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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-baselipalisappearance from the K2K experiment and reactor
v, 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 &fn3, oscillations toCP-odd andCP-even observables at
future long-baseline experiments.
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[. INTRODUCTION GeV and a neutrino flight distance of 250 km to probe the
. _— : . . same oscillations that were explored with atmospheric neu-
Neutrino oscillations are entering a new era in which the, .
. ) : . trinos. Their resultg13] show that both the number of ob-
observations from underground experiments obtained with .
. . : served neutrino events and the observed energy spectrum are
neutrino beams provided to us by nature—either from the ; . . . . e
. . . . consistent with neutrino oscillations with oscillation param-

Sun or from the interactions of cosmic rays in the upper

atmosphere—are being confirmed by experiments usineters consistent with the ones suggested by atmospheric neu-

“ » . 9rinos.
manmade” neutrinos from accelerators and nuclear reac-

tors. The KamLAND experiment measures the flux of's
Super-KamiokandéSK) high statistics datél,2] clearly from nuglear reactors with an energy pﬂ\/lev Iocat-ed at.a
established that the observed deficit in tpelike atmo-  typical distance of-180 km with the aim of exploring with
spheric events is due to neutrinos arriving in the detector & terrestrial beam the region of neutrino parameters that is
large zenith angles, strongly suggestive of theoscillation releyaqt for thg oscillation interpretation of the solar data.
hypothesis. This evidence was also confirmed by other atmolhelr” first published[14] results show that both the total
spheric experiments such as MACR8) and Soudan £4]. number of events and_the|r energy spectrum can be better
Similarly, the SNO result$5] in combination with the SK interpreted in terms of, oscillations with parameters con-
data on the zenith angle dependence and recoil energy spesistent with the large merging angleMA) solar neutrino
trum of solar neutrino$6] and the Homestakg7], SAGE  solution[14-17].
[8], GALLEX+GNO [9,10], and Kamiokand¢11] experi- Altogether, the data from solar and atmospheric neutrino
ments put on a firm observational basis the long-standingxperiments and the first results from KamLAND and K2K
problem of solar neutringsl 2], establishing the need for,  constitute the only solid present-day evidence for physics
conversions. beyond the standard modél8]. The minimum joint descrip-
The KEK to Kamioka long-baseline neutrino oscillation tion of these data requires neutrino mixing among all three
experiment (K2K) uses an accelerator-produced neutrinoknown neutrinos and it determines the structure of the lepton
beam mostly consisting of,, with a mean energy of 1.3 mixing matrix[19], which can be parametrized E20]
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wherecjj=cos#; ands;;=sing;. In addition to the Dirac- the contained events from the latest 1489 SK dat@ldets

type phases analogous to that of the quark sector, there arewell as the upward-going neutrino-induced muon fluxes from

two physical phases associated with the Majorana charactéoth SK and the MACRO detectdB]. This amounts to a

of neutrinos, which, however, are not relevant for neutrinototal of 65 data points. A more technical description of our

oscillations[21] and will be set to zero in what follows. simulations and statistical analysis can be found in Refs.
In this paper we present the result of a global analysis 0f23,24].

solar, atmospheric, reactor, and long-baseline neutrino data We refine our previous analysj&4,25 of the CHOOZ

in the context of three-neutrino oscillations with the aim ofreactor datd22] and include here their energy binned data

determining in a consistent way our present knowledge ofnstead of their total rate only. This corresponds to 14 data

the leptonic mixing matrix and the neutrino mass differencespoints(seven-bin positron spectra from both reactors, Table 4

We place particular emphasis on the impact of the first datin Ref. [22]) with one constrained normalization parameter

from long-baselinev,, disappearance from the K2K experi- and including all the systematic uncertainties there de-

ment and reactor,, disappearance from the KamLAND ex- Scribed. _ .

periment. For the solar neutrino analysis, we use 80 data points. We
The outline of the paper is as follows. In Sec. Il we de-include the two measured radiochemical rates, from the chlo-

scribe the data included in the analysis and briefly describén€ [7] and the galliun{8—10] experiments, the 44 zenith-
the relevant formalism. Section Ill A contains the results ofSPectral energy bins of the electron neutrino scattering signal
the analysis of the K2K data and their effect on the determineasured by the SK Collaborati¢é], and the 34 day-night
nation of the parameters associated with atmospheric oscifiPectral energy bins measured with the Sp${detector. We
lations. We find that the main impact of K2K when combined take account of the BP(Q6] predicted fluxes and uncertain-
with atmospheric neutrino data is to reduce the allowedi€S for all solar neutrino sources except ff# neutrinos. We
range of the corresponding mass difference. When combinelfieat the totaPB solar neutrino flux as a free parameter to be

