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Super-Kamiokande atmospheric neutrino data, zenith distributions, and three-flavor oscillations
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We present a detailed analysis of the zenith angle distributions of atmospheric neutrino events observed in
the Super-KamiokandéK) underground experiment, assuming two-flavor and three-flavor oscillgtiatis
one dominant mass scalamong active neutrinos. In particular, we calculate the five angular distributions
associated with sub-GeV and multi-Ge¥Mlike ande-like events and to upward through-going muons, for a
total of 30 accurately computed observahiesnith bing. First we study how such observables vary with the
oscillation parameters, and then we perform a fit to the experimental data as measured in SK for an exposure
of 33 kTy (535 day$. In the two-flavor mixing case, we confirm the results of the SK Collaboration analysis,
namely, thatv,«+ v, oscillations are preferred over,— v, and that the no oscillation case is excluded with
high confidence. In the three-flavor mixing case, we perform our analysis with and without the additional
constraints imposed by the CHOOZ reactor experiment. In both cases, the analysis favors a dominance of the
v, v, channel. Without the CHOOZ constraints, the amplitudes of the subdominanty, and v« v,
transitions can also be relatively large, indicating that, at present, current SK data do not excludevgizable
mixing by themselves. After combining the CHOOZ and SK data, the amplitudes of the subdominant transi-
tions are constrained to be smaller, but they can still play a non-negligible role both in atmospheric and other
neutrino oscillation searches. In particular, we find thatithappearance probability expected in long baseline
experiments can reach the testable levet-d6%. We also discuss Earth matter effects, theoretical uncertain-
ties, and various aspects of the statistical analySi8556-282199)06401-3

PACS numbsdis): 14.60.Pq, 13.15.g, 95.85.Ry

[. INTRODUCTION recent data from the CHOOZ reactor experimiga,25.
More precisely, we consider the five SK angular distribu-

The Super-KamiokandéSK) water-Cherenkov experi- tions associated to sub-GeV and multi-GgMike ande-like
ment[1] has recently confirmef2-5], with high statistical events[2,3] and to upward through-going muofts,19), for
significance, the anomalous flavor composition of the oba total of 30 accurately computed observabl&s-5+5
served atmospheric neutrino flux, as compared with theoret+5+10 zenith bing First we study how such observables
ical expectation$6,7]. The flavor anomaly had been previ- vary with the oscillation parameters, and then we fit them to
ously found in Kamiokandg8,9] and IMB[10], and later in  the experimental data as measured in SK for an exposure of
SoudanZ11], but not in the low-statistics experiments NU- 33 kTy (535 day$ [4,5].
SEX[12] and Frgus[13]. In the two-flavor mixing case, we confirm the results of

The recent SK data have also confirmed earlier Kamiothe SK Collaboration analysis, namely, thgt— v oscilla-
kande indication$9] for a dependence of the flavor anomaly tions are preferred over, < v, and that the no oscillation
on the lepton zenith ang(&,4], which is correlated with the case is excluded with high confidence. In the three-flavor
neutrino pathlength. The features of this dependence are comixing case, we perform our analysis with and without the
sistent with the hypothesis of neutrino oscillations, whichadditional constraints imposed by the CHOOZ reactor ex-
represents the most natukahd perhaps exclusiyexplana- periment. In both cases, the analysis favors a dominance of
tion of the datd4]. The oscillation hypothesis is also con- the v, v, channel. Without the CHOOZ constraints, the
sistent with other recent atmospheric neutrino data, namelyagmplitudes of the subdominam, < v, and ve«~ v, transi-
the finalized sample of Kamiokande upward-going muondions can also be relatively large, indicating that, at present,
[14], the latest muon and electron data from Soudgl®],  current SK data do not exclude sizablg mixing by them-
and the samples of stopping and through-going muons iselves. After combining the CHOOZ and SK data, the am-
MACRO [16]. plitudes of the subdominant transitions become smaller, but

The SK atmosphericv measurements, which are de- we show that they can still play a nonnegligible role both in
scribed in detail in several papdrk7,2—4, conference pro- atmospheric, solar, and long baseline laboratory experiments.
ceedingd18,5,19, and thesef20-22, demand the greatest = The plan of our paper is as follows. In Sec. Il we discuss
attention, not only for their intrinsic importance, but also for the 30 SK observables used in the analysis, as well as the
their interplay with other oscillation searches, including solarCHOOZ measurement. In Sec. 1l we set the notation for our
v experiment$23] and long baseline oscillation experiments three-flavor oscillation framework. The two-flavor subcases
at reactord24-26 and accelerator27—-31]. In this work, are studied in Sec. IV. In Sec. V we perform the three-flavor
we contribute to these topics by performing a comprehenanalysis of SK datawith and without the CHOOZ con-
sive, quantitative, and accurate study of the SK atmospheristraintg and discuss the results, especially those concerning
v data in the hypothesis of three-flavor mixing among activer, mixing. In Sec. VI we study the implications of our analy-
neutrinos. We also include, within the same framework, thesis for the neutrino oscillation phenomenology. We conclude
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our work in Sec. VII, and devote Appendixes A and B to the Neutrino flux angular distribution ( cos0=0 —> hori;ontalv)

. . . . . —— HKKM 95 oo AGLS 96 lcos@l =1 —> vertical v
discussion of technical details related to our calculations anc E = 1 Gev E = 10 Gev £ = 100 Gev

to the statistical analysis. o ‘ - -
Some of our previous results on two- and three-flavor® % sof  * 7_\_*\‘% ol :
oscillations of solaf32-34, atmospherid35-3§, labora-  x = sof 1 ] t
tory [39,40 neutrino experiments and their combinations . 3, “° — . ¢ 1 1
[41-44 will be often referred to in this work. In particular, % ¢ 2°f 1
the 3v analyses |r[32,36—39 summarize the pre-SK situa- % 02 04 06 08 0 02 04 06 08 0 0z 04 06 08 I
tion. However, we have tried to keep this paper as self-y; e e e

contained as possible.
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A. Zenith distributions of neutrinos and leptons o i i i
FIG. 1. Distributions of neutrino fluxes in terms of the neutrino

A ba_sic ingredient of any th_eoretical caICI_JIation or Monte zenith angle®, for three representative energies, &1, 10, and
Carlo S|mu_lat|on of atmospherug:even_t rates is the_z flugp of 100 GeV}. Upper panelsv#+7ﬂ flux. Middle panelsg+ v, flux.
:tnrz‘r)gsygegigeo‘;t:'hneoi :r?i'([jha;r:gZ)Ut[I[tlZst)f(%]?Itilong; ?Qe Lower panels: ¢,+v,)/(ve+ ve) flux ratio. Solid lines and dots

v or > \vs > refer to the calculations 6] (HKKM'95) and [7] (AGLS'96),
unobservable in itself, and what is measured is the distribUrespectively. In this figure, geomagnetic effects are not reported,
tion of leptonsl = u,e after v interactions, as a function of and the fluxes are symmetric under €s-—cosd. Notice the in-
the lepton energyE(<E,) and lepton zenith angled  crease of the, /v, ratio with energy and fofcos®|—1.

(+0).
In Fig. 1 we show the sum of theoreticabnd» fluxes, as V'S represent the “backgroundsee alsd45]). We antici-
a function of the neutrino zenith ang® for selected values Pat€ that, in fact, multi-GeV data are more effective than
of the energyE, (1, 10, and 100 Ge) The fluxes refer to lower-energy(sub-GeV data in placing bounds om,— v,
the calculations of[6] (HKKM'95, solid lines and [7]  fransitions. Another consequence of the nonflatv, ratio.
(AGLS'96, dot9 without geomagnetic correctiorfso that 1S the appearance of distortions of_ the zemth distributions
the sign of co® is irrelevant in this figure The upper and that, although re_Iated teacuumneutrino oscillationdo nc_Jt
middle panels refer to muon and electron neutrinos, respec@pend on neutrino pathlength-to-energy rati&, [38]. Fi-
tively, while the lower panel shows their ratio. Several inter-Nally, notice in Fig. 1 that the good agreement at low ener-

esting things can be learned from this figure. For instanceg,iﬁS bet\N$e3 thertl‘_"’?] reported calc#lati%nwpfvﬁ is sfc:me—f
the often quoted valuew(, + v ,)/(ve+ ve) =2 for the muon- what spolled at high energies. This shows that the often-

) 0 . i
to-electron neutrino ratio clearly holds only for low-energy, gggtne(l;t?ni;gnm 3‘2&? ff;gv\t/hg;gr/ Ve ri?]ttg’ r\g/tr(]el ghﬂzizs
horizontal neutrinos. This ratio increases rapidly as the neu- gy, 9

) : . S 46], does not necessarily apply to high-energy or differential
trlno_ energy increases and as its direction approaches t Fux]es Therefore. also tr){elgrigpton gvent ragt]i)(/) might suf-
vertical. In fact, bothw,, and v, fluxes decrease towards the ' '

- o i )
vertical (see upper and middle panglsvhere the slanted fgr of uncertainties Iarger thai5% in some energy a“.g'.e

: . K bins. Our empirical estimate of such errors in the statistical
depth in the atmosphere is reduced; howewgls are more S S ; . ;

. , S analysis is detailed in Appendix B. More precise estimates of
effectively suppressed than,’s, due to their different parent

decay chains. In addition, the greater the energy of the pathe relative v, and v, flux uncertainties are in progress

47,48). A new, ab initio, fully three-dimensional calculation
ents, the longer the decay lengths, the stronger the depep- § T - .
dence of thev, /v, flux ratio on the slanted depth and thus of the atmospheric neutrino fluX49] is also expected to shed

. : ; light on these issues.
on the zenith angl®. In other words, high-energy, vertical . : .
. - Y ; L Concerning the overall uncertainty of the theoretical neu-
atmosphericy beams” are richer inv,,’s and, therefore, are

best suited in searches for — ».. oscilations. where initial trino flux normalization, it is usually estimated to be 20—
L—ve ' 30 %. Most of the uncertainty is associated to the primary

flux of cosmic rays hitting the atmosphere. It is important,
however, to allow also for energy-angle variations of such
We will often use the term “neutrino” loosely, to indicate both normalization(e.g., the SK analysif4] allows the spectral
v's and v's. Of course, we properly distinguish from » in the  index to vary within=0.05. Our approach to this problem is
input fluxes and in the calculations of cross sections and oscillatioletailed in Appendix B. Here we want to emphasize that
probabilities. valuable information about the overall flux normalization can
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TABLE |. Super-Kamiokande sub-GeV and multi-GeMike and u-like atmospheric neutrino data, compared with the corresponding
Monte Carlo simulations in different zenith andl® bins[4]. The numerical values are graphically reduced from the plofd il. Units:
Number of events. Experimental exposure: 33 kTy, corresponding to 22.5 kton fiduciakiiaSsive days. Simulated exposure: 10 ¥8].
Errors are statistical only. The Super-Kamiokande Monte Carlo simulations refer to HKKM'95 neutrino [fijxes

