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Three-neutrino mixing after the first results from K2K and KamLAND
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We analyze the impact of the data on long-baselinenm disappearance from the K2K experiment and reactor

n̄e disappearance from the KamLAND experiment on the determination of the leptonic three-generation mixing
parameters. Performing an up-to-date global analysis of solar, atmospheric, reactor, and long-baseline neutrino
data in the context of three-neutrino oscillations, we determine the presently allowed ranges of masses and
mixing and we consistently derive the allowed magnitude of the elements of the leptonic mixing matrix. We
also quantify the maximum allowed contribution ofDm21

2 oscillations toCP-odd andCP-even observables at
future long-baseline experiments.
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I. INTRODUCTION

Neutrino oscillations are entering a new era in which
observations from underground experiments obtained w
neutrino beams provided to us by nature—either from
Sun or from the interactions of cosmic rays in the upp
atmosphere—are being confirmed by experiments us
‘‘manmade’’ neutrinos from accelerators and nuclear re
tors.

Super-Kamiokande~SK! high statistics data@1,2# clearly
established that the observed deficit in them-like atmo-
spheric events is due to neutrinos arriving in the detecto
large zenith angles, strongly suggestive of thenm oscillation
hypothesis. This evidence was also confirmed by other at
spheric experiments such as MACRO@3# and Soudan 2@4#.
Similarly, the SNO results@5# in combination with the SK
data on the zenith angle dependence and recoil energy s
trum of solar neutrinos@6# and the Homestake@7#, SAGE
@8#, GALLEX1GNO @9,10#, and Kamiokande@11# experi-
ments put on a firm observational basis the long-stand
problem of solar neutrinos@12#, establishing the need forne
conversions.

The KEK to Kamioka long-baseline neutrino oscillatio
experiment ~K2K! uses an accelerator-produced neutr
beam mostly consisting ofnm with a mean energy of 1.3
0556-2821/2003/68~9!/093003~10!/$20.00 68 0930
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GeV and a neutrino flight distance of 250 km to probe t
same oscillations that were explored with atmospheric n
trinos. Their results@13# show that both the number of ob
served neutrino events and the observed energy spectrum
consistent with neutrino oscillations with oscillation param
eters consistent with the ones suggested by atmospheric
trinos.

The KamLAND experiment measures the flux ofn̄e’s
from nuclear reactors with an energy of;MeV located at a
typical distance of;180 km with the aim of exploring with
a terrestrial beam the region of neutrino parameters tha
relevant for the oscillation interpretation of the solar da
Their first published@14# results show that both the tota
number of events and their energy spectrum can be be

interpreted in terms ofn̄e oscillations with parameters con
sistent with the large merging angle~LMA ! solar neutrino
solution @14–17#.

Altogether, the data from solar and atmospheric neutr
experiments and the first results from KamLAND and K2
constitute the only solid present-day evidence for phys
beyond the standard model@18#. The minimum joint descrip-
tion of these data requires neutrino mixing among all th
known neutrinos and it determines the structure of the lep
mixing matrix @19#, which can be parametrized as@20#
U5S c13c12 s12c13 s13e
2 id

2s12c232s23s13c12e
id c23c122s23s13s12e

id s23c13

s23s122s13c23c12e
id 2s23c122s13s12c23e

id c23c13

D , ~1!
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whereci j [cosuij and si j [sinuij . In addition to the Dirac-
type phased analogous to that of the quark sector, there
two physical phases associated with the Majorana chara
of neutrinos, which, however, are not relevant for neutr
oscillations@21# and will be set to zero in what follows.

In this paper we present the result of a global analysis
solar, atmospheric, reactor, and long-baseline neutrino
in the context of three-neutrino oscillations with the aim
determining in a consistent way our present knowledge
the leptonic mixing matrix and the neutrino mass differenc
We place particular emphasis on the impact of the first d
from long-baselinenm disappearance from the K2K exper
ment and reactorn̄e disappearance from the KamLAND ex
periment.

The outline of the paper is as follows. In Sec. II we d
scribe the data included in the analysis and briefly desc
the relevant formalism. Section III A contains the results
the analysis of the K2K data and their effect on the deter
nation of the parameters associated with atmospheric o
lations. We find that the main impact of K2K when combin
with atmospheric neutrino data is to reduce the allow
range of the corresponding mass difference. When comb
with the data from the CHOOZ@22# experiment in a three
neutrino analysis, this results in a slight tightening of t
derived bound onu13 at high C.L. In Sec. III B we describe
the results from the global analysis including also solar a
KamLAND data, and in Sec. III C we describe our procedu
to consistently derive the allowed magnitude of the eleme
of the leptonic mixing matrix. As an outcome of this analys
we also quantify the maximum allowed contribution ofDm21

2

oscillations toCP-odd andCP-even observables at futur
long-baseline experiments in Sec. III D. Conclusions
given in Sec. IV. We also present an Appendix with the d
tails of our analysis of the K2K data.

