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Status of three-neutrino oscillations after the SNO-salt data

M. Maltoni,1,* T. Schwetz,2,† M. A. Tórtola,1,‡ and J. W. F. Valle1,§
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We perform a global analysis of neutrino oscillation data in the framework of three neutrinos, including the
recent improved measurement of the neutral current events at the Sudbury Neutrino Observatory. In addition to
all current solar neutrino data, we take into account the reactor neutrino data from KamLAND and CHOOZ,
the atmospheric neutrino data from Super-Kamiokande and MACRO, as well as the first spectral data from the
K2K long baseline accelerator experiment. The up-to-date best-fit values and allowed ranges of the three-flavor
oscillation parameters are determined from these data. Furthermore, we discuss in detail the status of the small
parametersa[Dmsol

2 /Dmatm
2 and sin2 u13, which fix the possible strength ofCP-violating effects in neutrino

oscillations.
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I. INTRODUCTION

Recently, the Sudbury Neutrino Observatory~SNO! ex-
periment @1# has released an improved measurement w
enhanced neutral current sensitivity due to neutron cap
on salt, which has been added to the heavy water in the S
detector. This adds precious information to the large amo
of data on neutrino oscillations published in the past f
years. Thanks to this growing body of data, a rather cl
picture of the neutrino sector is starting to emerge. In p
ticular, the results of the KamLAND reactor experiment@2#
have played an important role in confirming that the dis
pearance of solar electron neutrinos@3–13#, the long-
standing solar neutrino problem, is mainly due to oscillatio
and not to other types of neutrino conversions@14,15#. More-
over, KamLAND has pinned down that the oscillation so
tion to the solar neutrino problem is the large mixing an
~LMA ! Mikheyev-Smirnov-Wolfenstein~MSW! solution
@16–19# characterized by the presence of matter effe
@20,21#. On the other hand, experiments with atmosphe
neutrinos @22–27# show strong evidence in favor ofnm
→nt oscillations, in agreement with the first data from t
K2K accelerator experiment@28#. Together with the nonob
servation of oscillations in reactor experiments at a base
of about 1 km@29,30#, and the strong rejection against tra
sitions involving sterile states@31#, this positive evidence can
be very naturally accounted for within a three-neutri
framework. The large and nearly maximal mixing angles
dicated by the solar and atmospheric neutrino data sam
respectively, come as a surprise for particle physics, a
contrasts with the small angles characterizing the quark
tor.

In this work, we report on the implications of the ne
SNO-salt measurement on the determination of thr
neutrino oscillation parameters. Since the SNO neutral
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rent data accurately determine the flux of the8B neutrinos in
the three-neutrino framework, we no longer assumea priori
the standard solar model~SSM! values of Ref.@32# for the
eight solar neutrino fluxes. However, these predictions
their correlated uncertainties are still taken into account
our fit, by means of an improved version of the pu
approach analysis described in Ref.@33#. In Sec. II, we in-
vestigate the impact of the new data on the solar neut
parameters by performing a fit to solar data and the Ka
LAND reactor experiment in a simple two-neutrino fram
work. In Sec. III, we present the results of the general thr
neutrino fit to the global data from solar, atmospher
reactor, and accelerator neutrino experiments. After fix
our notation in Sec. III A, we investigate the impact of thre
flavor effects on solar neutrino parameters~Sec. III B! and
we give the current best-fit points and allowed ranges for
three-flavor oscillation parameters~Sec. III C!. Furthermore,
in Sec. III D we discuss in detail the constraints on the sm
parameters sin2 u13 and the ratioDmsol

2 /Dmatm
2 , which are the

crucial parameters governing the possible strength ofCP-
violating effects in neutrino oscillations. A summary of th
constraints on three-neutrino oscillation parameters from
current experiments is given in Sec. IV.