with the data from the CHOOR22] experiment in a three- determined by experiment and to be compared with solar
neutrino analysis, this results in a slight tightening of themodel predictions. For KamLAND we include information

derived bound ord,5 at high C.L. In Sec. Ill B we describe ©n the observed antineutrino spectrum which accounts for a

the results from the global analysis including also solar andotal of 13 data points. Details of our calculations and statis-
KamLAND data, and in Sec. Ill C we describe our proceduretical treatment of solar and KamLAND data can be found in
to consistently derive the allowed magnitude of the element&efs.[15,16. N

of the leptonic mixing matrix. As an outcome of this analysis I general, the parameter set relevant for the joint study of
we also quantify the maximum allowed contribution/aiZ, these neutrino data in the framework of threesixing is six
oscillations toCP-odd andCP-even observables at future dimensional: two mass differences, three mixing angles, and
long-baseline experiments in Sec. Ill D. Conclusions aré’"€CP phase.

given in Sec. IV. We also present an Appendix with the de- Results from the analysis of solar plus KamLAND and
tails of our analysis of the K2K data. atmospheric data in the framework of oscillations between

two neutrino state$15-17,23,27 imply that the required

mass differences satisfy
II. DATA INPUTS AND FORMALISM

2 2
We include in our statistical analysis the data from solar, AMe<AMgy,. 2

atmospheric, and K2K accelerator neutrinos and from thg,, iis a At i
i A pproximation, the angle; in Eq. (1) can be taken
CHOOZ and KamLAND reactor antineutrinos. without loss of generality to lie in the first quadrarg;

. 'F‘ the analysis of K2K we include the dat_a on the r!o”“a"e [0,7/2]. There are two possible mass orderings, which we
ization and shape of the spectrum of single-ripglike chose as

events as a function of the reconstructed neutrino energy.

The total sample corresponds to 29 events. In the absence of Ami=Am3<Ami,=Am3=Am2 >0; 3
oscillations, 44 events were expected. We bin the data in five
0.5 GeV bins with 6<E<2.5 plus one bin containing all Amd,=Am3 < —Ams;=—Am3,=|AmZ,|>0. (4)

events above 2.5 GeV. For quasielast@E) events the re-

constructed neutrino energy is well distributed around theas is customary we refer to the first option, E), as the

true neutrino energy. However, experimental energy and amormal scheme, and to the second one, &), as thein-

gular resolution and more importantly the contaminationvertedscheme.

from non-QE events result in important deviations of the For solar neutrinos and for antineutrinos in KamLAND

reconstructed neutrino energy from the true neutrino energyhe oscillations withA m§2~Am§1 are averaged out. The rel-

which we carefully account for. We include the systematiceyant survival probability takes the form

uncertainties associated with the determination of the neu-

trino energy spectrum in the near detector, the model depen- ngz sint6,5+ coé‘ﬂBng(Amgl,eu), 5)

dence of the amount of non-QE contamination, the near/far

extrapolation, and the overall flux normalization. Details ofwhereP2%(Am3,, ) is the survival probability for 2 mix-

this analysis are presented in the Appendix. ing, which, for solar neutrinos, is obtained with the modified
For atmospheric neutrinos we include in our analysis allsun densityN,—cos6;3N.. So the analysis of solar and
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KamLAND data depends on three of the five oscillation pa-can be found in Ref[16], and we do not reproduce them

rametersAma,, 61,, and 6. here. We discuss next the results of our analysis of K2K data
Conversely, for smallsm3, the three-neutrino oscillation and its impact on the determination of the parameters rel-

analysis of the atmospheric and K2K neutrino data can b&vant in atmospheric oscillations.

performed in the one-mass-scale dominance approximation,

neglecting the effect oﬂmgl. In this approximation the . RESULTS

angle #,, can be rotated away, and it follows that the atmo- 5 o

spheric and K2K data analysis restricts three of the oscilla- A. Amg, oscillations: Impact of K2K data

tion parameters, namel\m3,=Am3,, 6,3, and 6,5, and For the sake of comparison with the K2K oscillation

the CP phaseé becomes unobservable. The, survival — analysis, we discuss first the results of our analysis of K2K

probability at K2K is data for purev,— v, oscillations, which are graphically dis-
played in Fig. 1.