II. DATA INPUTS AND FORMALISM

We include in our statistical analysis the data from so
atmospheric, and K2K accelerator neutrinos and from
CHOOZ and KamLAND reactor antineutrinos.

In the analysis of K2K we include the data on the norm
ization and shape of the spectrum of single-ringm-like
events as a function of the reconstructed neutrino ene
The total sample corresponds to 29 events. In the absen
oscillations, 44 events were expected. We bin the data in
0.5 GeV bins with 0,Erec,2.5 plus one bin containing al
events above 2.5 GeV. For quasielastic~QE! events the re-
constructed neutrino energy is well distributed around
true neutrino energy. However, experimental energy and
gular resolution and more importantly the contaminat
from non-QE events result in important deviations of t
reconstructed neutrino energy from the true neutrino ene
which we carefully account for. We include the systema
uncertainties associated with the determination of the n
trino energy spectrum in the near detector, the model dep
dence of the amount of non-QE contamination, the near
extrapolation, and the overall flux normalization. Details
this analysis are presented in the Appendix.

For atmospheric neutrinos we include in our analysis
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the contained events from the latest 1489 SK data set@1#, as
well as the upward-going neutrino-induced muon fluxes fr
both SK and the MACRO detector@3#. This amounts to a
total of 65 data points. A more technical description of o
simulations and statistical analysis can be found in Re
@23,24#.

We refine our previous analysis@24,25# of the CHOOZ
reactor data@22# and include here their energy binned da
instead of their total rate only. This corresponds to 14 d
points~seven-bin positron spectra from both reactors, Tab
in Ref. @22#! with one constrained normalization parame
and including all the systematic uncertainties there
scribed.

For the solar neutrino analysis, we use 80 data points.
include the two measured radiochemical rates, from the c
rine @7# and the gallium@8–10# experiments, the 44 zenith
spectral energy bins of the electron neutrino scattering sig
measured by the SK Collaboration@6#, and the 34 day-night
spectral energy bins measured with the SNO@5# detector. We
take account of the BP00@26# predicted fluxes and uncertain
ties for all solar neutrino sources except for8B neutrinos. We
treat the total8B solar neutrino flux as a free parameter to
determined by experiment and to be compared with so
model predictions. For KamLAND we include informatio
on the observed antineutrino spectrum which accounts f
total of 13 data points. Details of our calculations and sta
tical treatment of solar and KamLAND data can be found
Refs.@15,16#.

In general, the parameter set relevant for the joint study
these neutrino data in the framework of three-n mixing is six
dimensional: two mass differences, three mixing angles,
oneCP phase.

Results from the analysis of solar plus KamLAND an
atmospheric data in the framework of oscillations betwe
two neutrino states@15–17,23,27# imply that the required
mass differences satisfy

Dm(
2 !Dmatm

2 . ~2!

In this approximation, the anglesu i j in Eq. ~1! can be taken
without loss of generality to lie in the first quadrant,u i j
P@0,p/2#. There are two possible mass orderings, which
chose as

Dm21
2 5Dm(

2 !Dm32
2 .Dm31

2 5Dmatm
2 .0; ~3!

Dm21
2 5Dm(

2 !2Dm31
2 .2Dm32

2 5uDmatm
2 u.0. ~4!

As is customary we refer to the first option, Eq.~3!, as the
normal scheme, and to the second one, Eq.~4!, as thein-
vertedscheme.

For solar neutrinos and for antineutrinos in KamLAN
the oscillations withDm32

2 ;Dm31
2 are averaged out. The re

evant survival probability takes the form

Pee
3n5sin4u131cos4u13Pee

2n~Dm21
2 ,u12!, ~5!

wherePee
2n(Dm21

2 ,u12) is the survival probability for 2n mix-
ing, which, for solar neutrinos, is obtained with the modifi
sun densityNe→cos2u13Ne . So the analysis of solar an
3-2
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THREE-NEUTRINO MIXING AFTER THE FIRST . . . PHYSICAL REVIEW D 68, 093003 ~2003!
KamLAND data depends on three of the five oscillation p
rameters:Dm21

2 , u12, andu13.
Conversely, for smallDm21

2 the three-neutrino oscillation
analysis of the atmospheric and K2K neutrino data can
performed in the one-mass-scale dominance approxima
neglecting the effect ofDm21

2 . In this approximation the
angleu12 can be rotated away, and it follows that the atm
spheric and K2K data analysis restricts three of the osc
tion parameters, namely,Dm31

2 5Dm32
2 , u23, and u13, and

the CP phased becomes unobservable. Thenm survival
probability at K2K is

Pmm
K2K5124~s23

4 s13
2 c13

2 1c13
2 s23

2 c23
2 !sin2S Dm32

2

4En
L D

.s13
2 cos 2u23

c23
2

1S 12s13
2 cos 2u23

c23
2 D

3Pmm
K2K,2n~Dm32

2 ,u32!1O~s13
4 !. ~6!