Event Bin co9 Observed Monte Carlo Observed Monte Carlo
sample No. range e-like events e-like events u-like events pn-like events
Sub-GeV 1 [-1.0,-0.6] 287+16.9 20%:5.5 182+13.5 326-6.9
2 [-0.6-0.2] 231+15.2 206:5.5 225-15.0 316-6.8
3 [-0.2+0.2] 259+16.1 2206:5.7 228-15.1 3076.7
4 [+0.2+0.6] 227+15.1 216:5.6 264+-16.2 308:6.7
5 [+0.6,+1.0] 227+x15.1 198-5.4 259+-16.1 317%6.8
total [—1.0,+1.0] 1231+35.1 104%12.4 1158-34.0 1574-15.2
Multi-GeV 1 [—1.0,-0.6] 50+7.1 3723 64+ 8.0 114-4.1
2 [-0.6-0.2] 56+7.5 51+2.7 75+8.7 132+4.4
3 [-0.2+0.2] 70+8.4 62t3.0 136:£11.7 173:5.0
4 [+0.2+0.6] 74+8.6 52+2.8 142:£11.9 139:4.5
5 [+0.6,+1.0] 40+£6.3 34£2.2 114+10.7 11%4.0
total [-1.0+1.0] 290+17.0 236:£5.9 531-23.0 663-9.9

be obtained from more precise cosmic ray data from balloomu-like and e-like events(5+5 bing, multi-GeV w-like and
experiments such as BESE0], CAPRICE [51], and elike events(5+5 hing, and upward through-going muons
MASS2[52,53. The BESS experiment has recently reported(10 bing, for a total of 30 observablésEew other analyses

a relatively low flux of cosmic primarief50], which, as we  report explicit calculations of sub-GeV and multi-GeV zenith
will see, might represent a serious problem for the oscillationyjstributions(see, e.g.[60,61]) or upward-going muon dis-
interpretation of the SK datesee alsq47,48). On the other  triputions (see, e.q.[62]) in agreement with the SK simula-
hand, the MASS2 experiment can also measure the flux qfons. Other authors perform detailed calculations but use a
primary protons and secondary muaatshe same timgs4],  requced zenith information, as that embedded, e.g., in the

and might thus provide soon an important calibration of the,,_qown leoton rate asymmetf63] (see. e.q.[64.6
theoretical flux calculationfs4,55. Therefore, it is reason- P P y 193] (see, €.9.[64,69).

able to expect, in a few years, a reduction and a better un-
derstanding of the overall neutrino flux uncertainty, with ob-
vious benefits for the interpretation of the atmospharic The experimental data used in our analysis are reported in
anomaly. Table | and Table I, together with the corresponding expec-
In order to obtain measurable quantitiesg., the lepton tations as taken from the SK Monte Carlo simulations. The
zenith angle distributionsone has to make a convolution of numerical values have been graphically reduced from the
the neutrino fluxes with the differential cross sections andplots in[4,5] and thus may be subject to slight inaccuracies.
detection efficienciesee, e.9.,36,43,44). We consider five Table | reports the zenith angle distributions of sub-GeV
zenith angle distributions of leptons: sub-GeV muons anthnd multi-GeV events collected in the SK fiducial méa.5
electrons, multi-GeV muons and electrons, and upwargon) during 535 live days, for a total exposure of 33 KTy.
through-going muons. Concerning the calculation of the flrs§:u||y and partially contained multi-GeV muons have been
four distributions, we have used the same technique used i,y meq. Only single-ring events are considered. The distri-
[36] for the old Kamiokande multi-GeV distributions. This utions are binned in five intervals of equal width in @s
approach makes use of the energy distributions of parer}l%rom cosé=—1 (upward going leptons to cosf=-+1

L]n:iar:gcrtrl]r&%nnse%gn;)ns]p[ggé t(;gn;s;?ég%hufsg?ﬂgﬂ] tg;oilﬁ]g_]h_ (downward going leptonsThe total number of events in the
cluding the ,zenith dependence of the SK muon energ;';u" solid angle is also given. The quoted uncertainties for the
threshold as given i119,20; we also use the same SK data points are statistical. The statistical uncertainties associ-

choice for the parton structure functiof@RV94[57], avail-  ated to the SK Monte Carlo expectations origir13ate from the
able in[58]) and muon energy losses in the rd&9,20. For  finite simulated exposur€l0 years live timeg18]).
all distributions (SG, MG, and UR), we obtain a good
agreement with the corresponding distributions simulated by
the SK Collaboration, as reported in Appendix(#® which 20ur earlier calculations of event spectra for pre-SK experiments
we refer the reader for further details can be found ir{36,37,44,43

In short, we can compute five distributions of SK lepton 3Systematic errors, not reported in Table |, are discussed in Ap-
events as a function of the zenith anglenamely, sub-GeV pendix B.

B. SK data: total and differential rates
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TABLE Il. Super-Kamiokande 535 day data on upward SuperKamiokande, total lepton rates (33.0 kTy, 535 day)

through-going muon fluxes, compared with the corresponding the- 1/ e 1/ e 0/ o
oretical calculations in different zenith angl@)(bins [5]. Units: 0z 06 1 14 15 o2 05 1 14 06 1 14 18
10 8em 2 s tsr!. The calculated muon fluxes, taken from b - G s -
[5,19], refer to HKKM'95 neutrino fluxe§6], GRV'94 DIS struc- Mo X2 —mexo8
ture functions[57], and Lohmann muon energy losses in the rock . _ .
[59]. Errors are statistical only. The numerical values are graphi- 140 1 18 -
cally reduced from the plots if5,19]. B L 1 Me(FC) Ma(Fe)
% i sc# ) 7% T sc++ MCX 1.2 7%1'47 scﬂ- 7
Bin cosd Observed Theoretical ’ me sl {17 /é o
0.6 4
No. range w flux o flux @ ot fste
l |:_ 10,_ 09] 103i 018 125 0.20'2 0.6 1 1.4 1.8 0.2 0.8 1 1.4 0.6 1 1.4 1.8
2 [—0.9-0.8] 1.16+0.18 1.38 W/ i H/ b w/ b
3 [_ 08-0 7] 0.90+0.17 1.46 (u—e osc. favored) (u—T7 osc. favored) (v osc. disfavored)
4 [-0.7-0.6] 1.62+0.22 1.57 Theory o MC = SK MonteCarlo with HKKM'95 v fluxes
5 [_ 0.6'_ 05] 1.31+0.18 1.67 (+£30% p-e normaliz. error, +5% u/e ratio error)
_ _ Data . SG = SubGeV events
6 [-05-04] 1.57£0.20 178 MG(FC) = MultiGeV events (fully contained)
7 [_ 0.4,— 03] 1.59+0.21 1.93 PCu = Partially contained muons
8 [-0.3-0.2] 2.20+0.25 2.18 UPy = Upward-going muons
(* 10 statistical error)
9 [-0.2-0.1] 2.73+-0.28 2.52
10 [-0.1-0.0] 3.42+0.31 3.03 FIG. 2. Super-Kamiokande data on total lepton events, com-
pared with their theoretical predictions. The numberg-tke and
Total [-1.0-0.0 1.75+0.07 1.88 u-like events are normalized to the central values of the corre-

sponding Monte CarldMC) simulationse, and uq [4], obtained
i . with HKKM'95 fluxes [6] (as reported in Table). Error bars of
Table 1l reports the differential and total flux of upward experimental data are statistical; slanted error bars of MC represent

through-going muons as a func_tion of the zen_ith angle._ D_ataI 30% systematics in the commary, e, normalization and+ 5%
errors are statistical only. In this case, there is no stat|st|ca§ystematics in the, /e, ratio. Left panel: Default MQfavors v,,
error for the SK theoretical estimates, which are derived_,,,e oscillations. Middle panel: MCx1.2 (favors »,— v, oscilla-

from a direct calculatior{5,19,2Q and not from a Monte tong). Right panel: MC<0.8 (disfavorsv oscillations. See the text
Carlo simulation. for details.

It is useful to display the information in Tables | and Il in
graphical form. To this purpose, we take the central values ofnat MGe events are all FC The total number of lepton
the theoretical expectations in Tables | and Il as “units ofayents are displayed in the plang/fu,e/ey), so that the
measure” in each bin. In other words, allande event rates  gtandard expectationf®C) correspond to the poirtt, 1) for
(either observed, or calculated in the presence of oscillationsach data sample. The UP and PC muons have no electron
are normalized to their standafde., unoscillatel expecta- counterpart and are shown in the single variablg., (upper
tior!s wo and ey The following notation distinguishes the stripg. We attach a=30% common uncertainty to the MC
various lepton samples: muon and electron ratdtarge slanted error bgrand allow
for a £5% uncertainty in theu/e ratio (small slanted error
ban. The three subfigures(®, 2(b), and Zc) correspond to
three choices for the theoretical predictigh4C): (a) Stan-
dard MC expectationgh) MC rates multiplied by 1.2; and
(c) MC rates multiplied by 0.8.

Figure Za) clearly shows that, with respect to the stan-
dard MC, SK observes a deficit of muotsgronger for low-
energy SG data and weaker for high-energy J@atg and,
at the same time, an excess of electrnsth in the SG and
MG samples In the hypothesis of neutrino oscillations,
these indications would favor,— v, transitions, with a
mass square difference low enough to give some energy de-

Figure 2 compares theory and data for the total leptorpendence to the muon deficit. As far eal SK rates are
rates. The MG data sample is further divided into fully concerned, this is a perfectly viable scenario.
contained(FC) and partially containedPC events(notice Figure Zb) shows how the previous picture changes when

one allows for an overall increase of the MC expectations

(say, +20%). The relative excess of electrons disappears,
4This representation was introduced 8%] to show those features while the muon deficit is enhanced. This situation is consis-
of the atmospherie anomaly which are hidden in the/e ratio and ~ tent with v,— v transitions, which leave the electron rate
emerge only whemu ande rates are separated. unaltered. The current SK data link rather strongly— v,

SGe=sub-GeV electrons,
SGu=sub-GeV muons,
MGe=multi-GeV electrons,
MG u=multi-GeV muons,
UPu=upward through-going muons,

MC=theoryno oscillation).
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oscillations to an overall increase of the MC expectations:
indeed, a good fit to the SG and MG data samples requires : Superkamiokande (535d) t Doto + 10 (stat.)
MC “renormalization” by a factor~1.16[4]. Although this zenith distributions Z== Theory  30% (no osc.)
factor is acceptable at present, it might not be so in the fu- . . ‘ ‘ .
ture, should the MC predictions become more constrained. Ir | SGe | Seu | MGe | MGu | Pk |
particular, if the recent BESS indicatiof80] for a relatively et 1 * } 1 1 i
low flux of cosmic primaries were confirmed, then one 12f +++“ H‘ {_f
should rathedecrease¢he MC expectationf47,48. % 1 : ! b + H
Figure Zc) shows the effect of a MC decrease by 20%. In "™ e}t :—____+___:H m e
this case one would observe no deficit of muéarsd even an o[- T4 T Tt T $ .
excess of UR event$ and a~40% excess of electrons, 04 - T T T T 1
which cannot be obtained in any known oscillation scenario.  °* % 75 ¢ o o o o 1o w8 o
The discussion of Fig. 2 shows th@} theory(no oscilla- cos ¥ cos ¥ cos ¥ cos ¢ cos ¥

tion) and data disagree, even allowing for a MC renormal-
ization, (ii) the oscillation interpretation depends sensitivelyter

on the size of the renorm_allz_atlon factc@m_) 'f thls factqr upgoing, horizontal, downgoing leptond=rom left to right: sub-
turns out to be<1, the oscillation hypothesis is jeopardized, 5\ electrons(SGe) and muons(SGu), multi-GeV electrons

and (iv) it is thus of the utmost importance to calibrate and \1ge) and muonMG ), and upward through-going muons kP
constrain the theoretical neutrino flux calculatiof,7] |y each bin, the observed raeis divided by the expected raR,
through cosmic ray balloon experiments such as BE®  in the absence of oscillations, as taken from Tables I and II. There-
and especially through simultaneous measurements of priore, in this plot Theory:1 with =30% normalization error, and the
mary and secondary charged particles as in the forthcomingeviations of Datddots from the flat theoretical expectations show
CAPRICE and MASS2 analysd&4]. All this information  the zenith anomaly at glance.

would be lost if the popular (/e double ratio” were used.