Am3 We show in the left | of Fig. 1 the all d i f

KZK 4 prcd 2 2 L 22 2\ 32 e show in the left panel of Fig. 1 the allowed region o

Pun =1=4(SS1C15F C13523C23)S'n2( 4E L) (Am?,sird(26)) from our analysis of K2K data. The best fit
point for this analysis is ahm?=2.7x10 3 eV?,sirf(26)

, COS 2,5 ( , COS 2923) =0.92 with x;,=9.3 [the corresponding best fit as obtained

14

=Sig——— B from the K2K Collaboration is at Am?=2.7
C23 C23 X102 eV?,sirf(26)=1]. We notice that the nonmaximality
X PR2K2YAM2. 9.+ O(sh). 6 of the mixing anglelln. our analysis is not statistically signifi-
piu (AMaz, 030 + O(S13) C cant as maximal mixing occurs only Aty>=0.15. The en-
For atmospheric neutrinos in the general case of the thre€fdY Spectrum for this point is shown in the right panel to-
neutrino scenario with9;;#0, the presence of the matter 98ther with the data points and the expectations in the
potentials becomes relevant. We solve numerically the evg@Psence of oscillations. Our results show very good agree-
lution equations in order to obtain the oscillation probabili-Ment with those obtained by the K2K Collaboratipt8].
ties for bothe and . flavors, which are different for neutri- IS0 displayed in the figure are the corresponding regions
nos and antineutrinos. Because of the matter effects, thefom our latest atmospheric neutrino analy2§]. As seen
also depend on the mass ordering being normal or inverted? the figure, the K2K results confirm the presencegf
In our calculations, we use for the matter density profile ofneutrino oscillations with oscillation parameters consistent
the Earth the approximate analytic parametrization given ifVith the ones obtained from atmospheric neutrino studies.
Ref. [28] of the PREM(preliminary reference Earth model Furthermore, already at this first stage, the results provide a

of the Earth[29]. restriction on the allowed range afm?, while their depen-
The reactor neutrino data from CHOOZ provide informa-dence on the mixing angle is considerably weaker.
tion on the survival probability24,30,31: In the framework of 3 mixing, the analysis of K2K,
atmospheric, and CHOOZ data provides information on the
AmZ,L parameters\m3;, 6,3, andf;3. We define
ngoozzl—c‘l‘3sin2201zsin2< 4EZl ) , ,
v Xatmt cHooz+ kok (AM3,, 023, 013)
AmZ,L AmZ,L
—sin’2 913[ Cizsinz( 4E31 +S§23in2< 4E32 ” = X5t AM3,, 023, 013) + XEooA AM3y, 013)
2 + Xikak(AM3,, 023, 013). (8)
_ . [AmgL
=1-sinf26,5sir’ (7) _
4E, In the three panels of Fig. 2 we show the bounds on each of

the three parameters obtained from this analfsi lines).

The second equality holds in the approximatidm3;  For comparison we also show the corresponding ranges for
<E, /L, which can be safely made for the presently allowedthe analysis of atmospheric and CHOOZ data aliwited
values of Am3, [16,17). Thus the analysis of the CHOOZ lines. The corresponding subtracted minima are given in
reactor data involves only two parametefsm3, and the Table I. The results in the figure are shown for the normal
mixing angle ;3. mass ordering, but once the constraint@gg from CHOOZ

In summary, oscillations in solatKamLAND data on is included in the analysis, the differences between the re-
one side, and atmospheti&K2K oscillations on the other sults for normal and inverted mass ordering are minimal. The
side, decouple in the limi#;3=0. In this case the values of careful reader may notice that the¢ per DOF seemsoo
the allowed parameters can be obtained directly from thgood As seen in Table | this effect is driven by the atmo-
results of the analysis in terms of two-neutrino oscillations,spheric data and it was already the case for the previous SK
and the normal and inverted hierarchies are equivalent. Dedata sample. It is partly due to the very good agreement of
viations from the two-neutrino scenario are determined bythe multi-GeV electron distributions with their no-oscillation
the size of the mixing,3. expectations. However, as discussed in R&], xﬁﬂn is only

The allowed ranges of masses and mixing obtained in ouo below its characteristic value, not low enough to be sta-
two-neutrino oscillation analysis of solaKamLAND data tistically suspected.
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FIG. 1. »,— v, oscillation analysis of K2K data. On the left panel we show the allowed two degrees of frd€dR®, regions on
Am?,sirf26 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, and
99% C.L. of the atmospheric neutrino analysis with the best point marked by a star. The right panel shows the spectrum of K2K events as
a function of the reconstructed neutrino energy for the six bins used in the analysis. The data points are shown together with their statistical
errors. The dotted histogram and the shaded boxes represent our prediction and the K2K Mont®Cppeediction in the absence of
oscillations, respectively. The full line represents the expected distribution for the best fit point-for, oscillations.