For atmospheric neutrinos in the general case of the th
neutrino scenario withu13Þ0, the presence of the matte
potentials becomes relevant. We solve numerically the e
lution equations in order to obtain the oscillation probab
ties for bothe andm flavors, which are different for neutri
nos and antineutrinos. Because of the matter effects,
also depend on the mass ordering being normal or inver
In our calculations, we use for the matter density profile
the Earth the approximate analytic parametrization given
Ref. @28# of the PREM~preliminary reference Earth mode!
of the Earth@29#.

The reactor neutrino data from CHOOZ provide inform
tion on the survival probability@24,30,31#:

Pee
CHOOZ512c13

4 sin22u12sin2S Dm21
2 L

4En
D

2sin22u13Fc12
2 sin2S Dm31

2 L

4En
D 1s12

2 sin2S Dm32
2 L

4En
D G

.12sin22u13sin2S Dm32
2 L

4En
D . ~7!

The second equality holds in the approximationDm21
2

!En /L, which can be safely made for the presently allow
values ofDm21

2 @16,17#. Thus the analysis of the CHOO
reactor data involves only two parameters:Dm32

2 and the
mixing angleu13.

In summary, oscillations in solar1KamLAND data on
one side, and atmospheric1K2K oscillations on the other
side, decouple in the limitu1350. In this case the values o
the allowed parameters can be obtained directly from
results of the analysis in terms of two-neutrino oscillatio
and the normal and inverted hierarchies are equivalent.
viations from the two-neutrino scenario are determined
the size of the mixingu13.

The allowed ranges of masses and mixing obtained in
two-neutrino oscillation analysis of solar1KamLAND data
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can be found in Ref.@16#, and we do not reproduce them
here. We discuss next the results of our analysis of K2K d
and its impact on the determination of the parameters
evant in atmospheric oscillations.

III. RESULTS

A. Dm32
2 oscillations: Impact of K2K data

For the sake of comparison with the K2K oscillatio
analysis, we discuss first the results of our analysis of K
data for purenm→nt oscillations, which are graphically dis
played in Fig. 1.

We show in the left panel of Fig. 1 the allowed region
„Dm2,sin2(2u)… from our analysis of K2K data. The best fi
point for this analysis is atDm252.731023 eV2,sin2(2u)
50.92 withxmin

2 59.3 @the corresponding best fit as obtaine
from the K2K Collaboration is at Dm252.7
31023 eV2,sin2(2u)51]. We notice that the nonmaximality
of the mixing angle in our analysis is not statistically signi
cant as maximal mixing occurs only atDx250.15. The en-
ergy spectrum for this point is shown in the right panel
gether with the data points and the expectations in
absence of oscillations. Our results show very good ag
ment with those obtained by the K2K Collaboration@13#.
Also displayed in the figure are the corresponding regio
from our latest atmospheric neutrino analysis@25#. As seen
in the figure, the K2K results confirm the presence ofnm
neutrino oscillations with oscillation parameters consist
with the ones obtained from atmospheric neutrino stud
Furthermore, already at this first stage, the results provid
restriction on the allowed range ofDm2, while their depen-
dence on the mixing angle is considerably weaker.

In the framework of 3n mixing, the analysis of K2K,
atmospheric, and CHOOZ data provides information on
parametersDm31

2 , u23, andu13. We define

xatm1CHOOZ1K2K
2 ~Dm32

2 ,u23,u13!

5xatm
2 ~Dm32

2 ,u23,u13!1xCHOOZ
2 ~Dm32

2 ,u13!

1xK2K
2 ~Dm32

2 ,u23,u13!. ~8!

In the three panels of Fig. 2 we show the bounds on eac
the three parameters obtained from this analysis~full lines!.
For comparison we also show the corresponding ranges
the analysis of atmospheric and CHOOZ data alone~dotted
lines!. The corresponding subtracted minima are given
Table I. The results in the figure are shown for the norm
mass ordering, but once the constraint onu13 from CHOOZ
is included in the analysis, the differences between the
sults for normal and inverted mass ordering are minimal. T
careful reader may notice that thex2 per DOF seemstoo
good. As seen in Table I this effect is driven by the atm
spheric data and it was already the case for the previous
data sample. It is partly due to the very good agreemen
the multi-GeV electron distributions with their no-oscillatio
expectations. However, as discussed in Ref.@32#, xmin