II. TWO-NEUTRINO ANALYSIS OF SOLAR AND
KAMLAND DATA

In this section, we investigate the impact of the new SN
salt data on the determination of the solar neutrino para
eters sin2 usol andDmsol

2 in a two-neutrino framework. Before
presenting the global analysis of all solar data, it is instr
tive to determine the restrictions on solar neutrino oscillat
parameters that follow from SNO data only. The regions
limited by the lines in Fig. 1 are obtained only from the ne
SNO-salt data in the form of the neutral current~NC!,
charged current~CC!, and elastic scattering~ES! fluxes as
reported in Ref.@1#. To include these data, we follow th
prescription given in Ref.@34#, taking carefully into account
correlations and systematic effects. The shaded region
Fig. 1 result from the total SNO data including the new s
measurements@1#, as well as the 2002 spectral day/night da
©2003 The American Physical Society10-1
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@11,12#. Following Ref. @34#, the 2002 and 2003 data ar
treated uncorrelated. For details of our SNO spectral an
sis, see Ref.@31#. One sees that Fig. 1 is in good agreem
with the result obtained in Ref.@1#. This figure shows also
that other experiments play an important role in ruling o

FIG. 1. Allowed regions of sin2 usol and Dmsol
2 at 90%, 95%,

99%, and 3s C.L. for 2 d.o.f. from SNO-salt data@1# only ~lines!
and total SNO data@1,11,12# ~shaded regions!.

FIG. 2. Projections of the allowed regions from all solar ne
trino data at 90%, 95%, 99%, and 3s C.L. for 2 d.o.f. onto the plane
of sin2 usol and Dmsol

2 before~lines! and after~shaded regions! the
inclusion of the SNO-salt data. Also shown inDx2 as a function of
sin2 usol andDmsol

2 , minimized with respect to the undisplayed p
rameter.
11301
y-
t
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low-mass solutions, such as the LOW solution, the sm
mixing angle nonadiabatic branch of the MSW plot, as w
as the vacuum type solutions, still present here at the 9
C.L.

With this calibration at hand, we now turn to the fu
two-neutrino data analysis of the global set of solar neutr
data. In addition to the SNO data, we take into account
rates of the chlorine experiment at the Homestake mine@3,4#
(2.5660.1660.16 SNU), the most up-to-date results@35# of
the gallium experiments SAGE@5,6# (69.1 24.2

14.3
23.4
13.8 SNU)

and GALLEX/GNO @7–9# (69.364.163.6), as well as the
1496-day Super-Kamiokande data sample@10# in the form of
44 bins~eight energy bins, six of which are further divide
into seven zenith angle bins!. The analysis methods use
here are similar to the ones described in Refs.@31#, @36# and
references therein, with the exception that in the curr
work we use the so-called pull approach for thex2 calcula-
tion. As described in Ref.@33#, each systematic uncertainty
included by introducing a new parameter in the fit and a
ing a penalty function to thex2. However, the method de
scribed in Ref.@33# is extended in two respects. First, it
generalized to the case of correlated statistical errors@37#, as
is necessary to treat the SNO-salt data. Second, in the ca
lation of the totalx2, we use the exact relation between t
theoretical predictions and the pulls associated to the s
neutrino fluxes, rather than keeping only the terms up to fi
order. This is particularly relevant for the case of the solar8B
flux, which is constrained by the new SNO data with
accuracy better than the prediction of the standard s
model @32#. In our approach, it is possible to take in
account on the same footing both the SSM boron flux p

-

FIG. 3. Projections of the allowed regions from all solar ne
trino and KamLAND data at 90%, 95%, 99%, and 3s C.L. for 2
d.o.f. onto the plane of sin2 usol and Dmsol

2 before~lines! and after
~shaded regions! the inclusion of the SNO-salt data. Also shown
Dx2 as a function of sin2 usol andDmsol

2 , minimized with respect to
the undisplayed parameter.
0-2
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FIG. 4. Sections of the three
dimensional allowed regions in
the (sin2 usol ,Dmsol

2 ) plane at
90%, 95%, 99%, and 3s C.L. for
3 d.o.f. for various sin2 u13 values
from solar data~top! and solar
1KamLAND data ~bottom!, be-
fore ~lines! and after~shaded re-
gions! the SNO-salt data. The lo
cal minima in each plane afte
~before! SNO-salt data are marke
by filled ~open! dots.
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diction and the SNO NC measurement, without preselec
one particular value. In this way,the fit itselfcan choose the
best compromise between the SNO NC data and the S
value.