Another piece of information that would be hidden by the . . . :
namely, the stopping-to-passing ratio of upward-going

do_uble ratio is the fact that, in Fig. 2, the SG and M(_B datamuons[s,lg], neutral-current enriched event samB6—
points appear to be very close to each other in th

(1] o.€ley) plane, while it was not so in Kamiokan(ies]. e69], and azimuth(east-west distributions of atmospherie

We are, however, unable to trace the source of such a differ(?vems[s’m]' Such preliminary data will be considered in a

Lo : future work.
ence (which is mdependent of the MC normalizatjobe Finally, the SK data themselves could be used for a self-
tween SK and Kamiokande. o . R
. . . . calibration of the overall neutrino flux normalization. In par-
Since the total lepton rate information is subject to the

above ambiguities, one hopes to learn more fadifferential ticular, one should isolate a sample of high-energy, down-
DIguities, P TR going leptons with directions close to the vertical, so that the
ratesand, in particular, from the zenith distributions of elec-

trons and muons. These distributions are shown in Fig. §orrespond|ng parent neutrinos would be characterized by a

where, again, the ratédhave been normalized in each bin to pathlength, sayL. =50 km and by an energ§,=10-20

. : GeV. Then, for a neutrino mass differenten? smaller than
the central values of their expectatidRg (from Tables | and NN - 2
Sk M 10 < eV~ [4], the oscillating phasecAm“L/E, would also
II). Therefore, the no oscillation case corresponds to “theor

=1"in this figure, with an overall normalization error that e small, and the selected sample could be effectively con-

we set at+30%. Deviations of the data sampl@ots with sidered as unoscillated, thus providing a model-independent
error bar$ from the standardflat) distribution are then im- constraint on the absolu'tellepton ra}te and on the neytrmo
mediately recognizable. The electron sampl@Se and flux. The present SK statistics for strictly down-gqlng,_hlgh-

MGe) do not show any significant deviation from a flat energy leptons, is not yet adequate to such a calibration. We

shape, with the possible exception of a slight excess o¥v'” come back to this issue in the following.

upward-going (cog——1) SG electrons. On the other hand,

all the muon samples show a significant slope in the zenith C. CHOOZ results

distributions, especially for multi-GeV dataMost of this o

work is devoted to understand how well two- and three- The CHOOZ experimenf24] searches for possible,

flavor oscillations of active neutrinos can explain these feadisappearance by means of a detector placed=al km

tures of the SK angular distributions. from two nuclear reactors with a total thermal power of 8.5
We mention that additional SK measurements can potencW. With an average value &f E,~300 km/GeV, it is able

tially corroborate the neutrino oscillation hypothesis, to explore thev,— v, oscillation channel down te-10"3
eV? in the neutrino mass square difference, improving by

about an order of magnitude previous reactor lif#3]. The
%It must be said that, in general, one cannot expect very stron§€nsitivity to neutrino mixing is at the level of a few percent,

zenith deviations in the SG data distribution, since the neutrinobeing mainly limited by systematic uncertainties in the abso-
lepton scattering angles are typically large at low enerf6s, on  lute reactor neutrino flux. The ratio of observed to expected

averagg and therefore the flux of leptons is more diffuse in the neutrino events is 0.980.04+0.04, thus placing strong
solid angle. bounds on the electron flavor disappearari@d]. The

FIG. 3. Super-Kamiokande distributions of lepton events in
ms of the lepton zenith angle (co®¥=-1,0,1 correspond to
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CHOOZ limits have been recently retouchédeakeneyl  works[36,44], we solve numerically the neutrino evolution
[25] as a result of the unified approach to confidence levekquations for any neutrino trajectory, taking into account the
limits proposed i 71]. corresponding electron density profile in the Earth. Our com-
The impact of CHOOZ for atmospheric oscillation puter programs are designed to compute the neutrino and
searches and for their interplay with solar neutrino oscilla-antineutrino oscillation probabilities fany possiblechoice
tions[72] has been widely recognizédee, e.g.[41,65,73— of values for the neutrino masses{,m,,mz) and mixing
76)). Earlier studies of the interplay between reactor, atmoangles(w,,y).
spheric, and solar neutrino experiments can be found in
[32136139’43;4} A. Neutrino masses
Given their importance, we have performed our own re- ) .
analysis of the CHOOZ data in order to make a proper SK A complete exploration of th_e three-fla\{or neutrino pa-
+CHOOZ combination. We use the,+p—e*+n cross [jametef space woul_d be_ exceedingly compllcated_. Thgrefore,
. . . o ata-driven approximations are often used to simplify the
section as in our previous work89], and convolute it with analysis[42]. As in our previous work§32,36,39 4% we
the reactor neutrino energy spectr{ig4]| in order to obtain y : P e

the positron rate. The expected rate is then compared wit se the following hypothesis about neutrino square mass dif-

the data[24,25 through ay? analysis. We have checked erences.

that, in the case of two-famlly o;c!IIatlons, Weobtaln with |m§—m§|55m2<mzs|m§—m§|, (4)

good accuracy the exclusion limits shown [&5]. Our

CHOOZ reanalysis will be explicitly presented in Sec. IV. ¢ e assume that one of the square mass differences

The CHOOZ pound counts as one additional constréire (6m?) is much smaller than the othemg), which is the one

observed positron ratetherefore, the global SKCHOOZ  5heqd by atmospheric neutrino experimetatsd accelerator

analysis represents a fit to 3Q observables. or reactor experiments as w¢89]). The small square mass
difference is then presumably associated to solar neutrino

Ill. THREE-FLAVOR FRAMEWORK AND TWO-FLAVOR oscillations[32].

SUBCASES Notice that the above approximation involves squared

jqnass differences and not the absolute maésbgh cannot

be probed in oscillation searchei particular, Eq(4) sim-

ply states that there is a “lone neutrina’z, and a “neutrino

doublet” (v{,v5), the doublet mass splitting being much

smaller than the mass gap with the lone neutrino. However,

In this section we set the convention and notation used i
the oscillation analysis. We consider three-flavor mixing
among active neutrinds:

Ve Uet Ue Ues V1 . . .
Eq. (4) can be fulfilled with eithemz;>m; , or my<mj ,.

Vp | =| Y Uuz Upus b2 ], (D These two cases are not entirely equivalent when matter ef-

v, U, U, Ug V3 fects are taken into account, as showri36]. However, the
difference is hardly recognizable in the current atmospheric

with phenomenology36,65. For simplicity, in this paper we re-

fer only to the casen;>m, ,, i.e., to a “lone” neutrinovy

masgvy,v,,v3)=(My,My,My). (2)  being the heaviest one.

_ _ _ o ~ As far asm?=10 *eV? and dm?<10 “eV?, atmo-
It is sometimes useful to parametrize the mixing matrixspheric neutrino oscillations depend effectively onlyrof

U, in terms of three mixing angles, ¢, and However, for larger values ofm? the approximation(4)
begins to fail, and subleadinggm?-driven oscillations can
CeCo CySo S¢ affect the atmospherie phenomenology. We will briefly

comment on subleading effects in Sec. VI C. Earlier discus-
sions of such effects in solar and atmospheric neutrinos can
be found in[44].

U ai = - S¢S¢Cw— Ci//Sa) - S¢S¢Sw+ chw S¢C¢ y

()

wherec=cos,s=sin, and we have neglected a possigle B. Neutrino mixing
violating phase that, in any case, would be unobservable in

our framework. The mixing angle, ¢,¢) are also indicated |44ing effects are unobservable, and that the angtean be

as (01%,013,023) in the Iitzlarat'ure. - . rotated away in the analysis of atmospheric neutri(see

While three-flavor oscillation probabilities are trivial to be [36] and references therdinin other words, atmospherie
computed n vacuun(n.f_e., Ic? th? ?tm()Sphe”C par(; (;)f the experiments do not probe the mixieg= 6, associated with
neutrino trajectory, refined calculations are needed to ac-y,q quasi-degenerate doublet,(v,), but only the flavor

count also for matter effects in the Earth. As in our prewousComposition of the lone state,

Under the approximatiof4) one can show thatP vio-

V3:Ue31/e+ UM3VM+U73VT (5)
0scillations into sterile neutrinosee, e.9.[61,77-79 and ref-
erences therejrare not considered in this paper. =Sy4Vet c¢(s¢,v#+ cva). (6)
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The neutrino oscillation probabilities in vacuum assume then
the simple form:

PYa v, v,)=1—4U%,(1-U?%))S, 7)
PYa( v, 1) =4U%5U %S (a# ), (8)
where
m?[eVZ]-L[km
S=sir?| 1.2 [eV7]-Likm] 9)

E,[GeV] )

neutrino and antineutrino probabilities being equal. How-

ever, in matterP(v);&P(j), and the probabilities must be
calculated numerically for the Earth density profile. For a
constant density, they can still be calculated analytically
[36].

One can make contact with the familiar two-flavor oscil-

PHYSICAL REVIEW D 59 033001

Ve

A

Y/l

lation scenarios in three limiting cases:

$=0= v3=s,v,+Cyv, (puUrev,« v, 0sc), (10
o

Y= 5= v3=SyvetCyr, (PUrev,« v, 0SC), (11)

Yy=0= V3=s¢ve+ CyVr (pureve—v_.0sc), (12

with the corresponding, further identificatiofglid only in
the 2v cases

sirP20,,,=4s5c5,, (13
SiNf20e,=4s5C5, (14)
SiP20e,=4sc5, . (15)

Finally, we remind that for pure,« v, oscillations the
physics is symmetric under the replacement w/2— i,

due to the absence of matter effects. Such effects instead

break the(vacuum symmetry¢— m/2— ¢ for pure v, ve
oscillations, for which the case¢<<w/4 and ¢> /4 are

2 ‘77/ // A
SINe ST

ST
Naaan
7

| /]
NoSEN
0 1

2 .3 4 5 .6 .7.8 .91
sin“1y

FIG. 4. Triangle graph representing the three-flavor mixing
space ofv;. In the upper panel the parameter space is spanned by
the matrix element&)Z;, U%;, andU%. When such elements are
identified with the heights projected by a generic poing)( the
unitarity conditionEanfl is automatically satisfiedfor a tri-
angle of unit height Vertices, sides, and inner area correspond to
no oscillation, two-flavor oscillations, and three-flavor oscillations,
respectively. In the lower panel, the same parameter space is
charted through the mixing angles= 6,53 and )= 0,3.

UZ+ U2+ U%=1 (16)

can be embedded in a triangle grd@9,32,41, whose cor-
ners represent the flavor eigenstates, while a generic point

distinguishablé. In generic three-flavor cases, no specificinside the triangle represents the “lone” mass eigenstate
symmetry exists in the presence of matter and the mixingy identifying the heights projected fromy with the square

angles¢ and ¢ must be taken in their full rangé,7/2]. A

matrix elementd)Z;, U%,, andU?%, the unitarity condition

full account of the symmetry properties of the oscillation (16) is automatically satisfied for a unit height triang&9].

probability in 2v and 3 cases, both in vacuum and in matter,

can be found in Appendix C d36].

C. The atmosphericv parameter space

As previously said, under the hypothegis the parameter
space of atmospherig¢s is spanned byr("lz,Ue3,UM3,U,3).
At any fixed value ofm?, the unitarity condition

7Alternatively, one can fixp<m/4 and consider the cases’
>0 orm?<0 [61].