In each panel the displayed has been marginalized with Concerning the “generic” 3 mixing paramete®,3, EQ.
respect to the other two parameters. From the figure we s€€) shows that its effect on both the normalization and the
that the inclusion of K2K data in the analysis results in ashape of thes,, spectrum is further suppressed near maximal
reduction of the allowed range affmsz while the allowed mixing by cos 2,5~0. As a consequence, K2K alone does
range of 6,5 is not modified. The reduction is more signifi- not provide any bound ofi;3. However, Fig. Zc) illustrates
cant for the upper bound q}mgz while the lower bound is how the inclusion of the long-baseline data results in a tight-

slightly increased. More quantitatively, we find that the fol- ening of the bound orf,3 (at large C.L) when combined
lowing ranges of parameters are allowed at (30) C.L. with the atmospheric and CHOOZ data. This is an indirect

from this analysis: effect due to the increase in the lower boundan3,. In the
2 s favored range oﬁmiz, the oscillating phase at CHOOZ is
(1.52.2<Am3,/107° eV°<3.0(3.9), small enough so that it can be expanded and the oscillation

probability of v, depends quadratically afnmgz. As a con-
sequence the bound on the mixing angle from CHOOZ is a
These ranges are consistent with the results from the twotery sensitive function of the allowed values fm3,. The
neutrino oscillation analysis of K2K and atmospheric data inincrease of the lower bound axm, due to the inclusion of
Ref. [32]. the K2K data leads to the tightening of the derived limit on
013 at high C.L. From Fig. &) and Table | we also see that

(0.450.75<tarf 6,3<1.32.3). 9

o J2 oy the best fit point is not exactly at Sify;=0, although this is
< B ] , not very statistically significant. This effect is due to the
8| ] 1L ] atmospheric neutrino data, in particular, to the slight excess
i of sub-GeVe-like events, which is better described with a
. nonvanishing value ob,5.
4 . -4k / g
N O O U A Sy ATM+CHO0Z| B. Global analysis
r 1 1K — KK
0— - ““1 0 oo ou We calculate the globa}? by fitting all the available data:
Am’s, (107%V7) tan®¥, sin’d,,

2 2 2
Xglobal AM21,AM35, 015, 623, 013)

FIG. 2. 3v oscillation analysis of the atmospheric, CHOOZ, and ) 2 2 2
K2K data. The left, center, and right panels show the dependence of = Xsolal AMa1, 012, 013) + Xkiand AM21, 612, 013)

Ax? onAm3,, tarf6,3, and siré,, for the analysis of atmospheric, 2 2 2 2
+ Am + Am
CHOOZ, and K2K datdfull line) compared to the previous bound Xaul AM2, 023, 013) + Xicak(AM3z, 023, 019

before the inclusion of K2Kdotted ling. The individual Xr (30) +X2 AmZ. 0 ). (10)
bounds in Eq.(9) can be read from the figure with the condition crood AMGz, f13
Ax*<1(9). The results of the global combined analysis are summarized
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TABLE I. Minimum 2 values and best fit points for thes®scillation analysis of atmospheric, CHOOZ,
and K2K data.

Atmos. Atmos+ CHOOZ Atmos+ CHOOZ+ K2K
Data points 65 6% 14=79 65+ 14+ 6=85
AmZ, (eV?) 2.7X10°3 2.55x10° 3 2.6x10°3
tarf 6,3 1 1 1
Sirf65 0.015 0.009 0.009
Xain 39.7 45.8 55.1

in Fig. 3 and Fig. 4 in which we show different projections of nation thatAm%1 (@ is in the LMA region and a very mild
the allowed five-dimensional parameter space. improvement of the allowed mixing angi®, (b). In other

In Fig. 3 we plot the individual bounds on each of the five words, the inclusion of the @mixing structure in the analy-
parameters derived from the global analyfigl line). To  sis of solar and KamLAND data does not affect the determi-
illustrate the impact of the K2K and KamLAND data we also nation of these parameters once the additional afgids
show the corresponding bounds when K2K is not included in
the analysis(dotted ling and when KamLAND is not in-
cluded(dashed ling In each panel the displayad has been
marginalized with respect to the other four parameters. Th
subtracted minima for each of the curves are given in Table
Il.

Figure 3 illustrates that the dominant effects of including
KamLAND are those derived in the two-neutrino oscillation
analysis of solar and KamLAND dafd6,17: the determi-

-3 -3
10 T L 10 E T

(ev?)
o

-5 -5 |
T 10 _1 L | 10 N Y T Y |
] 10 , 0 0.05 , 0.1
s ] tan“d,, sin“Y,5
G|Ob0| E 2 017 T T T 017 U] T T
Without KamLAND 1 ) -(c) 1t 1
Without K2K 1 = - ] C ]
““““_é““““_7‘““““_6‘ _3 ()] L ] L ]
10 10 10 10 B ] - .
0.05— —0.05 -
] F E = ]
: 0 _1 0 _1 | L Lol
] 10 5 1 10 1 5 10
] tan“d,, tan™d,;
-2
2 0.1 ‘C-\ 10 [ T T \\HH‘ T T \HHL \\\\\\\\\‘\\\\\\\\\7
sin“d5 > (e) ] ]
(<] L i il
~—’
] ~ r B i
< ] N” r q B
] £
1 A
Lo o ™ ,,‘.«1]..‘.‘\””””" L . T, L L ] _3 3
O 2 2 4’ 5 26 1 2 10 _1\ L \\HH‘ L Lol 10 \\\\\\\\\‘\\\\\\\\\
Am?;, (107°eV?) tan®d,; 10 0 0.05 0.1