2 is only
2s below its characteristic value, not low enough to be s
tistically suspected.
3-3
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FIG. 1. nm→nt oscillation analysis of K2K data. On the left panel we show the allowed two degrees of freedom~DOFs!, regions on
Dm2,sin22u at 90% C.L.~solid! and 99% C.L.~dotted!. The best fit point is marked with a thick dot. The shadowed regions are the 90
99% C.L. of the atmospheric neutrino analysis with the best point marked by a star. The right panel shows the spectrum of K2K
a function of the reconstructed neutrino energy for the six bins used in the analysis. The data points are shown together with their
errors. The dotted histogram and the shaded boxes represent our prediction and the K2K Monte Carlo~MC! prediction in the absence o
oscillations, respectively. The full line represents the expected distribution for the best fit point fornm→nt oscillations.
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In each panel the displayedx2 has been marginalized wit
respect to the other two parameters. From the figure we
that the inclusion of K2K data in the analysis results in
reduction of the allowed range ofDm32

2 while the allowed
range ofu23 is not modified. The reduction is more signifi
cant for the upper bound ofDm32

2 while the lower bound is
slightly increased. More quantitatively, we find that the fo
lowing ranges of parameters are allowed at 1s (3s) C.L.
from this analysis:

~1.5!2.2,Dm32
2 /1023 eV2,3.0~3.9!,

~0.45!0.75,tan2u23,1.3~2.3!. ~9!

These ranges are consistent with the results from the t
neutrino oscillation analysis of K2K and atmospheric data
Ref. @32#.

FIG. 2. 3n oscillation analysis of the atmospheric, CHOOZ, a
K2K data. The left, center, and right panels show the dependenc
Dx2 on Dm32

2 , tan2u23, and sin2u13 for the analysis of atmospheric
CHOOZ, and K2K data~full line! compared to the previous boun
before the inclusion of K2K~dotted line!. The individual 1s (3s)
bounds in Eq.~9! can be read from the figure with the conditio
Dx2<1(9).
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Concerning the ‘‘generic’’ 3n mixing parameteru13, Eq.
~6! shows that its effect on both the normalization and
shape of thenm spectrum is further suppressed near maxim
mixing by cos 2u23;0. As a consequence, K2K alone do
not provide any bound onu13. However, Fig. 2~c! illustrates
how the inclusion of the long-baseline data results in a tig
ening of the bound onu13 ~at large C.L.! when combined
with the atmospheric and CHOOZ data. This is an indir
effect due to the increase in the lower bound onDm32

2 . In the
favored range ofDm32

2 , the oscillating phase at CHOOZ i
small enough so that it can be expanded and the oscilla
probability of n̄e depends quadratically onDm32

2 . As a con-
sequence the bound on the mixing angle from CHOOZ i
very sensitive function of the allowed values forDm32

2 . The
increase of the lower bound onDm32

2 due to the inclusion of
the K2K data leads to the tightening of the derived limit
u13 at high C.L. From Fig. 2~c! and Table I we also see tha
the best fit point is not exactly at sin2u1350, although this is
not very statistically significant. This effect is due to th
atmospheric neutrino data, in particular, to the slight exc
of sub-GeVe-like events, which is better described with
nonvanishing value ofu13.

B. Global analysis

We calculate the globalx2 by fitting all the available data

xglobal
2 ~Dm21

2 ,Dm32
2 ,u12,u23,u13!

5xsolar
2 ~Dm21

2 ,u12,u13!1xKland
2 ~Dm21

2 ,u12,u13!

1xatm
2 ~Dm32

2 ,u23,u13!1xK2K
2 ~Dm32

2 ,u23,u13!

1xCHOOZ
2 ~Dm32

2 ,u13!. ~10!

The results of the global combined analysis are summar

of
3-4
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TABLE I. Minimum x2 values and best fit points for the 3n oscillation analysis of atmospheric, CHOOZ
and K2K data.

Atmos. Atmos.1CHOOZ Atmos.1CHOOZ1K2K

Data points 65 65114579 6511416585
Dm32

2 (eV2) 2.731023 2.5531023 2.631023

tan2u23 1 1 1
sin2u13 0.015 0.009 0.009
xmin

2 39.7 45.8 55.1
of

ve

so
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ed
in Fig. 3 and Fig. 4 in which we show different projections
the allowed five-dimensional parameter space.

In Fig. 3 we plot the individual bounds on each of the fi
parameters derived from the global analysis~full line!. To
illustrate the impact of the K2K and KamLAND data we al
show the corresponding bounds when K2K is not included
the analysis~dotted line! and when KamLAND is not in-
cluded~dashed line!. In each panel the displayedx2 has been
marginalized with respect to the other four parameters.
subtracted minima for each of the curves are given in Ta
II.