In Fig. 2, we compare the allowed regions for the osc
lation parameters before and after the new SNO-salt d
One finds that especially the upper part of the LMA-MS
region and large mixing angles are strongly constrained
the new data. This follows mainly from the rather small me
sured value of the CO/NC ratio of 0.30660.02660.024@1#,
since this observable increases when moving to larger va
of Dmsol

2 and/or sin2 usol ~see, e.g., Ref.@19#!. The best-fit
values for the parameters are

sin2 usol50.29,

Dmsol
2 56.031025 eV2 ~solar data!.

~1!

The new data show a much stronger rejection against m
mal solar mixing: from theDx2 projected onto the sin2 usol
axis shown in Fig. 2 we find that sin2 usol50.5 is excluded at
more than 5s, ruling out all bimaximal models of neutrino
mass@38#.

We now turn to the combination of solar data with da
from the KamLAND reactor experiment@2#. To this aim,
we use the event-by-event likelihood analysis for t
KamLAND data as described in Ref.@39#, which gives stron-
ger constraints than ax2-fit based on energy-binned data.
Fig. 3, we show the results of the combined analysis. Co
paring post- and pre-SNO-salt results~see, e.g., Refs.@16–
19#!, one finds that the new data disfavor the highDm2 re-
gion, which appears only at the 99.5% C.L. (Dx2510.7).1

The best-fit point of the global analysis occurs at

1Recently, an improved determination of the day/night asymme
in the 1496-day Super-Kamiokande data has been released@40#,
which leads to a further disfavoring of the high-LMA region. Cu
rently not enough information is available to reproduce this re
outside the Super-Kamiokande Collaboration. Therefore, the
night data are treated as in our previous analyses@31#.
11301
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sin2 usol50.30, Dmsol
2 56.931025 eV2

~solar1kamLAND data!. ~2!

We note that for the first time it is possible to obtain mea
ingful bounds on solar neutrino parameters at the 5s level,
showing that neutrino physics enters the high-precision a
From the projections of thex2 onto theDmsol

2 and sin2 usol

axes also shown in Fig. 3, we find the following allowe
ranges at 3s ~5s! for 1 d.o.f.:

0.23 ~0.17!<sin2 usol<0.39 ~0.47!,

5.4 ~2.1!31025 eV2<Dmsol
2 <9.4 ~28!31025 eV2.

~3!

III. GLOBAL THREE-NEUTRINO ANALYSIS

A. Notations

In this section, the three-neutrino oscillation paramet
are determined from a global analysis of the most rec
neutrino oscillation data. For earlier three-neutrino analys
see Refs.@18,36,41#. To fix the notation, we define the neu
trino mass-squared differencesDmsol

2 [Dm21
2 [m2

22m1
2 and

Dmatm
2 [Dm31

2 [m3
22m1

2, and use the standard parametriz
tion @42,43# for the leptonic mixing matrix,

U5S c13c12 s12c13 s13

2s12c232s23s13c12 c23c122s23s13s12 s23c13

s23s122s13c23c12 2s23c122s13s12c23 c23c13

D ,

~4!

whereci j [cosuij and si j [sinuij . Furthermore, we use th
notationsu12[usol andu23[uatm. Because of the hierarch
Dmsol

2 !Dmatm
2 , it is a good approximation to setDmsol

2 50 in
the analysis of atmospheric and K2K data,2 and to setDmatm

2

to infinity for the analysis of solar and KamLAND data. Th

y

lt
y/

2See Ref.@44# for a two-mass scale analysis of atmospheric da
0-3
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MALTONI et al. PHYSICAL REVIEW D 68, 113010 ~2003!
implies furthermore that the effect of a possible DiracCP-
violating phase@43# in the lepton mixing matrix can be
neglected.3 We perform a general fit to the global data in t
five-dimensional parameter spaces12

2 , s23
2 , s13

2 , Dm21
2 , Dm31

2 ,
and show projections onto various one- or two-dimensio
subspaces.