! 2 .2
tan™¥,; sin“Y,;
FIG. 3. Global 3 oscillation analysis. Each panel shows the

dependence ok y? on each of the five parameters from the global ~ FIG. 4. Global 3 oscillation analysis. Each panel shows two-
analysis(full line) compared to the bound prior to the inclusion of dimensional projection of the allowed five-dimensional region after
the K2K (dotted ling and KamLAND datadashed ling The indi- marginalization with respect to the three undisplayed parameters.
vidual 1o (30) bounds in Egs(9), (11), and(12) can be read from The different contours correspond to the two-dimensional allowed
the corresponding panel with the conditian?<1(9). regions at 90%, 95%, 99%, andrC.L.
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TABLE Il. Minimum x? values and best fit points for the global The ranges in Eq$9), (11), and(12) are not independent.
3v oscillation analysis. In Fig. 4 we plot the correlated bounds from the global
analysis for each pair of parameters. The regions in each
Global  Global-K2K  Global-KamLAND  panel are obtained after marginalizatiomf,,, in Eq. (10)

Data points 178 172 165 with respect to the three undisplayed parameters. The differ-
Am2, (eVd) 7.4x10°5  7.1x10°5 5.8% 10°5 ent contours correspond to regions defined at 90%, 95%,
tazrl?alz 0.45 0.45 0.45 99%, and 3 C.L. for two DOFs QAyx?

=4.61,5.99,9.21,11.83), respectively. From the figure we see

Am, (eV?) 2.6x10°%  25x10°° 2.6x10°3 _ v
tarte 1 1 1 that the strongest correlation appears betweégrand Ams,
sin2023 0.009 0.009 0.009 as a reflection of the CHOOZ bound.

X%mls i36 1'27 1'30 In general, because of the correlations, the ranges in Egs.

(9), (11), and (12 cannot be directly used in deriving the
corresponding entries in tHeé mixing matrix, as we discuss

bounded to be small. The slight tightening of thg limit ~ NeXt.
due to the inclusion of K2K data does not have any impact in

the determination of the bounds dnm3, and #;,. Quantita-

tively, we find that the following ranges of parameters are

C. Determination of the leptonic mixing matrix

allowed at Ir (30) C.L. from this analysis: We describe in this section our procedure to consistently
derive the allowed ranges for the magnitude of the entries of
(5.4)6.7<Am3,/107° eV?<7.7(10) the leptonic mixing matrix. We start by defining the mass-

marginalizedy? function:
and (14)<Am3,/107° eV?<(19), ,
Xmix,global 012, 023, 013)

(0.290.3% tarf#,,<0.51(0.82). (11 .
o = M Xgopal AM31,AM3,, 012, 023, 613).
The range ofAm§1 on the right of the first line in Eq(11) (Am3; . am3)
correspond to solutions in the upper LMA islafgke Fig. (13)

4(a)]. At present the results of the solar and KamLAND
analysis still allow for this ambiguity in the determination of

Am at C.L=2.50. This reflects the gjeparture from the we study the variation o7, giona @S function of each of the
parabolic (Gaussiah behavior of theAm;; dependence of mixing combinations irJ as follows. For a given magnitude

Xglobal @Nd the presence of a second local minimum. Withu_ij of the entryU(i,j), we defineXZ(E) as the mini-
improved statistics KamLAND will be able to resolve this jyum value of X2, giobal 012,623,619 with the condition

ambiguity[17,33. |U(i,)(012,023,6013)|=U; j. In this procedure the phagdis

Comparing the full line on thé,3 panel in Fig. 8c) with
the corresponding one in Fig(Q, we see that the inclusion allowed to vary freely between_o and T_he aIIoweq range
of the magnitude of the entrij at a given C.L. is then

of the solar- KamLAND data does have an impact on the = o
allowed range of,5. However, a comparison of the full and defined as the valuds; ; satisfying

dashed lines in Fig. (8) illustrates that the impact is due to

the solar data. Equatiofb) shows that a smal,; does not by 5 5

significantly affect the shape of the measured spectrum at x“(Ui j) = Xgiobamin=Ax“(C.L., one DOF, (14
KamLAND. On the other hand, the overall normalization is

scaled by cd¥,;, and this factor has the potential to intro- ) o ) )

duce a non-negligible effedin particular in the determina- WIth Xgiopaimin=136. This is equivalent to having done the
tion of the mixing angled,, [34]). Within its present accu- full_ana!y5|s in terms o_f the mdepe_nde_nt matrix elements—of
racy, however, the KamLAND experiment cannot provideWh'Fh: in the hlerarqh|cal approximation, only three are ex-
any further significant constraint ofy5. Altogether, the de- Perimentally accessible at presefand can be chosen, for

rived bounds or9, 5 from the global analysis are instance, to bdUe,|, |Ues|, and|U ,3)—and find the al-
lowed magnitude of eaclU;;| by marginalization of

