2 ~active!.

~11!

The determination of the parametersuATM andDmATM
2 is

summarized in Figs. 5 and 6. At a given C.L. we cut t
xATM

2 at a Dx2 determined by 4 DOF to obtain four
dimensional volumes in the parameter space
01301
ac-
e
ta

-
t

f

(uATM ,DmATM
2 ,dm ,ds). In the upper panels we show se

tions of these volumes at values ofds51 anddm50 corre-
sponding to the pure active case~left! and at the best fit poin
~right!. Again we observe that moving from pure active
the best fit does not change the fit significantly. In the low
right panel we project away bothdm andds , whereas in the
lower left panel we fixds50.5 and project away onlydm .
Comparing the regions resulting from 1489-days Supe
data ~shaded regions! with those from the 1289-day
Super-K sample~hollow regions! we note that the new dat
leads to a slightly better determination ofuATM andDmATM

2 .
However, more importantly, from the lower left panel we s
that the new data shows a stronger rejection against a st
admixture: fords50.5 no allowed region appears at 3s for 4
DOF.

In Fig. 6 we display theDx2 with respect to the globa
best fit point as a function of sin2uATM ~for both signs of
uATM) and DmATM

2 , minimizing with respect to the othe
parameter, for different assumptions on the parametersds
and dm . In contrast to the solar case shown in Fig. 2 t
atmosphericx2 exhibits a beautiful quadratic behavior, re
flecting the fact that the oscillation solution to the atm
spheric neutrino problem is robust and unique. Notice ag
the significant worsening of the fit for the case of a siza
sterile neutrino admixture~see, e.g., the line correspondin
to ds50.5).

In Fig. 7 we summarize the behavior of atmosphericx2

with respect to the parametersds anddm . Indeed, the most
striking result of the present improved analysis is the str
ger rejection we now obtain on the fraction of the ster
neutrino 12ds in atmospheric oscillations. Figure 7~b! clear-
ly illustrates the degree to which the atmospheric neutr
1-9
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FIG. 7. ~a! Allowed regions of the parametersds anddm at 90%, 95%, 99%, and 3s for 2 DOF. The lines~shaded regions! correspond
to 1289-~1489-! days Super-K data. Further we showDxATM

2 as a function ofds ~b! and dm ~c!, minimized with respect to all othe
parameters. The subscript ‘‘R’’ refers to the restricted analysis withdm50.
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data sample rejects the presence of a sterile componen
this basis one can place a model-independent atmosp
limit on the parameterds ,

atmospheric data: 12ds<0.35 ~12!

at 99% C.L.~1 DOF!. For the case of the restricted analys
in which dm50, we obtain7

dm50: 12ds<0.16. ~13!

By comparing Eqs.~12! and~13! we note the importance o
taking into account the finitedm value in the analysis.

Although there is no substantial change in the 99% C
bounds on 12ds due to the new Super-K data there is a hu
effect for the case of sizable sterile neutrino admixturesds
&0.5. In Table III we have compiled the best fit values
sin2uATM , DmATM

2 , thex2 values, and the GOF for the var
ous atmospheric data samples for pure active and pure s
oscillations. In the last column we give the difference inx2

between active and sterile oscillation cases. Comparing th
numbers for the 1289- and 1489-days Super-K samples
observe that all the new data except the sub-GeV sample
to a significantly higher rejection against sterile oscillatio
In combination with MACRO data the 1289-days Super
gave a difference between pure sterile and active oscillat
of Dxs2a

2 517.8, whereas with the recent data we obtain

Dxs2a
2 534.6, ~14!

showing that pure sterile oscillations are highly disfavor

7Note that in this case the C.L. regions should be defined w
respect to the ‘‘restricted’’ best fit point, which occurs fords

50.99, and not with respect to the global one.
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with respect to the active ones.8 Let us note that MACRO
data give an important contribution to this effect: MACR
alone disfavors the sterile oscillations already withDxs2a

2

59.0. These limits on the sterile admixture are significan
stronger than obtained previously@23# and play an important
role in ruling out four-neutrino oscillation solutions in
combined global analysis of the LSND anomaly@24#. Note,
however, that in contrast with the case ofds , there is no
substantial improvement in constraining the parameterdm
due to the new data, as seen in Fig. 7~c!.