B. Three-flavor solar neutrino oscillations

In this subsection, we generalize the analysis of solar
KamLAND data presented in Sec. II to three-neutrino fl
vors. Under the assumption of infiniteDmatm

2 , only the new
parameteru13 appears for these data~see e.g., Ref.@36#!. In
Fig. 4, we show the results of a three-parameter
(sin2 usol,Dmsol

2 ,sin2 u13) to solar and KamLAND data. Al-
lowed regions are shown for various values of sin2 u13 in the
(sin2 usol,Dmsol

2 ) plane with respect to the global minimum
which occurs for sin2 u1350.02 including SNO-salt data, an
for sin2 u1350.01 without the new data. Note that here w
calculate the allowed regions at a given confidence level
3 d.o.f. From this figure one finds that the new SNO-salt d
contribute to the disappearance of allowed regions w
sin2 u13 increases. A comparison of the allowed regions
fore and after the SNO-salt data shows that their size is d
tically reduced for all displayed values of sin2 u13.

In Fig. 5, we show theDx2 projected onto the sin2 u13
axis for various data samples. From this figure, one can
serve an improvement on the constraint on sin2 u13 thanks to
the new SNO-salt data for values of sin2 u13*0.08. The
shape ofDx2 can be understood from Fig. 4: From the upp
panels of that figure, one sees that increasingu13 can be
compensated to some extent by increasingDmsol

2 . Since the

3The two Majorana phases@43# do not show up in oscillations bu
do appear in lepton-number-violating processes@45#.

FIG. 5. Dx2 profiles projected onto the sin2 u13 axis, for solar
and KamLAND data, before~dashed lines! and after~solid lines!
the SNO-salt experiment.
11301
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new SNO-salt data disfavor large values ofDmsol
2 , the bound

improves. Also KamLAND data act in a similar way. Sinc
the minimum aroundDmsol

2 ;731025 eV2 is preferred, the
‘‘jump’’ of the local minimum into the high-LMA-MSW re-
gion, which is visible in the lower panels of Fig. 4 and whic
leads to the kink in theDx2 shown in Fig. 5, occurs at large
values of sin2 u13. We have also verified explicitly that as
sumptions regarding the statistical treatment of the solar
ron flux have a rather small effect on these results. Fina
we note that, as will be seen in Sec. III D, the bound result
from CHOOZ and atmospheric data still dominates the ov
all constraint on sin2 u13 in the global analysis.

C. Global analysis of solar, atmospheric, reactor, and
accelerator data

In addition to the solar and KamLAND data described
far, we now include all the charged-current atmospheric n

FIG. 6. Projections of the allowed regions at 90%, 95%, 99
and 3s C.L. for 2 d.o.f. onto the plane of sin2 uatm[sin2 u23 and
Dmatm

2 [Dm31
2 . The regions delimited by the lines correspond

atmospheric1solar1CHOOZ data; for the shaded regions, K2
and KamLAND data are added. Also shown is theDx2 as a func-
tion of sin2 uatm and Dmatm

2 , minimized with respect to all undis
played parameters.

TABLE I. Best-fit values, 2s, 3s, and 5s intervals~1 d.o.f.! for
the three-flavor neutrino oscillation parameters from global d
including solar, atmospheric, reactor~KamLAND and CHOOZ!,
and accelerator~K2K! experiments.

Parameter Best fit 2s 3s 5s

Dm21
2 (1025 eV2) 6.9 6.0–8.4 5.4–9.5 2.1–28

Dm31
2 (1023 eV2) 2.6 1.8–3.3 1.4–3.7 0.77–4.8

sin2 u12 0.30 0.25–0.36 0.23–0.39 0.17–0.4
sin2 u23 0.52 0.36–0.67 0.31–0.72 0.22–0.8
sin2 u13 0.006 <0.035 <0.054 <0.11
0-4



pe

.