Sinf0,5<0.020.052 (12)

at 1o (30). _ _ _ _ Xﬁﬂx,globa“ueﬂ1|Ue3|v|Uu3|)v (15
Finally, comparing Fig. &) and Fig. 3e) with the corre-

sponding curves in Fig.(2) and Fig. Zb), we see that the

additional restriction on the possible rangedgf imposed by  with the use of unitarity relations and allowing a free relative

the solar data does not quantitatively affect the dominanphases.

effect of the inclusion of K2K—the improved determination  With this procedure we derive the following 90% 3

of Amgz. Thus the allowed ranges aﬁméz and 6,3 in Eq.  C.L. limits on the magnitude of the elements of the complete

(9) are valid for the global analysis as well. matrix:
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(0.730.79 to 0.860.89 (0.470.50 to 0.610.67) 0 to 0.160.23
U=| (0.170.24 to 0.520.57) (0.37)0.44 to 0.690.739 (0.560.63 to 0.790.84 | . (16)
(0.200.26 to 0.520.58 (0.400.47 to 0.710.75 (0.540.60 to 0.770.82

By construction the derived limits in Eq16) are obtained . .

under the assumption of the mattikbeing unitary. In other pinter— F'“tercos< 5—
words, the ranges in the different entries of the matrix are
correlated due to the fact that, in general, the result of a given
experiment restricts a combination of several entries of the
matrix, as well as due to the constraints imposed by unitarity.
As a consequence, choosing a specific value for one element
further restricts the range of the others.

AmL\  [AmiL)|[ L
2SN e 1 2 )
Fs°l=c,3sin 20,,Am3,,

FiNer= ¢, 55in 26,,Sin 26,35in 26,5Am3, . (18)

For very long baselines, for which the presence of matter
cannot be neglected, the expressions abové& fdrandF e’
D. Am?2, oscillations at future long-baseline experiments still hold as the coefficients of the dominant contributions to

| | lati bet the allowed fththe probabilities in the expansion in the small paramefigss
n general, correlations between the allowed ranges of thg,q A 2 133,39,

parameters have to be considered when deriving the present,,. <ow in Fig. 5 the present bounds on the coefficients
bounds for any quantity involving two or more parameters(.:lzsm and F™" In general, the dependence Amn%z of the

This is the case, for example, when predicting the allowe interference term cannot be factorized because, depending on
range ofCP violation at future experiments as discussed in . .  dep 9
the considered baseline and energy, the oscillating phase

Ref.[35]. ; 2 i
Here we explore the possible size of effects associatelﬂ"th Amg, may not_ be $ma" enough to _be expanded. For this
reason we show in Fig.(B) the two-dimensional allowed

with Am3, oscillations(both CP violating andCP conserv- region of F™ versusAm?,. In the figure we mark with a
ing) at future long-baseline experiments to be performed ei- 32 . . .
9 - P P star the best value foF'™e" as obtained from this analysis,

ther with conventional superbean86] (“conventional” L o ,
meaning from the decay of pions generated from a protoH"h'Ch is not vanishing due to the small but nonzero best fit
beam dump or at a neutrino factonf37] with neutrino value of sinf;3. This is, however, not statistically significant

beams from muon decay in muon storage rings. asF"'=Q is atAy?=0.9. The negative slope in the upper
The “golden” channel at these facilities involves the ob- Part of the 90% and 95% C.L. regions in |;|g1b}3|s are-

servation of either “wrong-sign” muons due te,— v, (or flection of the anticorrelation between thens, and sirté, 5

— — I . - constraints from the CHOOZ experiméisee Fig. 4f)].

ve—v,) oscillations at a neutrino factory or the detection of

. — 7 — From this study we find the following & (30) (one
electrons(positrong due to v,—ve (v,—ve) at conven- DOF) bounds:

tional superbeams. In either case, the relevant oscillation

probabilities in vacuum are accurately given[138,39 FS/(10°5 eV?)=4.6+0.6 (4.621 and 9.539,
Am3,L Am3,L )2 (19
P, , =S3,5irf26 s'nz(—32 +c2,sif26 (—21 ) .
ver, ~ 223 ST £P13SIT| g p ) €2 SIT2012| 4 0<F"™(10°% eV?)<1.95.5), (20
2 2 2 .
~ Amgol | [AmaL)  [Amgl where the bounds oR™™®" are shown for the best fit value of
+Jcog 6+ 5 .
4E 4E 4E Am3,=0.0026 e\?. The larger values for the 8 range in
_ patm__ psol_ pinter 17 Eq. (19 and F™® correspond to solutions of the solar
N%<14 E E
with J=c,zsin 26, ,sin 26, 55in 26,5. P contains the contri- 12 :

bution to the probability due to longer-wavelength oscilla-

'_—inter(al 0—5 evz)