Figure 3 illustrates that the dominant effects of includi
KamLAND are those derived in the two-neutrino oscillatio
analysis of solar and KamLAND data@16,17#: the determi-

FIG. 3. Global 3n oscillation analysis. Each panel shows t
dependence ofDx2 on each of the five parameters from the glob
analysis~full line! compared to the bound prior to the inclusion
the K2K ~dotted line! and KamLAND data~dashed line!. The indi-
vidual 1s (3s) bounds in Eqs.~9!, ~11!, and~12! can be read from
the corresponding panel with the conditionDx2<1(9).
09300
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nation thatDm21
2 ~a! is in the LMA region and a very mild

improvement of the allowed mixing angleu12 ~b!. In other
words, the inclusion of the 3n mixing structure in the analy-
sis of solar and KamLAND data does not affect the deter
nation of these parameters once the additional angleu13 is

l FIG. 4. Global 3n oscillation analysis. Each panel shows tw
dimensional projection of the allowed five-dimensional region af
marginalization with respect to the three undisplayed parame
The different contours correspond to the two-dimensional allow
regions at 90%, 95%, 99%, and 3s C.L.
3-5
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bounded to be small. The slight tightening of theu13 limit
due to the inclusion of K2K data does not have any impac
the determination of the bounds onDm21

2 andu12. Quantita-
tively, we find that the following ranges of parameters a
allowed at 1s (3s) C.L. from this analysis:

~5.4!6.7,Dm21
2 /1025 eV2,7.7~10!

and ~14!,Dm21
2 /1025 eV2,~19!,

~0.29!0.39,tan2u12,0.51~0.82!. ~11!

The range ofDm21
2 on the right of the first line in Eq.~11!

correspond to solutions in the upper LMA island@see Fig.
4~a!#. At present the results of the solar and KamLAN
analysis still allow for this ambiguity in the determination
Dm21

2 at C.L.*2.5s. This reflects the departure from th
parabolic ~Gaussian! behavior of theDm21

2 dependence o
xglobal and the presence of a second local minimum. W
improved statistics KamLAND will be able to resolve th
ambiguity @17,33#.

Comparing the full line on theu13 panel in Fig. 3~c! with
the corresponding one in Fig. 2~c!, we see that the inclusion
of the solar1KamLAND data does have an impact on th
allowed range ofu13. However, a comparison of the full an
dashed lines in Fig. 3~c! illustrates that the impact is due t
the solar data. Equation~5! shows that a smallu13 does not
significantly affect the shape of the measured spectrum
KamLAND. On the other hand, the overall normalization
scaled by cos4u13, and this factor has the potential to intro
duce a non-negligible effect~in particular in the determina
tion of the mixing angleu12 @34#!. Within its present accu-
racy, however, the KamLAND experiment cannot provi
any further significant constraint onu13. Altogether, the de-
rived bounds onu13 from the global analysis are

sin2u13,0.02~0.052! ~12!

at 1s (3s).
Finally, comparing Fig. 3~d! and Fig. 3~e! with the corre-

sponding curves in Fig. 2~a! and Fig. 2~b!, we see that the
additional restriction on the possible range ofu13 imposed by
the solar data does not quantitatively affect the domin
effect of the inclusion of K2K—the improved determinatio
of Dm32

2 . Thus the allowed ranges ofDm32
2 and u23 in Eq.

~9! are valid for the global analysis as well.

TABLE II. Minimum x2 values and best fit points for the glob
3n oscillation analysis.

Global Global-K2K Global-KamLAND

Data points 178 172 165
Dm21

2 (eV2) 7.131025 7.131025 5.831025

tan2u12 0.45 0.45 0.45
Dm32

2 (eV2) 2.631023 2.531023 2.631023

tan2u23 1 1 1
sin2u13 0.009 0.009 0.009
xmin

2 136 127 130
09300
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The ranges in Eqs.~9!, ~11!, and~12! are not independent
In Fig. 4 we plot the correlated bounds from the glob
analysis for each pair of parameters. The regions in e
panel are obtained after marginalization ofxglobal

2 in Eq. ~10!
with respect to the three undisplayed parameters. The di
ent contours correspond to regions defined at 90%, 9
99%, and 3s C.L. for two DOFs (Dx2

54.61,5.99,9.21,11.83), respectively. From the figure we
that the strongest correlation appears betweenu13 andDm32

2

as a reflection of the CHOOZ bound.
In general, because of the correlations, the ranges in E

~9!, ~11!, and ~12! cannot be directly used in deriving th
corresponding entries in theU mixing matrix, as we discuss
next.

C. Determination of the leptonic mixing matrix

We describe in this section our procedure to consiste
derive the allowed ranges for the magnitude of the entrie
the leptonic mixing matrix. We start by defining the mas
marginalizedx2 function:

xmix,global
2 ~u12,u23,u13!

5 min
(Dm21

2 ,Dm32
2 )

xglobal
2 ~Dm21

2 ,Dm32
2 ,u12,u23,u13!.

~13!