ffi
ire
er
na
he

da

rg
on
t

m

s

th
he
2

th
r-
re

np
lig
o

-

that

or-
os-

ee-
ch
ent
his

d on
a-
he
t

im-

Z
n

-
.
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trino data, such as the most recent ones of the Su
Kamiokande@25,26# and MACRO @27# experiments. The
Super-Kamiokande data include thee-like and m-like data
samples of sub- and multi-GeV contained events~10 bins in
zenith angle!, as well as the stopping~five angular bins! and
through-going~10 angular bins! upgoing muon data events
As previously, we do not use the information onnt appear-
ance, multiringm, and neutral-current events since an e
cient Monte Carlo simulation of these data would requ
more detailed knowledge of the Super-Kamiokande exp
ment, and in particular of the way the neutral-current sig
is extracted from the data. From MACRO we use t
through-going muon sample divided in 10 angular bins@27#.
For details of our analysis, see Refs.@31#, @36# and refer-
ences therein. Furthermore, we include the first spectral
from the K2K long-baseline accelerator experiment@28#. We
use the 29 single-ring muon events, grouped into six ene
bins, and we perform a spectral analysis similar to the
described in Ref.@46#. Finally, we take into account in our fi
the constraints from the CHOOZ reactor experiment@29#.
The best-fit values and the allowed intervals of the para
eters s12

2 , s23
2 , s13

2 , Dm21
2 , Dm31

2 from the global data are
given in Table I. This table summarizes the current statu
the three-flavor neutrino oscillation parameters.

For completeness, we show in Fig. 6 the projection of
allowed regions from the global fit onto the plane of t
atmospheric neutrino parameters. We find that the first
events from K2K included here start already to constrain
upper region ofDmatm

2 . We note that recently the Supe
Kamiokande Collaboration has presented a preliminary
analysis of their atmospheric data@47#. The update includes
changes in the detector simulation, data analysis, and i
atmospheric neutrino fluxes. These changes lead to a s
downward shift of the mass splitting to the best-fit value
Dmatm

2 5231023 eV.@2# Currently it is not possible to re

FIG. 7. Dx2 profiles projected onto the sin2 u13 axis, for solar
1KamLAND, atmospheric1CHOOZ, and for the global data be
fore ~dashed lines! and after~solid lines! the SNO-salt experiment
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cover enough information from Ref.@47# to incorporate the
corresponding changes in our codes. We note, however,
the quoted value forDmatm

2 is statistically compatible with
our result. ForDmatm

2 5231023 eV2 and maximal mixing,
we obtain aDx251.3.

D. Status of u13 and the mass hierarchy parameter
aÄDmsol

2 ÕDmatm
2

In this subsection, we discuss in detail the current inf
mation on the small parameters relevant for subleading
cillation effects. First we consider the mixing angleu13,
which at the moment is the last unknown angle in the thr
neutrino mixing matrix. Only an upper bound exists, whi
used to be dominated by the CHOOZ reactor experim
@29#. Currently a large effort is being made to determine t
angle in future experiments~see, e.g., Refs.@38,48,49#!.

In Fig. 7, we show theDx2 as a function of sin2 u13 for
different data sample choices. One can see how the boun
sin2 u13 as implied by the CHOOZ experiment in combin
tion with the atmospheric neutrino data still provides t
main restriction on sin2 u13. We find the following bounds a
90% C.L. ~3s! for 1 d.o.f.:

sin2 u13<H 0.070 ~0.12! ~solar1KamLAND!

0.028 ~0.066! ~CHOOZ1atmospheric!

0.029 ~0.054! ~global data!

.

~5!