Figure 4 shows the triangle graph as charted by the coor-
dinatesU?; (upper panélor (¢,4) (lower panel. When v4
(the mass eigenstateoincides with one of the cornefthe
flavor eigenstatgsthe no oscillation case is recovered. The
sides correspond to pures @scillations. Inner points in the
triangle represent genuine ®scillations.

IV. TWO-FLAVOR ANALYSIS

In this section we study first how the theoretical zenith
distributions are distorted, in the presence of two flavor os-
cillations, with respect to the “flat” expectations of Fig. 3.
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. s | | 1.E-3 000 050 0.50 . come | | 3.E-3 000 025 075

Effect of varying m> | | s 1E-2 0.00 050 050 Effect of varying sin®2d,, | |« 3E-3 000 010 090
— 1.E-1 0.00 050 0.50

02 1 1 1 1 1 02 1 1 1 1 1
-1 o 1 -1 0 1 -1 0 1 -1 [ 1 -1 -0.5 0 -1 o 1 -1 0 1 -1 0 1 -1 [ 1 -1 -0.5 0

cos ¥ cos ¥ cos ¥ cos ¥ cos ¥ cos ¥ cos ¥ cos ¥ cos ¥ cos ¥

FIG. 5. Distortions of the zenith distributions induced by varia-  FIG. 6. Distortions of the zenith distributions induced by varia-
tions of m? (eV?), for pure v, v, oscillations with maximal tions of the ¢,,»,;) mixing, for pure v, < v oscillations with
(v, ,v,) mixing. m?=3x103eV?,

This introductory study does not involve numerical fits to therange ofm? aroundm?=103-10"2eV?, independently of
data, and helps to understand which features of eithethe details of the statistical analysis. Valuesnof outside
v, — v, Of v, v, Oscillations may be responsible for the this range do not agree with the muon data.
observed SK zenith distributions. We then fit the most recent As a final comment to Fig. 5, we notice that the theoret-
SK data(33 kTy) using ay? statistics, and discuss the re- ical rate for downgoing multi-GeV muonsightmost bin of
sults. the MGu samplg is practically identical to the unoscillated
case form?<10 2eV?, as also observed at the end of Sec.
A. Zenith distributions for »,— v, oscillations Il B. Therefore, the SK data can potentially self-calibrate the
Figure 5 shows, in the same format as in Fig. 3, our Cal_absolutemuon rate normalizatiomndependently of oscilla-

culations of the five zenith distributions of atmospheric neu-t'ons’ p_roylded that the total experimental error in the last
MGy bin is reduced to a few percent.

trino events. In this and in the following figures, the upper . 2 o o
. . ; In Fig. 6 we takem” fixed (at 3X 10" eV*) and vary the
left box contains comments on the scenario, while the upper - .
PR~ v, mixing (sir?26,,=4U%,U%=1,0.75,0.36). The

right  box displays the selected values of “x_ . / o . .
(m2/eV2,U2,,U2,,U2,). In Fig. 5 we consider, in particu- SUPPression of the muon rates increases with increasing mix-
1~ e3r 73/ . !

lar DUres. oy Mgs’,cillationsuz — 0 with maximal mixin ing; however, there is no dramatic difference between
'Hfza li4U5 UZ.—1). Of e3 the elect dist g sir? 260,,,=1 and 0.75solid and dashed lines, respectively
(si ur 3U%s=1). Of course, the electron distribu- 5\ e'as low as sf26,,,=0.36 is not in agreement with

. M g .
tions are not affected by, — v transitions, while the muon o 5 and MG muon distributions, although it is still al-

event r_ates are su_ppressed, especially for zenith angles ABwed by the UR sample (which does not place strong
proachmg the vertical (cog=—1, _upward leptons corre- . bounds on the mixing If all the distributions were renormal-
sponding to longer average neutrino pathlengths. The pred"fied (scaled upto match the S&and MGe samples, small

. _ _3 2 . . .
tion for m°=10""eV® (dashed ling is in reasonable pjing values would be even more disfavored. Therefore,
agreement with all the muon data sampl(&5, MG, and we expect the mixing angle to be in the rangezﬂﬁw

2_ — 2 2
UP). Form”=10""eV" the expected rates_oI $£;and U —o8-1, independently on the details of the statistical
are significantly suppressed, and fof=10 ' eV? one ap- analysis.
proaches the limit of energy-averaged @scillations, with a We emphasize that, although in princigiike events are
flat suppression of-50%, which does not appear in agree- . affected byv,— v, oscillations, the S€ and MGe

ment with the data. On the other hand, decreasiljgalown_ samples affect indirectly the estimate of the mass-mixing pa-
to 10 "eV” (thick, solid ling, one has almost “unoscil-  rameters, since they drive the fit to higher values of the neu-
lated” distributions for the high energy samples M@nd i, fluxes. Further experimental constraints on the overall

. 2 . .
UPy, since the phasen”L/E, is small. At lower energies netring flux normalization might have then a significant im-
(i.e., SGu eyents, howevgr, t.hIS. phgse can still be large pact on the current estimates o and sirf 20,,,.
enough to distort the zenith distribution.

Notice that in Fig. 5 the theoretical electron distributions
SGe and MGe are always below the data points. Using the
overall +30% normalization freedom, one can imagine to  Figure 7 is analogous to Fig. 5, but fer, < v, oscilla-
“rescale up” all the five theoretical distributionéy, say, tions with maximal mixing U%,=0 and sif 6,,=4U%U%,
15-20 % to match the electron data. This upward shift =1). Matter effects are included. The expected SG and MG
would also alter the muon distributions at the same time, butates of electrons coming from below appear to be enhanced,
one can easily realize that such distributions would still be indue to »,’s oscillating into v¢’s. The slope of the zenith
reasonable agreement with the datarfgr=10"3 and 102  distribution is stronger for M@ than for S@, because(i)
eV2. Therefore, at si‘hzam=1 one expects an allowed The v, /v, flux ratio increases with energy, as observed in

B. Zenith distributions for v« v, oscillations
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m U Us o Un m U Us o Un
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FIG. 7. Distortions of the zenith distributions induced by varia- ~ FIG. 9. Purev,« v, oscillations withm?=8x10"*eV? (i.e.,
tions of m? (eV?), for pure v, v oOsCillations with maximal  below CHOOZ boundsand maximal ¢, ,ve) mixing, with and
(v, ,ve) mixing. without matter effectgsolid and dashed lines, respectively

Sec. Il A; and(ii) the “angular smearing” due to the differ- for the UP. sample(see, e.g.[37] and Figs. 4 and 6 if36]).

ent lepton and neutrino directions is more effective for SGit can be seen that, in any case, the net matter effect is a
events. On the other hand, the suppression of the muon ratggcrease of the slope of the zenith distribution for both
is not as effective as for the,— v, case in Fig. 5. In fact, muons and electrons, i.e., a suppression of the oscillation
now there are some,’s oscillating back intov,’'s. More-  amplitude with respect to the “pure vacuum” case. The ef-
over, matter effects tend ®uppressarge-amplitude oscilla-  fect is not completely reduced to zero above horizon, due to
tions (when the mixing is maximal in vacuum, it can only be the neutrino-lepton angular smearing.

smaller in mattex. In general, one has a too strong increase We summarize the content of Figs. 7-9 by observing that
of electrons and a too weak suppression of muons, althougihe theoretical zenith distributions, in the presence gf: v,

this pattern may be in part improved bgscaling downall  oscillations, are at most in marginal agreement with the SK
the theoretical curves. In this case, the distributionsnat  data set. The agreement is somewhat improved by rescaling
=102 and 10 eV can get in marginal agreement with all down the expectations. Earth matter effects are sizable and
the data, whilem?=10"“*eV? is in any case excluded. No- cannot be neglected in the analysis.

tice, however, thamn?=10"2eV? is not allowed by CHOOZ

[24]. C. Fits to the data

Figure 8 shows the effect of varying the,« v, mixing, , )
for m?=8x10"%eV2—a value safely below the CHOOZ In the previous two subsections we have presented quan-

bounds. It can be seen that variations of the mixing do no{itative calculations of the zenith distributions in selected

help much in reaching an agreement with the data for thidVo-flavor scanarios, and a qualitative comparison with the
value ofm2. which thus seems to be disfavored. data. Here we discuss the results of a quantitativét2o the

Figure 9 shows the size of matter effects fio=8 SK (;lata. .
%10~ %eV2 and maximaly < v, mixing. For values ofn? Figure 10 shows the results of oyf analysis _of the SK
around 103 eV? such as this, matter effects are more impor—data(SGe’ SGu, MGe, MG, and UR. data combined The

tant for the multi-GeV sample, while lowen? values would ~ Panel(@ refers tov, v, oscillations ¢=0) in the plane

2 i . . 2 _
enhance the effect for the sub-GeV sample and higher valud&" Sirf 24). We find a minimum valugyp,,=29.6 for 28
degrees of freedonB0 data points minus 2 oscillation pa-

e rametery indicating a good fit to the dafaThis is to be
U5, with M=8.E—4 | | ————— s 0% 0% 00 contrasted to the valugZ,.= 126 for the no oscillation case,
Effect of varying sin’2d., TIIITIIIT e o 0 which is therefore excluded by the SK data with very high

confidence. The quantitative limits on the mass-mixing pa-
Pr rameters are consistent with the qualitative expectations dis-
1 cussed in Sec. IV A. Moreover, the allowed region is in
1 agreement with the global analysis of pre-SK data shown in
N Fig. 2 of [36].% Our allowed range ofn? in Fig. 10@) is

18 T

SGe '

o4 T T T T . 8The best-fit value ofn? is not very meaningful at present. We
02 7 TR e e T S E—— prefer to focus on confidence intervals.
cos ¥ cos ¥ cos ¥ cos ¥ cos ¥ %n [36] we obtained an allowed range for® larger than the one

FIG. 8. Distortions of the zenith distributions induced by varia- reported by the Kamiokande Collaborati¢®], presumably as a
tions of the @, ,v.) mixing, for pure v,— v, oscillations with  result of a different approach to the statistical analj{3&35. See
m?=8x10 *eV? (i.e., below CHOOZ bounds also the comments ¢B0] about the Kamiokande bounds|i8l.
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Two-flavor Ong|y3i5 effects that suppress the effective mixing in the lowest range

, , of m? (see alsd36)).

L L L A The v, v, allowed regions in Fig. 1®) and 1@c) have
P SKo vy, | SK v, | a relativgly scarce interest. On the one hand, they represent a
B p<n/4 poor fit to the SK data themselves. On the other hand, they
M are excluded by the CHOOZ reactor experiment. Figure
10(d) shows the CHOOZ bounds, as derived by our gyfn
reanalysis, in good agreement with the limits showh2A].
1 2 .4 OF E Such bounds are in contradiction with thg— v, allowed
regions in Fig. 1,0 at 90% C.L.(although there might be
(o) (b) a marginal agreement at 99% O:Ltherefore, we do not
10" ! 10* ‘ make any attempt to combine SICHOOZ data in a 2
analysis.