QO = N W >~ O o N

tions while P™®" gives the interference between the longer- Z 3 3

and shorter-wavelength oscillations and contains the infor- , g E

mation on theCP-violating phases. In order to quantify the 5 b g E

present bounds on these contributions, we factorize the base- 4 ... M. .1 00100 E E

line and energy independent parts as @°  ° FLS'(1 01_2 e\/z§° ®) " 2AI’T123 (1 0'4’ eV2)5
32

) ~ FIG. 5. (a) Dependence af x* on F*°.. (b) Allowed regions of
PsoI:(FsoI)Z L) finter versusAm§2 at 90%, 95%, 99% and® The best value is
4E) "’ marked with a star.
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+KamLAND analysis lying in the highetm3, island[see  containing all events above 2.5 GeV. The total sample corre-
Fig. 4@ and the discussion below E(L1)]. sponds to 29 events. In the absence of oscillations, 44 events
were expected.

For QE eventsy,n—up , and assuming perfe&, and
IV. SUMMARY AND CONCLUSIONS cosd, determination,E.~=E,. Experimental energy and

We have presented the results of an updated global analfngular resolution, nuclear effects, and, more importantly,
sis of solar, atmospheric, reactor, and long-baseline neutrin/® contamination from non-QENQE) events, v, N— uX,
data in the context of three-neutrino oscillations, placing speln the sample, result in important deviations of the defined
cial emphasis on the impact of the recent long-baselipe E,ecfrom thereal E,. From simple kinematics one finds that

disappearance data from the K2K experiment and rea_gtor in NQE e_vents there is a shift in the_ reconstructed neutrino
disappearance from the KamLAND experiment. We find thattNeroy with respect to the true neutrino energy:
the dominant effect of the inclusion of the K2K and Kam-

LAND data is the reduction of the allowed rangesAai3, E_—E
and Am3,, respectively, while the impact on the mixing e
angles 6,5 and 6,, is marginal. The increase of the lower

bound onAm3, due to the inclusion of the K2K data leads WhereMy is the invariant mass of the hadronic system pro-
also to a S||ght t|ghten|ng of the derived limit (H’ls at h|gh duced together with the muon in thl?L interaction. At the
C.L. Our results on the individual allowed ranges for theK2K energies the most important NQE contamination comes
oscillation parameters are given in qu), (ll), and (12) from Single pion prOdUCtion, which occurs via thereso-
and graphically displayed in Fig. 3. The correlations betweerance. At the largest energies there is a small contribution
the derived bounds are illustrated in Fig. 4. As an outcome ofrom deep inelastic scattering.

the analysis, we have presented in Eb) our up-to-date Thus in general the observed spectrum of single-ring
best determination of the magnitude of the elements of thet-like events in K2K can be obtained p40]

complete leptonic mixing matrix. Finally, we have quantified

the allowed contribution oAm3, oscillations thP—odd apd NP(E, )= Nnormf D (E,)P . (E,)

CP-even observables at future long-baseline experiments

with results presented in Fig. 5 and E¢%9) and (20).

-1

M2 —m?
| <E, (A2)

1+

MyE, —m2/2

1R
><|:0-QE( EV) EQE”‘( Ev) r QE( EV ’ EI’E(‘)
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APPENDIX: ANALYSIS OF K2K DATA the functions relating the reconstructed energy and the true

neutrino energyN,,m is the normalization factor, which is

In this appendix we describe our calculation of the K2K chosen so that in the absence of oscillations the total integral
spectrum and our statistical analysis of the K2K data. gives 44 events.

We use in our statistical analysis the K2K data on the In our calculation we use the neutrino spectrdrgy as
spectrum of single-ringe-like events. K2K present their re- provided by the K2K Collaboratiof40,41]. This flux was
sults as the number of observed events as a function of thestimated from the flux measured in the near detector by
reconstructed neutrino energy. The reconstructed neutrinmultiplying it by a MC simulated ratio of the fluxes between
energy is determined from the observadenergy in the the near and far detectors. We further assume that the detec-
event,E,, and its scattering angle with respect to the incom-tion efficiencies for one-ringu-like events at SK are the

ing beam direction, cog,, as same for the K2K analysis as for the atmospheric neutrino
analysis(further details and references can be found in Ref.
MyE,,—mZ/2 [23)). _ . .
Erec ~ (AL) At present there is not enough information from the K2K