We study the variation ofxmix,global
2 as function of each of the

mixing combinations inU as follows. For a given magnitud
Ui j of the entry U( i , j ), we definex2(Ui , j ) as the mini-
mum value of xmix,global

2 (u12,u23,u13) with the condition

uU( i , j )(u12,u23,u13)u5Ui , j . In this procedure the phased is
allowed to vary freely between 0 andp. The allowed range
of the magnitude of the entryi j at a given C.L. is then
defined as the valuesUi , j satisfying

x2~Ui , j !2xglobal,min
2 <Dx2~C.L., one DOF!, ~14!

with xglobal,min
2 5136. This is equivalent to having done th

full analysis in terms of the independent matrix elements—
which, in the hierarchical approximation, only three are e
perimentally accessible at present~and can be chosen, fo
instance, to beuUe2u, uUe3u, and uUm3u)—and find the al-
lowed magnitude of eachuUi j u by marginalization of

xmix,global
2 ~ uUe2u,uUe3u,uUm3u!, ~15!

with the use of unitarity relations and allowing a free relati
phased.

With this procedure we derive the following 90% (3s)
C.L. limits on the magnitude of the elements of the compl
matrix:
3-6
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U5S ~0.17!0.24 to 0.52~0.57! ~0.37!0.44 to 0.69~0.73! ~0.56!0.63 to 0.79~0.84!
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D . ~16!
ar
ve
th
rit

e

th
s
rs
e
in

te

e

to

b-

o

tio

la
er
fo

a

tter

to

nts

g on
ase
his

,
t fit
t

er

f

r

By construction the derived limits in Eq.~16! are obtained
under the assumption of the matrixU being unitary. In other
words, the ranges in the different entries of the matrix
correlated due to the fact that, in general, the result of a gi
experiment restricts a combination of several entries of
matrix, as well as due to the constraints imposed by unita
As a consequence, choosing a specific value for one elem
further restricts the range of the others.

D. Dm21
2 oscillations at future long-baseline experiments

In general, correlations between the allowed ranges of
parameters have to be considered when deriving the pre
bounds for any quantity involving two or more paramete
This is the case, for example, when predicting the allow
range ofCP violation at future experiments as discussed
Ref. @35#.

Here we explore the possible size of effects associa
with Dm21

2 oscillations~both CP violating andCP conserv-
ing! at future long-baseline experiments to be performed
ther with conventional superbeams@36# ~‘‘conventional’’
meaning from the decay of pions generated from a pro
beam dump! or at a neutrino factory@37# with neutrino
beams from muon decay in muon storage rings.

The ‘‘golden’’ channel at these facilities involves the o
servation of either ‘‘wrong-sign’’ muons due tone→nm ~or
n̄e→ n̄m) oscillations at a neutrino factory or the detection
electrons~positrons! due to nm→ne ( n̄m→ n̄e) at conven-
tional superbeams. In either case, the relevant oscilla
probabilities in vacuum are accurately given by@38,39#

Pnenm
5s23

2 sin22u13sin2S Dm32
2 L

4E D 1c23
2 sin22u12S Dm21

2 L

4E D 2

1 J̃ cosS d1
Dm32

2 L

4E D S Dm21
2 L

4E D sinS Dm32
2 L

4E D
5Patm1Psol1Pinter, ~17!

with J̃5c13sin 2u12sin 2u13sin 2u23. Psol contains the contri-
bution to the probability due to longer-wavelength oscil
tions while Pinter gives the interference between the long
and shorter-wavelength oscillations and contains the in
mation on theCP-violating phased. In order to quantify the
present bounds on these contributions, we factorize the b
line and energy independent parts as

Psol5~Fsol!2S L

4ED 2

,
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Pinter5F intercosS d2
Dm32

2 L

4E D sinS Dm32
2 L

4E D S L

4ED ,

Fsol5c23sin 2u12Dm21
2 ,

F inter5c13sin 2u12sin 2u13sin 2u23Dm21
2 . ~18!

For very long baselines, for which the presence of ma
cannot be neglected, the expressions above forFsol andF inter

still hold as the coefficients of the dominant contributions
the probabilities in the expansion in the small parametersu13

andDm21
2 @38,39#.

We show in Fig. 5 the present bounds on the coefficie
Fsol and F inter. In general, the dependence onDm32

2 of the
interference term cannot be factorized because, dependin
the considered baseline and energy, the oscillating ph
with Dm32

2 may not be small enough to be expanded. For t
reason we show in Fig. 5~b! the two-dimensional allowed
region of F inter versusDm32

2 . In the figure we mark with a
star the best value forF inter as obtained from this analysis
which is not vanishing due to the small but nonzero bes
value of sinu13. This is, however, not statistically significan
asF inter50 is atDx250.9. The negative slope in the upp
part of the 90% and 95% C.L. regions in Fig. 5~b! is a re-
flection of the anticorrelation between theDm32

2 and sin2u13

constraints from the CHOOZ experiment@see Fig. 4~f!#.
From this study we find the following 1s (3s) ~one

DOF! bounds:

Fsol/~1025 eV2!54.660.6 ~4.621.6
12.1 and 9.522.0

13.5!,

~19!