Summarizing, our results for two-flavor oscillations are
consistent with the 2 analysis of the SK Collaboratiof],
namely: (i) The no oscillation hypothesis is rejected with
high confidence; andi)v,« v, oscillations are largely pre-
ferred overv,«< v,. On our part, we add the following non-
trivial statement(iii ) The present SK bounds on thg«— v,
mass-mixing parameters are in good agreement with those
obtained from the global analysis of pre-SK data[86]

m? ( ?Vz)
)

m? ( ?Vz)

2 1 °F ] (including NUSEX, Frgus, IMB, and Kamiokande sub-GeV
3 . so%CL ] and multi-GeV datpa
L () N C) 99%CL Finally, we comment upon recent clairf&l] of inconsis-
10"0 : Ofs — 10"0 : 015 — tencies within the SK data, under the hypothesis/ pf- v .
. 2 .2 oscillations. The argument goes as followsv|f— v oscil-
sin“2¢ sin“2¢

lations are assumed, the electron excess has to be adjusted by
FIG. 10. Two-flavor oscillation fits to the SK zenith distribu- €Scaling up the theoretical predictions. Then the overall

tions (SG, MG, and UR combined. (a) Fit for »,—v,(¢=0) in  Muon deficit becomes plose to maxinial50%) for the SG

the plane (n?,sir’2y). The cases)<m/4 and > m/4 are equiva- and MG datasee our Fig. 2, middle panelSuch large sup-

lent. (b) Fit for v,< v (¢=7/2) in the plane n?,sirf2¢), for ¢ pression of the muon rate seems to suggest energy-averaged

< /4. () Fit for v, v, (=m/2) in the plane n?,sir2¢), for  oscillations(i.e., largem?®). On the other hand, the zenith

¢>ml4. The casegb) and (c) are different, due to earth matter distortionsrequire energy-dependent oscillatiorise., rela-

effects. The limits coming from the CHOOZ experiment are alsotively smallm?). Some difference between the “total rate”

shown in panel(d), as derived by our reanalysis. The solid and and the “shape” information, although exacerbated by the

dotted curves correspond to 90% and 99% C.L., i.e., to variations ofemiquantitative calculations p81], indeed exists but is not

X°— Xmin=4.61,9.21 for two degrees of freedofthe oscillation  entirely new, as it has already been investigated by the SK

parameters Collaboration[5]. In fact, the slide No. 18 of5] shows the

separatev,, « v, fits to the “total rate” and “shape” data,

somewhat narrower than the range estimated by the SK Cothe former preferring values ah® typically higher than the
laboration [4]. We have checked that the differences arelatter. However, in the same slidi] one can see a reassur-
largely due to the fact that only SG and MG were fitted inind. large ozverlap bet\ivseenzthe two allowed ran¢g#s90%
[4], while here we include also UPdata, which help to C.L) for m ’.erWX 10 eV ._ThIS means that, Wlthln the
exclude the lowest values ofi® (see alsd5]). To a lesser presentrelatively large experimental and theoretical uncer-

extent, our different definition o;(Z (see Appendix Balso tgmnes, there is no real contr_ad|ct|on between different
plays a role. pieces of SK data, as also confirmed by our gagg- v,

Figures 10b) and 10c) refer to v v, oscillations ¢ global fit to the SK data. However, the above remarks, as
w Ve i
=m/2) in the plane (2 sirf2¢), for ¢p<m/4 and ¢ well as our comments on the absolute event rates in Sec. Il

. ) . should be kept in mind when new, more accurate experimen-
>m/4, respectivelythe two cases being different, see Sec.i5| or theoretical information will become available.

[l B). The minimum value of¢? is now much highef67.7
and 68.6 for pane(b) and (c), respectively indicating that
v+ v Oscillations are disfavored by the SK data. This rep-
resents an important step forward with repect to pre-SK data, In this section we discuss in detail a three-flavor analysis
which did not distinguish significantly between — v, and  of the SK and CHOOZ data. In the first subsection we show
v, v, 0scillations[36] (and, actually, showed a slight pref- representative examples of ®scillation effects on the ze-
erence for the lattg36,37). In Figs. 1Qb,c), the C.L. limits  nith distributions. In the second subsection we discuss some
around the minimum appear to be shifted to higher values ofsues related to the/E, variable. In the third and fourth

m? if compared to Fig. 1®&), as a consequence of matter subsections we report the results of detailed fits to the SK

V. THREE-FLAVOR ANALYSIS
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Mo andey being the unoscillated rates. For a relatively high
value of m? as that in Fig. 11, the asymptotic regime of
energy-averaged oscillations approximately applies, except
for the rightmost bins of the MG and WPdistributions
(where the shorter pathlengths require higméis for reach-
ing such regimg Then, for purev,« v, oscillations with
maximal mixing, one ha®..=1,P,,=0, andP,, ~1/2,
so thate/ep=1 and u/ug~1/2, as indicated by the thick,
L e A e N solid lines in Fig. 11.
cos ¥ cos 8 cos ¥ cos ¥ cos ¥ For purev,< v, oscillations with maximal mixing, one
FIG. 11. Three-flavor oscillations at?=8x10"2eV2. Distor-  has Peeg~1/2,Pg,~1/2, andP,,~1/2, so thatu/ue~ (1

tions of the zenith distributions induced by variations of the 3 +€q/ue)/2 ande/ey~(1+ wq/ep)/2. For sub-GeV data, the
mixing. The values ofJ2; interpolate smoothly between the pure often-quoted valug.,/e,~2 applies, so thag/e,~1.5 and
2v subcases. Some cases are excluded by CHOOZ. ulug~0.75, as indicated by the thin, solid lines in theeSG
and SGu panels of Fig. 11. For multi-GeV data, however,
the valueuq/eq is not constant, ranging from2 along the
horizontal (cog9=0) to ~3 along the vertical (co8==*1,
see also Fig. )1 Therefore, the ratigu/ uy decreases slightly
from ~0.75 (horizonta) to ~0.67 (vertica), while the ratio

02 1 1 1 1 1

data, without and with the additional constraints from the
CHOOZ experiment, respectively.
We remind that, in three flavors, the CHOOZ mixing pa-

. ) . . > 2
ram.eter sifi 20, can be identified Wl.th wg;{;(l_ Ues) [Eq' eley increases significantly from-1.5 (horizonta) to ~2
(0] t2hereforeLghe ZCHOOZ constraint 6.650.222, valid  yertica). This is particularly evident as a “convexity” of
for m*=2x10""eV* [25], translates into eithed;=<0.06  the MGe distribution in Fig. 11(thin, solid ling. Such be-
or U§320-94- havior is not confined to pure two-flavor oscillations, but is
also present in genuine three-flavor cases, as indicated by the
dashed and dotted lines in the M@anel of Fig. 11. This
A. Zenith distributions: Expectations for three-flavor shows that, in the presence of (, v,) mixing (U§3¢ 0), the
oscillations variations of the unoscillated ratje, /e, with cosé induce
In a three-flavor language, two-flavor oscillations with distortions of the zenith distributions even in the regime of
maximal v,v, mixing are characterized by gnergy-ayeraged OSC|IIat|p|[138], contrary to naive expecta-
(U2, U2 U§3=0,1/2,1/2)(the center of the lower side in fions. Notice that such distortions do not dependLdk, ,

3 Y3
the triangle graph of Fig.)4 Analogously, maximab , < ve but - on L and E, separately through uo/e

o : =puoleg(L(6),E,).
mixing is characterized byugg,Uig,Uf?,:l/Z,l/Z,O) (the A?notoher peculiar distortion, not dependent bfE,, is

centgr of the right side of the triangleA smooth 3 inter- related to a genuine three-flavor effect in maf&8,82). This
polation between thesevZases can be performed by gradu- gffect s basically due to the splitting of the quasi-degenerate

ally increasing the value dfiZ; from O to 1/2, and decreas- doublet (v, ) in matter which, in the limit of largen?,
ing the value ofU%; from 1/2 to O at the same time, the |eads to an effective square mass differeo@,E, and
elementU?; being adjusted to preserve unitarity. thus to a subleading oscillation phageZ,L/E,=L which
This exercise is performed in Fig. 11 for a relatively high does not depend o, but only onL [38]. The main effect,
value of m* (m?=8x10"?eV?). The thick and thin solid relevant for atmospheric neutrinos, isdecreasehe v, sur-
lines represent the zenith distributions for purg— v, and  vival probabilityP,,,, by an amounP which, for a constant

purev , < v, oscillations with maximal mixing, respectively. electron densit\N,, reads[38]

The dashed and dotted lines represent intermediatases,

the first being “close” tov,, < v, (with an additional 20% | ULULU% 2 . Ne

admixture ofve), and the second being “close” to, « v, oP=4 (1-U2,)? sin| 2.471— Ue3)m0 Jon? cos® ).
(with an additional 20% admixture of,). Although none of e (19)

the four cases depicted in Fig. 11 represents a good fit to all
the SK data, and three of them are excluded by CHOOZ, Notice that the oscillation amplitude can be sizable only
much can be learned from a qualitative understanding of théor large three-flavor mixing, while it disappears for two-

zenith distributions in this figure. flavor mixing(i.e., when one of th&)2; is zer9, as indicated
In the presence of oscillations, the distributidR&R, i by the comparison of the dotted and thin solid lines in the
Fig. 11 are roughly given by MGy and UP panels of Fig. 11. The phase &P (the
argument of sif) can be rather large in the Earth matter
e Ep 17 (Ne=2-6 mol/cn?) and is modulated by the neutrino zenith
po M pe O angle®. This modulation is particularly evident in the genu-
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ine 3v cases of the UR panel in Fig. 11(dotted and dashed mov U UG
lines), since upward through-going muons are highly corre- from V»ezlﬂ tov, v |\ T BE3 D0 050 050
lated in direction with the parent neutrind®=®). The ot m’=8.E-3 | | e BE-3 040 040 020

cos® modulation of P is increasingly smeared out in the
lower energy MG and SG muon samples.

We remind that in Fig. 11 the dashed curvési{=0.2)
correspond to aid“perturbation” of pure v, v, oscilla- R
tions (thick solid curvesU%,=0), while the dotted curves T,
(U33=0.2) correspond to a i3 “perturbation” of pure
v, v, oscillations(thin solid curveslJ2,=0). By compar-
ing the dashed and thick solid curves, it can be seen that 3 =~ ool —u 10 11111
perturbations ob , v, oscillations do not alter dramatically cos ¥ cos ¥ cos @ cos ® cos ¥
the zenith distributions. The opposite happens for the
v, v, case(dotted and thin solid curvesThis pattern can

FIG. 12. As in Fig. 11, but fom?=8x 10 3eV?.

o
be explained as an interference between vacuum and matter
effects. the large uncertainties affecting the absolute normalization of

More precisely, let us consider the case of langeand ~ the lepton rates, it might become crucial when such uncer-
pol€o~2. A 3v perturbation ofv,— v, oscillations with ~ tainties will be reduced.
maximal mixing can be parametrized by takiog,= e and
UZ3=UZ%=(1-¢)/2 (the 2v case being recovered fer-0).
The relevant oscillation probabilities are thés~1—2¢, o ’
Pe,~ €, andP,,~ 1/2— 5P [notice thatsP is of O(e), see If two-flavor v, — v, oscillations Ug3=0) were the true
Eq. (19)]. Equations(17,18 give the muon and electron and exclusive explanation of the SK atmospheric data, then it
rates, w/po~1/2+e/2— 6P and eleg~1, respectively. would _ma_ke sense to try to reconstruct ttumobservable
Therefore, to the first order ia=UZ,, the electron rate does L/E, distribution of parent neutrinos from the lepton ener-

not vary, and the muon rate varies little sine@ and 5P ?elle;ea:jn(:odgggganms. OISn cifl?ag[ti;)r? 2 yag:ftg:ggnt:?ﬁgt rsig.zgld be
partly cancel. , _ ) rather than td. and E, separately. The theoretical and ex-
Conversely, a 8 perturbation ofv, < v oscillations with  yoimentall /E, distributions for SK can be found if#].
maximal mixing can be parametrized by takibg,= e and However, beyond thei2approximation, there are several
UZ;=U%3=(1-€)/2 (the 2 case being recovered fer-0).  oscillation effects that do not depend ¢dE,. Some of
The relevant oscillation probabilities are théh..~1/2, these effects, originating fronw, mixing (U§3#O), have
Pe,~1/2—€, andP,,~1/2— 6P. The muon and electron been described in the previous subsection. NoB;, effects
rates are now given byu/ug~3/4—e/2— 6P and ele; also arise in the presence of two comparable square mass
~3/2—2e, respectively. To the first order ie=U?%, the differences(i.e., Sm?~m? instead ofém?<m?), or if non-
electron rate decreases, and also the muon rate is suppressesgillatory phenomena contribute to partially explain the
since the terms and 8P have the same sign. Therefore, data. _ _
adding somev, mixing (U%#0) to v, v, oscillations Therefore, pIotsiln thé/E, variable convey correct and
changes the predictions consideratggnerally in the direc- UnPiased information only under the hypothesis of pure
tion of a better fit to the dajaFor this reason, we expect Yu* V- Oscillations. In all other cases, including our 3
significant changes in the fit to SK data when moving con-framework, such plots cannot be used consistently. The fol-
tinuously from purev ,«+ v, oscillations to genuinei3cases.