my—E,+p,Coso, Collaboration on the oenoefE. ,Ered functions. In our cal-
culation we have used ghysically motivatedorm for those
wheremy is the nucleon mass. In Fig. 1 we show their datafunctions. We include in the functiong)enoey(E, Ered the

binned in five 0.5 GeV bins with € E<2.5 plus one bin dominant effect in the misreconstruction of the neutrino en-
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ergy: the shift in the reconstructed neutrino energy due to theuperimposed on those from the experimental Monte Carlo
different kinematics of the NQE events as described by Eqcalculationgobtained from Fig. 2 in Ref13]), both normal-
(A2). We also include thésubdominant effects due to the ized to the 44 expected events in the absence of oscillations.
experimental energy and angular resolutions, which smeafhe boxes for the MC prediction represent the systematic
the measured muon enerdy, and angled,, around their error bands. We can see that the agreement in the shape of
true valuesE!, and @), : the spectrum is very good.
M M .. . .
In our statistical analysis of the K2K data we use Poisson
doodE.E') statistics as required given the small number of events. We
TR\ B Ep include the systematic uncertainties associated with the de-
dE,'L termination of the neutrino energy spectrum in the near de-
tector (ND), the model dependence of the size of the NQE
X Res(E,—E;)Res(0,—0,) contamination parametégqe, the near/far extrapolatioff/
X S(E,—EL.) N), and the overall flux normalizatiofmor) [40,41]. The er-
v~ Ereds rors on the first three items depend on energy and have cor-
relations among the different energy bins. We account for all
these effects by using the? function[32,40,41:

1
roe(E, Ered = @J dELdEMdG

1

—— | dE'dE, d6dM
UNQE(Ev)f meH X

Mnoe(Ey Ered =

6 ntheor
XdO-NQE(EWE’:“MX)Re%(E e XﬁzK:min 22 (mheor_ N;sxpt_Nzaxptln Iexp)
dE.dM o Pl N
LA Mx
6
X -0 -
Resg(6,—46,) +_2 ij/N(pF/N)ijlij/N
MZ-m2 ]t e
) EV—E,’eC{H)f—NZ 7
mNEM_mM/Z +-;1 fJND,NQE(pND,NQE)i}lfJND,NQE+fn0r2 ;
(Ad) "
(A6)
where
where Niheor— ytheoj g 4 §FNGFIN . gND ND 4 §NQE ;- NQE
I I I I I I I
g mNEH—mi/Z my—E,+p, cosd, +{"¢"%) . By min; we denote the minimization with re-
rec= Erec ; PR ; spect to the systematic shift paramete@nspulls[32]) 7N
my—E,+p, cosé myE/! —m?/2 ) =16
NT BT Py 2 N=p e 0, 6, TNCE, andf™’. We use the systematic errors and their
correlations as provided by the K2K Collaboration
Reg(E/—E,)= 87(1/2)(E”—E;L)2/o§’ [13,40,4]. For instance,
2mog
o,nor:5%’
, _ o 20_2
Res(0,—6,)= ———e (B001n. (As) oTN=2.59,4.3%,6.5%,10.4% 11.1%,12.2%,
4

Following the SK datd2] we use an energy resolution for
the muons ofog/E,=3% and an angular resolutiom,
=3° (see also Ref42] for further detail$. Notice that in the

oMP=49%,7.1%,0%,7.1% 8.4%,11.1%,

expressions above the true angle of the mup, is not an oNE=13%,8.9%,6%,3.8% 3.%,5.5 (A7)
independent variable but is related by the kinematics of the
process to the initial neutrino enerdy,, the final muon fori=1,...,6, respectively.

energyE; , and the invariant mass of the hadronic system, Thus in our analysis we use both the shape and the nor-
M. The final result for the number of expected events inmalization of the 29 single-ring-like events. In their analy-
eachE,. bin is obtained by substituting EqeA4) and (A5) sis, the K2K Collaboration use only the spectrum shdmg
into Eq.(A3) and numerically integrating for the kinematical not the normalizationof the 29 single-ringu-like events
variables in the corresponding rangeEf.. In this proce- plus the overall normalization of their total sample of fully
dure the only free parameter to adjust is the overall normaleontained event& total of 56. We cannot use the normal-
ization. The shape of the spectrum is then fully determinedization from the additional 27 events in the lack of more
In order to verify the quality of our simulation we com- detailed information from the K2K Collaboration on the ef-
pare our predictions for the energy distribution of the eventdiciencies for multiring events. Nevertheless, as described in
with the Monte Carlo simulations of the K2K Collaboration Sec. IIl A, the results of our oscillation analysis are in good
in absence of oscillation. In Fig. 1 we show our predictionsagreement with those from the K2K analysis.
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