0,F inter/~1025 eV2!,1.9~5.5!, ~20!

where the bounds onF inter are shown for the best fit value o
Dm32

2 50.0026 eV2. The larger values for the 3s range in
Eq. ~19! and F inter correspond to solutions of the sola

(a) (b)

FIG. 5. ~a! Dependence ofDx2 on Fsol. ~b! Allowed regions of
F inter versusDm32

2 at 90%, 95%, 99% and 3s. The best value is
marked with a star.
3-7
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1KamLAND analysis lying in the higher-Dm21
2 island @see

Fig. 4~a! and the discussion below Eq.~11!#.

IV. SUMMARY AND CONCLUSIONS

We have presented the results of an updated global an
sis of solar, atmospheric, reactor, and long-baseline neut
data in the context of three-neutrino oscillations, placing s
cial emphasis on the impact of the recent long-baselinenm

disappearance data from the K2K experiment and reacton̄e
disappearance from the KamLAND experiment. We find t
the dominant effect of the inclusion of the K2K and Kam
LAND data is the reduction of the allowed ranges ofDm32

2

and Dm21
2 , respectively, while the impact on the mixin

anglesu23 and u12 is marginal. The increase of the lowe
bound onDm32

2 due to the inclusion of the K2K data lead
also to a slight tightening of the derived limit onu13 at high
C.L. Our results on the individual allowed ranges for t
oscillation parameters are given in Eqs.~9!, ~11!, and ~12!
and graphically displayed in Fig. 3. The correlations betwe
the derived bounds are illustrated in Fig. 4. As an outcome
the analysis, we have presented in Eq.~16! our up-to-date
best determination of the magnitude of the elements of
complete leptonic mixing matrix. Finally, we have quantifi
the allowed contribution ofDm21

2 oscillations toCP-odd and
CP-even observables at future long-baseline experime
with results presented in Fig. 5 and Eqs.~19! and ~20!.
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APPENDIX: ANALYSIS OF K2K DATA

In this appendix we describe our calculation of the K2
spectrum and our statistical analysis of the K2K data@13#.

We use in our statistical analysis the K2K data on
spectrum of single-ringm-like events. K2K present their re
sults as the number of observed events as a function of
reconstructed neutrino energy. The reconstructed neut
energy is determined from the observedm energy in the
event,Em , and its scattering angle with respect to the inco
ing beam direction, cosum , as

Erec5
mNEm2mm

2 /2

mN2Em1pmcosum
, ~A1!

wheremN is the nucleon mass. In Fig. 1 we show their da
binned in five 0.5 GeV bins with 0,Erec,2.5 plus one bin
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containing all events above 2.5 GeV. The total sample co
sponds to 29 events. In the absence of oscillations, 44 ev
were expected.

For QE events,nmn→mp , and assuming perfectEm and
cosum determination,Erec5En . Experimental energy and
angular resolution, nuclear effects, and, more importan
the contamination from non-QE~NQE! events,nmN→mX,
in the sample, result in important deviations of the defin
Erec from thereal En . From simple kinematics one finds tha
in NQE events there is a shift in the reconstructed neutr
energy with respect to the true neutrino energy:

Erec5EnF11
MX

22mN
2

mNEm2mm
2 /2

G21

,En , ~A2!

whereMX is the invariant mass of the hadronic system p
duced together with the muon in thenm interaction. At the
K2K energies the most important NQE contamination com
from single pion production, which occurs via theD reso-
nance. At the largest energies there is a small contribu
from deep inelastic scattering.

Thus in general the observed spectrum of single-r
m-like events in K2K can be obtained as@40#

Nth~Erec!5NnormE FSK~En!Pmm~En!

3@sQE~En!eQE
1Rm~En!r QE~En ,Erec!

1 f NQEsNQE~En!eNQE
1Rm ~En!r NQE~En ,Erec!#dEn ,

~A3!

whereFSK(En) is the expectednm spectrum at the SK site in
the absence of oscillations.Pmm(En) is the survival probabil-
ity of nm for a given set of oscillation parameters.f NQE
50.93 is the rescaling factor of the expected contaminat
from NQE events as obtained from MC simulation by t
K2K Collaboration@13#. sQE(NQE)(En) are the neutrino in-

teraction cross sections.eQE(NQE)
1Rm are the detection efficien

cies for one-ringm-like events at SK.r QE(NQE)(En ,Erec) are
the functions relating the reconstructed energy and the
neutrino energy.Nnorm is the normalization factor, which is
chosen so that in the absence of oscillations the total inte
gives 44 events.

In our calculation we use the neutrino spectrumFSK as
provided by the K2K Collaboration@40,41#. This flux was
estimated from the flux measured in the near detector
multiplying it by a MC simulated ratio of the fluxes betwee
the near and far detectors. We further assume that the de
tion efficiencies for one-ringm-like events at SK are the
same for the K2K analysis as for the atmospheric neutr
analysis~further details and references can be found in R
@23#!.