B. Is L/E, a good variable?

For simplicity, we have discussed the above three-flavor mouh U U
effects at largem?. Values ofm? lower than in Fig. 11 are from v, v, to v, e | | T 551 020 o0 oo
more interesting phenomenologicallyeing less constrained atm=8.E-4 S ST e s oo
by CHOO2 but more difficult to understand qualitatively, 18 o S

since the oscillations are no longer energy-averaged, and 2 st +
3v, vacuum, and matter effects are entangled. Numerical cal
culations are required, and the results fiost=8x 103 and
8x10 %eV? are shown in Figs. 12 and 13, respectively R
(with mixing values chosen as in Fig. 11The valuem? : 4
=8Xx10 *eV? is safely below the CHOOZ bounds. In Figs.
12 and 13, the genuinevZaseddashed and dotted curyes o , , ‘ ‘ ,
show an improved agreement with the datath respect to - ST N R S
S . . cos ¥ cos ¥ cos ¥ cos ¥ cos ¥
purev,« v oscillations, since they give an excess of elec-
trons without perturbing too much the muon distributions.  FIG. 13. As in Fig. 11, but fom?=8x10"%eV? (i.e., below
Although this advantage is not decisive at present, in view oCHOOZ bounds
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m? (eV?) Sub-GeV Multi-GeV ~ Up-going u Combined

v,

2.5X107

1.5X107?

FIG. 14. Three-flavor analysis
in the triangle plot. Separate and
combined fits to the Super-
Kamiokande atmospheric neutrino
data, for selected values of?.
The parameter space is defined in
Fig. 4. Notice that the allowed re-
gions for the combined fit are al-
ways close to the lower side of the
triangle, i.e., to pures,«< v oscil-
lations, although it is not necessar-
ily so for the separate data
samples. Relatively large values of
ve mixing (UZ,) are allowed.

1.0X1072

6.5X107°

4,0X107°

> D> D>

14 v

T 7

90% C‘L‘ 99% C.L

lowing 3v fits, as for the 2 cases, make use of the zenith of the triangle cannot be excluded at 99% C.L. Multi-GeV
distributions and not of the reducédE, information. data are well fitted by genuine three-flavor oscillations, but
in a range ofUZ; different (lower than for sub-GeV data.
C. Fit to Super-Kamiokande data The quality of the MG fits improves rapidly as one moves

Figure 14 shows our three-flavor fit to the SK data in theffom the right side ¢, v,) to the inner part of the triangle,
triangle graph, for values af? decreasing from 2:810 2  as expected from the discussion of Fig. 11 in Sec. V A. The
to 4.0x 10 3eV2. The curves at 90% and 99% C.L. corre- 90od ¥ fit to SG and MG data is mainly driven by the
spond to an increase of? by 6.25 and 11.36 above the genuinely 3 matter effects discussed in Sec. V[$ee Eq.
global minimum. The results, shown separately for sub-GeV(19) and related commentsUpward going muon data are
multi-GeV, and upward-going muons in the first three col-much less constraining—at 99% C.L. they allow any oscil-
umns of triangles, are then combined in the last column. Théation scenario. At 90% C.L. they disfavdr) Pure or quasi-
CHOOZ data are excluded in this fit, in order to study whatpure v« v, and v,— v, oscillations(left and right sideg
one can learn just from the SK data. and (i) large three-flavor mixindgthe central region of the

For m?=2.5x10 2eV?, the sub-GeV data exclude all triangle. Large 3 mixing is excluded because it suppresses
two-flavor oscillation subcasehe triangle sidgs but are  and distorts too much the WRdistribution(see Fig. 11 The
consistent with genuine three-flavor oscillations at Iarlig regions allowed separately by SG, MG, and UP data have no
(=0.5). Also multi-GeV data are not in agreement with two- common intersection, and the combination of all the data is a
flavor oscillations, although the,— v, subcaselower side  null region (last triangle.
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Up-going & Combined

v,

1.5X107

1.0X107°

FIG. 15. As in Fig. 14, but for
different (lowern values ofm?.

6.5X10™

4,0X10™

907% C.L.

v, v
- 99% C.L.

“

For m?>=1.5x 10" 2eV?, the increasing energy-angle de- also allowed, indicating that the SK data, by themselves, do
pendence of the oscillation probability helps to fit the datanot exclude large three-flavor mixing. We remark that the
better. Therefore, the regions allowed in the triangle argyoodness of the fit improves rapidly when one moves from
larger for each of the three data sets, and a small alloweghe right side inwards(i.e, when one “perturbs” pure
region appears at 99% C.L. in the combination. Such region , — v, oscillations, while it changes more slowly when one
is enlarged for a lower value oh”(1.0x10 ?eV?) and it moves from the lower side upwardse., when one “per-
appears also at 90% C.L. a’=6.5<10"°eV?. For the turbs” pure v, v, oscillations, as expected from the dis-
latter value ofm?, all the data are consistent with,<v,  cussion in Sec. V A.
oscillations(the lower sidg while the other two-flavor sub- Figure 15 is analogous to Fig. 14, but for lower values of
cases(the left and right sidgsare excluded. The MG data m?, ranging from 2.5 10 2 to 4.0x10 “eV2. As m? de-
sample “repels”v, < v, oscillations more strongly than SG creases, the SG data fit is not affected very much, since val-
data since, as observed in Sec. Il A, higher-energy samplesges as low as fewx 10~ eV? still provide a good fit to this

are characterized by a largefe unoscillated ratio, and thus
are more sensitive to the presen@e absenceof v,— v,
mixing.

For m®>~4.0x 10 3eV?, also the global combination of
the data is consistent with, < v, oscillations, with large but
not necessarily maximal mixing. Large values Ldﬁ3 are

sample. However, the oscillation phase starts decreasing
more rapidly for higher-energy samplédG and UB, lead-

ing to an insufficient suppression of the muon rates and to a
gradual reduction of the allowed regions. Notice, in particu-
lar, how UR data constrain 8mixing for m>~1-3 e\2. In

any case, the preferred regions are more and more reduced
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2 2
m* (eV’) SK CHOOZ SK+CHOOZ
Ve
v, v,
Ve
 — FIG. 16. Three-flavor analysis
Vv, Vu in the triangle plot. Separate and
combined fits to  Super-
Ve Kamiokande and CHOOZ. The
/\ CHOOZ data exclude large hori-
zontal stripes in the triangle plots.
1.5%X10°3 The combined SKCHOOZ solu-
tions are closer to pure, « v, 0s-
cillations as compared with the fit
‘ _ 2l to SK data only. However, the al-
Vs Yy lowed values ofUZ, are never
negligible, especially in the lower
Ve range ofm?.
o A A4
v, v,
1/9
v, V,
90% C.L s QQR G|
and closer to the lower side of the triangle, corresponding to D. Fit to Super-Kamiokande and CHOOZ data
smaller allowed values fouZ,. There is no joint allowed We combine SK and CHOOZ dat80+1 observables
; 2 —4 A\ 2 . . e
region at 99% C.L. fom” below ~5x10"" eV~ through a jointy? analysis. The results are reported in Fig.
We summarize the three-flavor fit to SK data as follows: 15
; 2 2 ; . . .
(i) The SK data exclude botb; ;=0 andU7;=0, being Figure 16 shows the 90% and 99% C.L. in the triangle

consistent with Iargezf<—> v, mixing (not necessarily maxi- plot for selected values af?, ranging from 4x 10~ 3 eV?
mal); (i) Values ofUg; as large as 0.5 cannot be excluded (upper trianglesto 6.5< 10~ * eV? (lower triangle$. The left
only on the basis of SK data. Indeedy 8scillations with  column of triangles reports the fit to SK data okhs derived
large v, mixing can improve the fit and, in particular, it can from Figs. 14 and 16 The middle column reports the fit to
explain (part off the electron excess in the SG and MG CHOOZ data, which exclude a large horizontal stripe. In
samples. Quantitative bounds on the mixing matrix elementgact, the nonobservation of, disappearance implies tha
U§3 can be derived from Figs. 14 and 15. In the next subis either very close to the upper corney (so as to suppress
section we study the impact of CHOOZ on such indicationsoscillations or very close to the lower sidey( < v, oscilla-
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possibility of exploring such low values ah? should be
seriously considered in long baseline experiments. An inter-
esting result of Fig. 17 is the stability of the? range indi-
cated by SK—it does not change dramatically by adding the
CHOOZ constraint. Therefore, the inclusion of the CHOOZ
data in the global analysis affects more the mixing than the
mass parameter.
A comparison of SK and pre-SK bounds is illuminating.

Figure 17 should be compared with Fig. 10[86], where
we combined the data from NUSEX, fus, IMB, and Ka-

1 miokande(sub-GeV and multi-GeYin a three-flavor analy-

T sis. The comparison shows that the SK and+S¥H00Z

1 bounds onm? are perfectly consistent with the pre-SK
bounds. The SKCHOOZ data appear to improve signifi-
cantly the old upper bound om?, but give a lower bound
very similar to the pre-SK data. Notice that we have long
since claimed that the popular valuo@~ 102 eV? overes-
timated the best fit for pre-SK data, and that values as low as
5x 10 4eV? were compatible with the atmosphericdata
[36]. We plan to perform a joint analysis of all the data
(SK+CHOOZ+pre-SK) in a future work.

40F

30

90 99 % C.L.
L oo =4 limits
(3 dof)

20 I MR | I Lol L L
1074 107> 1072 107"

m? (eV?)