In order to better appreciate the excellent quality of t
neutrino oscillation description of the present atmosphe
neutrino data sample we display in Fig. 8 the zenith an
distribution of atmospheric neutrino events. Clearly, act
neutrino oscillations describe the data very well indeed.
contrast, no oscillations can be visually spotted as being
consistent. On the other hand conversions to sterile neutr
lead to an excess of events for neutrinos crossing the cor
the Earth, in all the data samples except sub-GeV.

D. Comparison with other groups

Let us briefly compare our atmospheric neutrino oscil
tion results with those of other groups. Apart from the ana
ses presented in Refs.@23,33# there had been no other com
plete atmospheric neutrino analysis taking into account

h

8Here we should remark that this big improvement in constrain
the sterile component—which is clearly visible also in the analy
presented by the Super-K collaboration itself—cannot be explai
only by the improved statistics provided by the new data sam
The leading contribution comes instead from a change in the
themselves, which may indicate that some modification in the
perimental efficiencies has been introduced. However, we h
verified that such changes do not affect the theoretical predict
since no difference between 1289 and 1489 days is visible in
Monte Carlo program of the Super-K collaboration.
1-10
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TABLE III. Atmospheric neutrino best-fit oscillation parameters for pure active and pure sterile oscillations for the various data sa

Active (dm50, ds51) Sterile (dm50, ds50)
Data sample DOF sin2u Dm2 @eV2# xact

2 GOF sin2u Dm2 @eV2# xste
2 GOF Dxs–a

2

Super-K-1289 days, improved

SK sub-GeV 2022 0.50 2.131023 14.9 67% 0.50 2.231023 15.0 66% 0.1
SK multi-GeV 2022 0.50 1.831023 6.4 99% 0.57 3.531023 11.3 88% 4.8
SK stop-m 522 0.50 4.231023 1.2 76% 0.61 4.031023 3.1 38% 1.9
SK thru-m 1022 0.29 6.331023 5.3 73% 0.84 1.031022 7.8 45% 2.5
MACRO 1022 0.50 2.431023 11.0 20% 0.96 9.431023 20.0 1% 9.0
SK contained 4022 0.50 2.031023 21.4 99% 0.54 3.031023 26.9 91% 5.5
Upgoing-m 2522 0.50 3.331023 19.2 69% 0.72 4.231023 32.8 8% 13.6
SK1MACRO 6522 0.50 2.731023 41.7 98% 0.56 2.831023 59.4 60% 17.8

Super-K-1489 days

SK sub-GeV 2022 0.50 1.931023 9.0 96% 0.51 2.031023 9.0 96% 0.0
SK multi-GeV 2022 0.50 1.331023 10.2 93% 0.57 3.531023 18.4 43% 8.2
SK stop-m 522 0.50 2.831023 1.5 69% 0.75 2.831023 6.9 8% 5.4
SK thru-m 1022 0.50 3.531023 6.3 61% 0.84 6.731023 16.0 4% 9.7
MACRO 1022 0.50 2.431023 11.0 20% 0.96 9.431023 20.0 1% 9.0
SK contained 4022 0.50 1.531023 19.3 99% 0.54 3.031023 28.1 88% 8.8
Upgoing-m 2522 0.50 3.031023 18.9 71% 0.75 3.231023 40.8 1% 22.0
SK1MACRO 6522 0.50 2.531023 40.2 99% 0.61 2.731023 74.9 15% 34.6
o
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most general structure of neutrino mixing in the presence
sterile neutrinos, characterized by four mixing parameters
the analyses of Refs.@13,50# thenm is restricted to the atmo
spheric mass states, which corresponds to the constraindm
50 in our parametrization. However, at the correspond
limiting cases our generalized analysis can be compared
01301
f
In

g
ith

the results of other works. Let us further note that the ana
sis of Ref.@50# is based on the 1289-days SK data sam
~79.5 kton yr! and in contrast to Refs.@13,50# we use also
data from the MACRO experiment.