At present there is not enough information from the K2
Collaboration on ther QE(NQE)(En ,Erec) functions. In our cal-
culation we have used aphysically motivatedform for those
functions. We include in the functionsr QE(NQE)(En ,Erec) the
dominant effect in the misreconstruction of the neutrino e
3-8
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ergy: the shift in the reconstructed neutrino energy due to
different kinematics of the NQE events as described by
~A2!. We also include the~subdominant! effects due to the
experimental energy and angular resolutions, which sm
the measured muon energyEm and angleum around their
true valuesEm8 andum8 :

r QE~En ,Erec!5
1

sQE~En!
E dEm8 dEmdu

dsQE~En ,Em8 !

dEm8

3ResE~Em2Em8 !Resu~um2um8 !

3d~En2Erec8 !,

r NQE~En ,Erec!5
1

sNQE~En!
E dEm8 dEmdudMX

3
dsNQE~En ,Em8 ,MX!

dEm8 dMX

ResE~Em2Em8 !

3Resu~um2um8 !

3dS En2Erec8 F11
MX

22mN
2

mNEm8 2mm
2 /2

G21D ,

~A4!

where

Erec8 5Erec

mNEm2mm
2 /2

mN2Em1pm cosum8

mN2Em8 1pm8 cosum

mNEm8 2mm
2 /2

,

ResE~En82En!5
1

A2psE

e2(1/2)(Em2Em8 )2/sE
2
,

Resu~un82un!5
1

A2psu

e2(1/2)(um2um8 )2/su
2
. ~A5!

Following the SK data@2# we use an energy resolution fo
the muons ofsE /Em53% and an angular resolutionsu
53° ~see also Ref.@42# for further details!. Notice that in the
expressions above the true angle of the muon,um8 , is not an
independent variable but is related by the kinematics of
process to the initial neutrino energyEn , the final muon
energyEm8 , and the invariant mass of the hadronic syste
MX . The final result for the number of expected events
eachEres bin is obtained by substituting Eqs.~A4! and~A5!
into Eq.~A3! and numerically integrating for the kinematic
variables in the corresponding range ofEres. In this proce-
dure the only free parameter to adjust is the overall norm
ization. The shape of the spectrum is then fully determin

In order to verify the quality of our simulation we com
pare our predictions for the energy distribution of the eve
with the Monte Carlo simulations of the K2K Collaboratio
in absence of oscillation. In Fig. 1 we show our predictio
09300
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superimposed on those from the experimental Monte C
calculations~obtained from Fig. 2 in Ref.@13#!, both normal-
ized to the 44 expected events in the absence of oscillati
The boxes for the MC prediction represent the system
error bands. We can see that the agreement in the shap
the spectrum is very good.

In our statistical analysis of the K2K data we use Poiss
statistics as required given the small number of events.
include the systematic uncertainties associated with the
termination of the neutrino energy spectrum in the near
tector ~ND!, the model dependence of the size of the NQ
contamination parameterf NQE, the near/far extrapolation~F/
N!, and the overall flux normalization~nor! @40,41#. The er-
rors on the first three items depend on energy and have
relations among the different energy bins. We account for
these effects by using thex2 function @32,40,41#:

xK2K
2 5min

f
F2(

i 51

6 S N̄i
theor2Ni

expt2Ni
exptln

N̄i
theor

Ni
exp D

1 (
j ,k51

6

f j
F/N~rF/N! i j

21f j
F/N

1 (
j ,k51

7

f j
ND,NQE~rND,NQE! i j

21f j
ND,NQE1 f nor2G ,

~A6!

where N̄i
theor5Ni

theor(11 f i
F/Ns i

F/N1 f i
NDs i

ND1 f NQEs i
NQE

1 f norsnor). By minf we denote the minimization with re
spect to the systematic shift parameters~or pulls@32#! f i 51,6

F/N ,
f i 51,6

ND , f NQE, and f nor. We use the systematic errors and th
correlations as provided by the K2K Collaboratio
@13,40,41#. For instance,

snor55%,

s i
F/N52.5%,4.3%,6.5%,10.4% 11.1%,12.2%,

s i
ND549%,7.1%,0%,7.1% 8.4%,11.1%,

s i
NQE513%,8.9%,6%,3.8% 3.%,5.5 ~A7!

for i 51, . . . ,6, respectively.
Thus in our analysis we use both the shape and the

malization of the 29 single-ringm-like events. In their analy-
sis, the K2K Collaboration use only the spectrum shape~but
not the normalization! of the 29 single-ringm-like events
plus the overall normalization of their total sample of ful
contained events~a total of 56!. We cannot use the norma
ization from the additional 27 events in the lack of mo
detailed information from the K2K Collaboration on the e
ficiencies for multiring events. Nevertheless, as describe
Sec. III A, the results of our oscillation analysis are in go
agreement with those from the K2K analysis.
3-9
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