However, we note that the solar data contribute in an
portant way to the constraint on sin2 u13 for lower values of
Dmatm

2 . In particular, the downward shift ofDmatm
2 reported

in Ref. @47# implies a significant loosening of the CHOO
bound on sin2 u13, since this bound gets quickly weak whe

FIG. 8. Allowed regions in the (sin2 u13,Dmatm
2 ) plane at 90%,

95%, 99%, and 3s from CHOOZ data alone~lines! and CHOOZ
1solar1KamLAND data~shaded regions!.
0-5
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Dmatm
2 decreases~see, e.g., Ref.@50#!. Such loosening in sen

sitivity is prevented to some extent by solar neutrino data
Fig. 8, we show the allowed regions in the (sin2 u13,Dmatm

2 )
plane from an analysis including solar and reactor neutr
data~CHOOZ and KamLAND!. One finds that, although fo
larger Dmatm

2 values the bound on sin2 u13 is dominated by
the CHOOZ1atmospheric data, for lowDmatm

2 .1023 eV2

the solar1KamLAND bound is comparable to that comin
from CHOOZ1atmospheric.

For example, fixingDmatm
2 5231023 eV2, we obtain at

90% C.L. ~3s! for 1 d.o.f. the bound

sin2 u13<0.035 ~0.066! ~Dmatm
2 5231023 eV2!, ~6!

which is slightly worse than the bound from global da
shown in Eq.~5!.

FIG. 9. Dx2 from global oscillation data as a function ofa
[Dmsol

2 /Dmatm
2 anda sin 2u12.
11301
n

o

For the exploration of genuine three-flavor effects such
CP violation, the mass hierarchy parametera
[Dmsol

2 /Dmatm
2 is of crucial importance since, in a three

neutrino scheme,CP violation disappears in the limit wher
two neutrinos become degenerate@51#. Therefore, we show
in Fig. 9 theDx2 from the global data as a function of th
parameter. Also shown in this figure is theDx2 as a function
of the parameter combinationa sin 2u12, since to leading
order in the long baselinene→nm oscillation probability, so-
lar parameters appear in this particular combination@52#. We
obtain the following best-fit values and 3s intervals:

a50.026, 0.018<a<0.053,

a sin 2u1250.024, 0.016<a sin 2u12<0.049.
~7!

IV. CONCLUSIONS

We have performed a global analysis of neutrino osci
tion data in the three-neutrino scheme, including the rec
improved measurement of the neutral current events at S
We include in our fit all current solar neutrino data, reac
neutrino data from KamLAND and CHOOZ, the atmo
spheric neutrino data from Super-Kamiokande and MACR
as well as the first data from the K2K long-baseline acc
erator experiment. We have discussed the implications of
improved neutral current measurement on the determina
of the solar neutrino oscillation parameters. The SNO-s
results reject the previously allowed high-mass branch
Dmsol

2 at about 3s. Moreover, it rules out maximal solar mix
ing at more than 5s, precluding the possibility of bimaxima
models of neutrino mixing.

Furthermore, we have determined the current best-fit v
ues and allowed ranges for the three-flavor oscillation par
eters from the global oscillation data. Our three-neutrino
-
,

o

FIG. 10. Projections of the al-
lowed regions from the global os
cillation data at 90%, 95%, 99%
and 3s C.L. for 2 d.o.f. for vari-
ous parameter combinations. Als
shown isDx2 as a function of the
oscillation parameters sin2 u12,
sin2 u23, sin2 u13, Dm21

2 , Dm31
2 ,

minimized with respect to all un-
displayed parameters.
0-6
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sults are summarized in Table I and in Fig. 10, showing
allowed regions andx2 projections for the five oscillation
parameters sin2 usol, sin2 uatm, sin2 u13, Dmsol

2 , Dmatm
2 . In ad-

dition, we have discussed in detail the limits on the sm
mixing angle sin2 u13, as well as the hierarchy parametera
5Dmsol

2 /Dmatm
2 . These small parameters are relevant

genuine three-flavor effects, and restrict the magnitude
leptonic CP violation that one may potentially probe at fu
ture experiments such as superbeams or neutrino factorie
particular, we have seen how the improvement on the sin2 u13
limit that follows from the new SNO-salt data solar neutri
experiments cannot yet match the sensitivity on sin2 u13
reached at reactor experiments. However, the solar dat
play an important role in stabilizing the constraint on sin2 u13

with respect to variation ofDmatm
2 . For small enoughDmatm

2

o
y,’

d

,

rt

11301
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do

values, the solar data probe sin2 u13 at a level comparable to
that of the current reactor experiments.
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