VI. IMPLICATIONS OF THE 3 » ANALYSIS

In this section we examine some implications of our

FIG. 17. Bounds orm? for unconstrained mixing, as derived three-flavor analysis for the phenomenology of atmospheric,
from the x? analysis of SK data, with and without CHOOZ. The long-baseline, and solar neutrino experiments, as well as for
90% and 99% C.L. intervals correspond to variations(ét—xﬁin model building.
=6.25,11.36 for three degrees of freeddtine oscillation param-
eters. A. Atmospheric » phenomenology
tions being unobservables in CHODZ learly, the addition The SK atmospheric data are consistent witha3cilla-
of the CHOOZ bounds to the SK firight column of tri-  tions with dominantv,«< v, transitions p? w3 U23~0 2 at
angles cuts significantly the upper part of the solutions, s0909% C.L) and subdomlnantz “ v, . Mixing (U%,=<0.15).
that only relatively low values of)2 &3 are allowed. However, The mass square d|fferenqe |5 favored in the range
the CHOOZ bounds are rapidly weakened ra$ is de- ~0.8x(10°3-10"%) eV?. Can one improve significantly
creased, and fom?=1.5x 10" 3eV? the parameteUé3 can  such indications only with SK or other atmospheric data?
be as large as-0.15 at 90% C.L. and-0.25 at 99% C.L., Large v, v, mixing should generate a, flux compa-
corresponding to a significamt, appearance probabilifgee  rable to thev, flux at the detector site. However, the “con-
Eq. (8)]. Therefore, the CHOOZ data constrain lulg not  tamination” of u-like and e-like events fromr production
exclude the role of, mixing and electron appearance in the and subsequent leptonic decay is estimated to be very small
interpretation of the SK dat@ee alsd38,83). In particular, in SK[4]. Therefore, there seems to be little hope to test the
part of the electron excess in the SG and MG samples could ,— v, channel through- appearance in SK. Nevertheless,
be explained by nonzero valuesldﬁ3 rather than by uncer- the p055|b|I|ty of enhancingthrough appropriate cutshe
tainties in the overall neutrino flux normalization. Nonzero —u and 7—e “pollution” in selected x and e event
values ofUZ; also contribute to distort the zenith distribu- samples may deserve further attention in other atmospheric
tions[38], as discussed in Sec. V A. detectors such as Soudan2.

So far we have seen the impact of CHOOZ on the mixing The tests ofv, mixing (i.e., of the matrix eIemenltJe3)
parametersu ~3. The impact on the square mass differencecan certainly be improved with higher statistics SK data, in
m? is summarized in Fig. 17, which shows té as a func-  particular with more multi-GeV upgoing electron and muon
tion of m?, for unconstrained values of the mixing anglesevents. Such data samples are characterized by a relatively
and for both fits to SK(dashed linesand SK+CHOOZ  high v, /v, flux ratio (see Sec. Il A and thus are more
(solid lines. The minimum value ofy? is 28.3 for SK and  sensitive to an increase eflike events due to,« v, tran-
29.8 for SK+CHOOZ, indicating a good fit to the dat80  sitions. Multi-GeV data are aIready more powerful than SG
and 31 observables, respectivelfhe CHOOZ data help to (and URx) data in constramnges (see Fig. 1k
constrainm? on the higher range, but its role decreases rap- While the eIementSJf, determine themplitudeof oscil-
idly for m®><10 3 eV2. lations, which can be already derived from total event rates,

Also shown in Fig. 17 are the 90% and 99% C.L. intervalsthe parametem? governs thehaseof oscillations, and thus
for m?, which allow values as low as>10 “eV?. The it can be derived only through event spectra. Hypothetical
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spectra of neutrino events as a functiorEgfandL would be channel(hyperbola.'® It appears that K2K might not reach,

the most sensitive probes of?. Unfortunately, a complete in the v,,— v channel, sufficient sensitivity to probe the val-
. . . . 2 ;

kinematical closure of-induced events cannot be achievedues of Ug; allowed by Sk-CHOOZ. The disappearance

in SK, so neitherE, nor L can be precisely reconstructed, channelv,— vy €an cover the whole SKCHOOZ region,

especially for low-energy events. This intrinsic feature will but only form?=2x10"%eV?. Therefore, K2K is basically

eventually limit the maximum accuracy of? fits attainable expected to give information onUZ; for m?=2

with SK data only. In this respect, the possibility of improv- X 10~2eV?, given the sensitivities prospected[9].

ing the E, and L reconstruction in experiments as Soudan2 ~With respect to K2K, the MINOS experiment is being

[15] (through observation of the struck nuclepar in high-  designed to probe lower valuesmf and to explore also the

density detectors as proposed[8#], appears extremely in- v,— v, appearance channghe region below the hyperbola

teresting and promising. touching thev,,— v, side in Fig. 18. Possible signals in the
three channelsy,— v, , . Will constrain the quantities
U2,U2;, U2, and U2,U%;, respectively, so that the ele-

mentsU?; can be pinpointed fom?=2x10 eV? if the

. . uncertainties are kept small. For lowaf’s, MINOS rapidly

Long baseline(LBL) accelerator experiments, such as|goses sensitivity in at least one of the oscillation channels,
K2K [29], MINOS [28], and various CERN-Gran Sasso pro- gnq it might be difficult to constrain the neutrino mixing
posalg30], are expected to confirm the atmospheric neutrinyarameters.
signal with a controlled beam. Since both two-flay} and Notice that, forU%,~0.15 and thdJ2,~0.5 (allowed by
three-flavor analyses like ours show that can be as low as SK+CHO02), the v,— v, appearance probability i®,c
~5X10"% (99% C.L), the design of low-energy beams =4U23U§3<S>~0.3'<S>, where(S)(<1) is the oscillation
should be pursued seriously. If the atmospheriarange can  factor in Eq.(9), averaged over the beam energy spectrum.
be covered completely, then it suffices to have either,a Depending or{S) and on the specific mixing parameters,
disappearance or a, appearance signal to confirm the SK values ofP . as large as 15% appear possible in properly
anomaly. designed LBL experiments.

However, we think that long baseline experiments should A final remark is in order. The sensitivity regions in Fig.
be designed taneasure oscillation parameters, rather than 18 have been derived from the prospective estimates re
merely to confirman oscillation effect already found by SK. ported in the experiment propos@k9,28, which are in con-
Measuring the oscillation parameters is a task that demand#uous evolutior(even more so for the CERN to Gran Sasso
careful considerations, especially i ®scillations are to be proposalg30], not shown. Therefore, the above consider-
tested(for 2v oscillations, see the lucid discussion[B6]).  ations on K2K and MINOS are to be considered as prelimi-

The determination ofn? requires energy spectra analyses,nary and qualitative. Nevertheless, it remains true that LBL
and thus high-statistics event samplesnffhappens to be in experiments might face some difficulties in constraining the

B. Long baseline experiments

the low range of the experimental sensitivity, th@ppear-

ance sample might consist of just a handful of events. &he

appearance event sample might also be smawsgﬂo.
Therefore, a safe reconstruction af?> should be based
mainly on u event spectra from the,— v, disappearance

channel, where most of the signal is expected in any case.

This implies a good monitoring of the initia, beam with a
near detector.
The determination of the matrix elemeritk; requires

3v mixing parameters, especiallyifi? is low or if the three

oscillation channelss,— v, , , cannot all be probed. Re-

directing the goal of LBL experiments from “confirming the

Super-Kamiokande signal” to “measuring the parameters

(m?,U%;,U%3,U%)"” would be beneficial to the current de-

bate on various LBL proposals.

C. Solar neutrino problem

In the limit Sm?<m? [Eq. (4)], experiments with terres-

that several oscillation channels are probed at the sami&@l (atmospheric, acceler%tor é':md Zrea):toeutrino beams
time—redundancy is never enough to constrain neutrin@robe the parametersnf,Ug;, U5, UZ;). In the same ap-
nel is sensitive only t(Uis but tells nothing orUZ, or U, eters m=,Ug;,Ug,,Ugs), e, _the small mass square differ-
while the »,— v, appearance channel is sensitive to theemfl_eh an(: the Lna:ﬁstcomrzqs:nonégf[?Z]. ment o
productU? ;U2 but it cannot separate the two factdsg Sretors, OWhiiLre;a::mZ?rizzg Itar:eexfn?::i:ge vas \?vz'?h )
andU?; nor measuréJZ, [see Eqs(7),(8)]. These aspects of e

the elemenuUg,
3v mixing testg 39,40 in long-baseline experiments are bet- the “lone” neutrino mass eigenstate. The effect of such
ter appreciated in Fig. 18.

mixing on solar neutrinos is to give an energy-independent
. 4 ) . contribution to the disappearancefs from the sun. Since
Figure 18 shows, in the first column of triangles, the re-
gion allowed by SK-CHOOZ for selected values ah?.

The second column shows, superimposed, the prospective
regions that can be probed-aB0% C.L. by K2K[29], both
in the v,— v, channel(slanted bandsand in thev,— v,

%Curves of isoprobability are either of the foldf,= const in the
v,— v, disappearance channel or of the fotmi3uf;3=const in
the »,— v, appearance channgg9].
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m? (eV®) SK+CHOOZ K2K

2.5%X107°
hé;

FIG. 18. Regions of the SK
+CHOOZ solutions explorable by
-3 two Long Baseline accelerator ex-

1.5X10 periments (K2K and MINOS
through various oscillation chan-

TN SN nels. See the text for details.
Ve
v, v,
90% C L 99% CL.

this contribution is basically proportional to the square ofof solar v's for relatively small values otJ2; would be a
Uég [32], sizable mixing is required to have large effects.nontrivial, although indirect, hint that both solar and terres-
However, agJZ; is constrained by the SKCHOOZ fit, such  trial v data are consistent within the samedcillation sce-
effects are relatively small to be detected in the current solanario.
neutrino experiments. The smallnes:i_lﬁ3 also reduces the The relation between solar and atmospheric neutrinos is
“coupling” of the terrestrial and solar parameter spacesnot necessarily confined to a preference for relatively small
[72]. values of the mixing matrix elemehtﬁs. For instance, if the
Nevertheless, it is interesting to notice that a preferencassumption in Eq(4) is violated, atmospheric neutrinos can
for small values ofU2, emerges naturally from solar neu- become sensitive to the subleading oscillations driven by
trino data only, in both matter-enhandet8,32 and vacuum  ém?, i.e., by the “solar neutrino” mass difference. The ef-
[86] three-flavor oscillation fits. An updated analysis usingfect of subleading oscillations is expected to be relatively
the latest SK solar neutrino data would be desirable to consmall, especially for neutrino energies in the multi-GeV
firm such indication. In fact, a more pronounced preferenca&ange or higher. We have performed a test with the
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following choice of oscillation parameters, part because matter effects were ignored. In addition, the
(om?leV2,m?/eV2,s? s7,s7) = (8x1074,1x10 404,02, large value forU2, chosen i 90] does not appear in agree-
0.5), which are allowed at 99% C.L. by the present SKment with the global analysis of laboratory neutrino oscilla-
+CHOOZ bounds and by the pre-SK, three-flavor salar tion searchegincluding the LSND dataperformed in[91].
analysis in[32]. We find that the effect of subleading oscil-

lations (not shown is significant only in the sub-GeV event VIl. SUMMARY AND CONCLUSIONS

sample, where it approaches the size of the statistical error )

bars. Therefore, such effect might be probed by SK in the W€ have performed a three-flavor analysis of the SK at-
future. However, the strategies for disentangling the oscillaMOSPheric neutrino data, in a ;ramzeworzk characterized by the
tions driven bym? from those driven bysm? are nontrivial ~Mass-mixing parametersn€,Ucs,U},3,U%), in the hypoth-
and will be investigated in a future work. esis of one mass scale dominance. The variations of the ze-

nith distributions ofv events in the presence of flavor oscil-
lations have been investigated in detail. Fits to the SK data,
with and without the additional CHOOZ data, strongly con-
Theoretical or phenomenological models of neutrino masstrain the parameter space. Detailed bounds have been shown
and mixing try to predict, or “explain,” the set of param- in triangle graphs, embedding the unitarity conditibi,
eters (n,,m;,mg) andU,; . Our analysis constrains the sub- | y2 4 y2.—1. The allowed regions include the subcase
set of parametersn®,Uz,), provided thatom? is suffi- uzsio, cgrresponding to pure, < v, oscillations. How-
ciently small 1.0_4)' Many r.no.dels. that try to explain e\fer, values 0U§3>0 are also aIIILowea. In particular, fon®
solart+-atmosphericy data fall within this category, and are close to(or slightly below 102 eV2, Ugg can be as large as

thus strongly constrained by the SKCHOOZ bounds . )-8

worked out in this paper. For instance, the so-called bimaxi-wo'lf5 (at 90% C.L). Scepan_os With >0 correspo_nd o

mal mixing model[76], characterized by 2,,U2,,U%) genuine three-flavor oscillations and are characterized by a
’ e3r 73

=(0,1/2,1/2) for atmospheric neutrinos[alrli?a by ;iCh plhenorgelnglogy, hot only for atrlr:ospheﬂs, tht allso

(U2, U2, US) = (1/2,1/2,0) for solar neutrindds allowed O SO1ar and la oratory neutrino oscillation searches. In par-
el 2>92 e8! 5 : . : ticular, challenging opportunities are disclosed #grappear-

for m =10""eV. (see Fig. 15 Cpnversely, tge tr2|max2|mal ance searches in long baseline experiments. Our analysis also

mixing model [87], characterized by Wes,U,3,U%)  places strong constraints on models of neutrino mass and

:(21/3%/3'12/3) for atmospheric neutrinofand by  mixing. In addition, we have examined many facets of the

(Ue1,Uep,Ues) = (1/3,1/3,1/3) for solar neutringsppears to sk data and of their interpretation, that will deserve further

be strongly disfavored by our combined $ICHOOZ analy-  attention when the experimental and theoretical uncertainties
sis(it would correspond to the center of each triangle in Figs.ill be reduced.