First, we find very good agreement in the case of p
active oscillations: the agreement of our best fit values gi
vents
FIG. 8. Zenith angle dependence of them-like data used in our fit. Further we show the predicted number of atmospheric neutrino e
for best-fit, pure-active, and pure-sterile oscillations, and no oscillations.
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in Eq. ~10! with those obtained by the Super-K Collaborati
(sin2uATM50.5, DmATM

2 52.531023 eV2 @13#! is excellent,
with good agreement also with the results of Ref.@50#
(sin2uATM50.41,DmATM

2 5331023 eV2). Similarly, also
the allowed ranges shown in the upper left panel of Fig
compare very well with the ranges obtained in Refs.@13,50#.
This shows that the determination of the active atmosph
oscillation parameters is already rather stable with respe
variations in the analysis and inclusion of additional da
Concerning admixtures of sterile neutrinos, we note that
presently not possible to use information onnt appearance
multiring m, and neutral-current events outside the Supe
Collaboration because to simulate these data a deta
knowledge of the detector and the applied cuts is neces
These classes of events should provide additional sensit
towards rejecting a possible contribution of sterile neutrin
Therefore the fact that the value ofDxs2a

2 549.8 @13# be-
tween pure active and sterile oscillations obtained by
Super-K Collaboration is higher than our value 34.6 given
Eq. ~14! is understandable, since with the Super-K data
cessible to us we have a reduced discrimination between
tive and sterile oscillations, based solely on the matter
fects.

IV. CONCLUSIONS

Prompted by the recent data on solar and atmosph
neutrinos we have reanalyzed the global status of oscilla
solutions, taking into account that both the solarne and the
atmosphericnm may convert to a mixture of active and ste
ile neutrinos. In addition to the SNO neutral current, spect
and day/night (SNOCC,NC

SP,DN) results we add the latest 1496-da
solar and 1489-day atmospheric Super-K neutrino d
samples.

We have studied the impact of the recent solar data in
determination of the regions of oscillation parameters for d
ferent allowedhs values, displaying the global behavior o
DxSOL

2 (DmSOL
2 ) andDxSOL

2 (uSOL), calculated with respect to
the favored active LMA solution. We have investigated
detail the impact of the full Cl1 Ga rates1 Super-K spectra
1 the complete SNOCC,NC

SP,DN data set, comparing with the situ
ation when this year’s SNO data is left out. We confirm t
clear preference for the LMA solution of the solar neutri
e
S
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problem and obtain that the LOW, VAC, SMA, and just-s2

solutions are disfavored with aDx259, 9, 23, and 31, re-
spectively, for the pure active case. In addition, we find t
the global solar data sample constrains admixtures of a s
ile neutrino to be smaller than 44% at 99% C.L. This bou
is relaxed to 61% when the solar8B flux is treated as a free
parameter. A pure sterile solution is ruled out with respec
the active one at 99.997% C.L. For allowed sterile neutr
admixtures LMA is always the best of all the oscillatio
solutions. We remark, however, the existence of nonosc
tion solutions@8–10#. These will be crucially tested@9,51# at
the up-coming KamLAND reactor experiment@52#.

By performing an improved fit of the atmospheric da
we have also updated the corresponding regions of osc
tion parameters for the case where the atmosphericnm con-
vert to a mixture of active and sterile neutrinos. We ha
displayed the global behavior ofDxATM

2 (DmATM
2 ) and

DxATM
2 (uATM) for different allowed values of the sterile neu

trino admixture in the atmospheric channel. We have co
pared the situation before and after the recent 1489-day
mospheric Super-K data samples and have shown that
GOF of the oscillation hypothesis is excellent. We ha
found that the recent 1489-day atmospheric Super-K d
strongly constrain a sterile component in atmospheric os
lations: if thenm is restricted to the atmospheric mass sta
only a sterile admixture of 16% is allowed at 99% C.L
while a bound of 35% is obtained in the unconstrained ca
Pure sterile oscillations are disfavored with aDx2534.6
compared to the active case.
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