14 and 15%. Of course, many other modelsee, e.g., the

classification in[88]) can be tested through our bounds on

the oscillation parameters, provided that the dominance of ACKNOWLEDGMENTS
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comments One such model has been recently proposed in

[90], wherem?~0.4 e\? is assumed to drive the oscillations

in the Liquid Scintillation Neutrino Detectdt. SND) experi- APPENDIX A: CALCULATION OF ZENITH
ment[89] range, as well as energy-averaged oscillations of DISTRIBUTIONS
atmospheria’’s, while m?~ 10 4-10 3 eV? is assumed to
drive energy-dependent oscillations of atmosphe'sc Both
dm? andm? can then contribute to the solar neutrino deficit
through energy-averaged oscillations. Since the bound
worked out in Sec. V D assum#n?<10~%eV?, and thus do
not apply to such model, we have performed a numerical
analysis of SK dataad hog¢ using the same mass-mixing
parameters as if0]. We find that the resulting zenith angle where® is the unoscillated neutrino spectrum,s the dif-
distributions of muonsgnot shown are only mildly distorted, ferential cross section for lepton productienis the detector
and that the model is disfavored by the SK atmospheric datefficiency for lepton reconstruction, amlis the oscillation

at >99% C.L., with or without matter effects. We mention probability [43,36].

that, for the choice of parameters [i80], matter effects in- The efficiency functione is not always reported in the
fluence significantly the zenith distributions, making themexperimental papers. In particular, it has not been explicitly
flatter than in vacuum. The semi-quantitative calculations irgiven by the SK Collaboration so far. We faced a similar
[90] showed a more optimistic agreement to the SK data, ipproblem in the analysis of the Kamiokande multi-GeV data

D. Models of neutrino mass and mixing

The calculation of the zenith angle distributions of SG
and MG lepton events involves the numerical evaluation of
rspultiple integrals of the form

PRo®e®P, (A1)
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tween our calculations and the SK simulations are not rel-

1 — S Kamiokande MC . ..
Superkamiokande | | T e evant, being comparable to the SK Monte Carlo statistical

zenith distributions (no oscillation) error.
. . ‘ . ‘ Figure 19 also shows the WHdistribution, for which we
i sGe | SGu | MGe | MG | UPk | use a direct computation as[i87], with the following ingre-

L 1 1 1 1 ] dients: GRV94 DIS structure functiof57], Lohmannet al.
. 1 1 = 1 [T 1 muon energy losses in the ro€&9,20, and the zenith de-
S s e R I [ Jﬁ_—;ﬂ pendence of the SK muon energy threshold frpi8,2Q.
L + + £ + § Also for this distribution, we obtain a good agreement with
- + + + + . the corresponding SK calculatiqwith the same inpujs
- + + + + . Notice that Fig. 19 refers to the no oscillation case. Some
e e S = R S R ar “oscillated” u-like ande-like event distributiongas well as

cos cos 8 cos ¥ cos ¥ cos B their ratiou/e) have also been presented by the SK Collabo-
ration in various Conferences, especially for the case of
maximal v, v, mixing. We obtain good agreement with
SK also in such casg®ot shown.

In conclusion, we are confident that our calculations of
) ) the zenith distributions represent a satisfactory approxima-
performed in[36]. Our solution[36] was to use the energy tjon (not a substitute, of coursef the SK simulations. Im-

Arbitrary units

FIG. 19. Angular distribution shape: comparison of the SK
Monte Carlo simulationgsolid line9 with our calculationgdashed
lines).

leptonl, namely, are possible(with a more accurate knowledge of the SK
detector efficiency but do not appear to be decisive at

dN.  d® do present, in view of the good agreement reported in Fig. 19

dEV = d_EVf dE, d_E,V e(E)), (A2)  and of the relatively large theoretical uncertainties discussed

in the following Appendix.

whereE; is the lepton energy. This distribution, which gives APPENDIX B: STATISTICAL ANALYSIS
information on the factoP® oc®e in Eq. (Al), has been . . . .
published ir[9] for the Kamiokande experiment. Concerning _ Fitting histograms s a delicate task. In general, the pre-
SK, we have used the analogous information . d|ct|ons. in any _two bins are cor.relglted, and ignoring such
Using the energy distribution of parent neutrinos, it is correlations  typically Iea(_js to significant variations in the
possible to reconstruct the zenith distribution of the final@llowed ranges for the fit parameters. Concerning the SK
leptons, provided that the smearing induced by neutrinoZenith qllstrlbuthns, this prob_ler_n adds tc_> the difficulty of
lepton scattering angle is taken into acco[8@]. While for _evaluatmg the size of un(_;erta|nt|es assomated_ to the theoret-
the old Kamiokande multi-GeV data we approximated this'?al neutrino flux calculgmpns and to the neutr!nq Cross sec-
effect with an energy-independent smearing angle-a7®, tion, as weII_ as the variations of _such uncertainties in terms
for SK we properly take into account the distribution of the Of the neutrino energy and direction.
lepton scattering angle and its dependence on the energy, 1here is no easy solution to such problems, other than
which is especially relevant for SG everfi@2]. We find continually improving _the calcu_latlons, understanding the
good agreement with the SK estimate of the average scattefo!€ and the uncertainties of any input parameter, and remov-
ing angle as a function of energgs reported ifi21], p. 99.  Ng as many approximations as possié-49. Cosmic ray
Concerning the neutrino fluxes, we refeff 6 except for SG exper!ments can also heIp_to constram the_models of atmo-
events, where we use the differential spectra fifgHwith s_pherlc_showers. _The confidence in the estlmgted Cross sec-
geomagnetic correctiof®3]. tions might benefit from_a resurgence of experlmenta! mte_r-
Since the distributions of parent neutrinos [i56] are gst for low-energy neutrmq mteracuon;. In the meantime, it
given in arbitrary units, we need to normalize the total aredS Wise to adopt conservative error estimates. ,
of our estimated SK lepton distributiofiSG and MG, in the For each of the 30 SK zenith bif#;};-; . soused in
absence of oscillationsto the corresponding values simu- the analysis, we take the experimental stat|st|caI2esrirfJDm
lated by the SK Collaboration, as reported in Tabl@o[a| Tables | and Il. The 3830 statistical error matrixij Slmply
rateg. For SG events, this renormalization compensates, ifieadss; = 8;s;s;. As a global systematic errar; for each
part, for the fact that we use low-energyluxes from[7,93]  bin, we assume conservatively30% of the theoretical pre-
instead than fronfi6]. Of course, a more direct calculation of diction (with or without oscillations The systematic error
the SG and MG distributiongavoiding the use of indirect matrix is thenaizj =pjjoio;, where the correlation matrix;
information such as the parentdistributions is preferable; is evaluated as follows.
we intend to perform such calculation when the SK effi- If the systematic uncertaintias; had a single, common
ciency functione(E;) will be made publicly available. In origin such as an overall normalization uncertainty, then the
any case, our present approach produces results in satisfdmn valuesb;’s would be fully correlated 4;=1) and the
tory agreement with SK zenith distributions for SG and MG systematics would cancel in any bin rabg/b; . However,
events[5], as shown in Fig. 19. The small differences be-the presence of several sources of uncertainties implies that
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pij<1 and that the ratid; /b; is affected by a residual un-
certainty

rated in energy, angle, and flavor, thus giving to the theoret-
ical distributions some freedom to vary their shape. Quanti-
tatively, we formalize the above estimates by generalizing
Eqg. (B2) as

o?(biIbj)= ot + 07— 2pj0i0}, (B1)

where all o's represent fractional errors. Foo;=o; o2 o2 o2
=0(=0.3) the above relation can be inverted to give pr=1-—__E_ ¢ (B3)
) 20% 20% 207
O'Z(bi /bj)
pij=1- T (B2) where 0=30%, and:(i) o is the “flavor-dependent uncer-

tainty,” equal to 10% for bins of different flavors and zero
otherwise;(ii) og is the “energy-dependent uncertainty,”
equal to zero for binsi(j) belonging to the same sample
(SG, MG, or UB, to 5% for bins {,j) of the kind(SG,MG

which allows to estimate;; from the ratio error. For in-
stance, ifb; refers to downgoing S@-like events and; to
the correspondinge-like events, with au/e uncertainty of, S G !
say, =5%, the corresponding correlation index gg=1  of (MG,UP), and to 10% for binsi(j) of the kind(SG,UB;
—(0.08)/(2% 0.30%) = 0.986[35]. and(iii) o, is the “direction-dependent uncertainty,” equal
The task is then reduced to the evaluation of the most0 5% times the difference between the mean direction co-
important sources of errors for the ratibs/b;. The total sines|(cos )| and|(cos6);|. For instance, the first bin of the
error for theu/e flavor ratio (including the theoretical un- SGe distribution and the last bin of the WPdistribution
certainties and the experimental misidentificalisnconser- have the lowest correlatiom;;=0.874, since they are the
vatively estimated to be-8% for SG events and:12% for ~ Most distant in energy, flavor, and direction.
MG events in[4]. For bins of equal flavor, one expects an  We finally define oury? function as
additional energy-dependent uncertainty in the rdtjéb;
due to uncertainties in the neutrino energy spectrum slope. In
fact, by comparing the relative rates of SG, MG, andudJP
events calculated with different input fluxésither [7] or
[6]), we find typical ratio errors of-5% for b;(SG)/b;(MG) where Ab is the difference between the bin contents in
andb;(MG)/b;(UP), and of=10% forb;(SG)/b;(UP), i.e., Tables I and Il and our theoretical calculatiqmsth or with-
errors increasing with the relative difference between theout oscillationg. We mention that the? fit to the SK data
mean energies of the event samples. Finally, one expects alappears to be rather sensitivedp. Lowering its value from
angular-dependent errors foy/b; , that we estimate to be at our present choic&10%, comparable to the estimates in

Xz:iEj Abi(si2j+pijo-i0j)_lAbj! (B4)

most 5% when the difference betwe¢cos 6| and|cos6|  Table Il of [4]) to a few percent would shrink significantly

is maximal(ratio of vertical to horizontal direction bins the allowed regions but would also worsen the best fit. A

Qualitatively, all this means that the correlation betweernreduction of this and other systematics would greatly im-

any two bins decreases from unity as the bins are more sep

prove the statistical power of oscillation hypothesis tests.
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