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Three-flavor atmospheric neutrino anomaly
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We investigate the indications of flavor oscillations that come from the anomalous flavor composition of the
atmospheric neutrino flux observed in some underground experiments. We study the information coming from
the neutrino-induced:-like ande-like events both in the sub-GeV energy rarig@miokande, IMB, Frpis,
and NUSEX experimentsnd in the multi-GeV energy rand&amiokande experimentFirst we analyze all
the data in the limits of pure,« v, and v, < v, oscillations. We obtain that,« v, oscillations provide a
better fit, in particular, to the multi-GeV data. Then we perform a three-flavor analysis in the hypothesis of
dominance of one neutrino square mass differanéémplying that the neutrino mixing is parametrized by
two angles (¢, ¢) € [0,7/2]. We explore the spacer?, i, ¢) exhaustively, and find the regions favored by the
oscillation hypothesis. The results are displayed in a form suited to the comparison with other flavor oscillation
searches at accelerator, reactor, and splaxperiments. In the analysis, we pay particular attention to the
Earth matter effects, to the correlation of the uncertainties, and to the symmetry properties of the oscillation
probability. [ S0556-282197)00407-4

PACS numbefs): 14.60.Pg, 13.15.g, 95.85.Ry

[. INTRODUCTION erties of three-flavor oscillations in the hypothesis of one
dominant square mass difference. In Sec. IV we perform the
The indication for an anomalous muon and electron flavodata analysis in the subcases of two-flaugy— v, and
composition of the observed atmospheric neutrino flux rep¥,«< v oscillations. In Sec. V we present the main results of
resents a still unsolved puzzior recent reviews, sgd]). A our analysis of three-flavor atmospheric neutrino oscillations
possible explanation could be provided by neutrino flavorand discuss their relation with the indications coming from
oscillations. In this paper we adopt such a viewpoint anddther(laboratory and solameutrino oscillation experiments.
explore systematically its consequences in a three-flavdn Sec. VI we summarize our work and draw our conclu-
framework with one dominant neutrino square mass differsions. In Appendices A, B, and C, we discuss respectively
ence. our treatment of the Kamiokande multi-GeV neutrino data,
We perform a comprehensive and accurate analysis of thée correlation of the theoretical uncertainties, and the sym-
experimental information coming from the Kamiokande metry properties of the neutrino oscillation probability.
[2—4], IMB [5,6], Frgus[7,8], and NUSEX[9] atmospheric
neutrino experiments. We do not characterize the atmo-
spheric neutrino anomaly with the popular double flavor ra- Il. EXPERIMENTAL INGREDIENTS
tio R,/e=(14/€) gatd/ (/€)heory Which, as discussed ifiL0], AND THEIR ANALYSIS
is affected by non-Gaussian uncertainties. Instead we sepa-
rate theu-like ande-like event rates, whose errors are nor-
mally distributed[10]. We compare the data with the theo-
retical expectations in the presence of two-flavor and three-
flavor oscillations, including the earth matter effelct4,12.
We place significant bounds in the oscillation parameter
space, which can provide useful guidelines for model build- We analyze the largest set of data on the electron and
ing, for the expectations at the running SuperKamiokandénuon composition of the atmospheric neutrino flux, which
experiment[13], and for the discovery potential at future can be considered both homogeneous and statistically con-
long-baseline neutrino oscillation experimefitd]. We also  sistent. In particular, we include the neutrino-indueelike
highlight the interplay between the results of this work andand u-like event rates measured by the four experiments
those obtained—within the same theoretical framework—Kamiokande[2,3], IMB [5,6], Frgus [7,8], and NUSEX[9]
from the analysis of flavor oscillation searches in acceleratoat low energiesso-called sub-GeV dataand by the Kamio-
and reactof15] or solar[16] neutrino experiments. We in- kande experiment at higher energies in five zenith-angle sec-
clude a larger data set and use a more refined statistical aers [4] (so-called multi-GeV dada® Concerning the multi-
proach than previous three-flavor analyses of the atmoGeV data, we will consider either the information coming
spheric neutrino anomaly performed by other autida-  from the binned angular distribution of evengsbinned
27] and by ourselvefl5,28,29.
The paper has the following structure. In Sec. Il we intro-
duce the experimental ingredients of the analysis and de-'We always include both fully and partially contained events in
scribe their treatment. In Sec. Il we briefly recall the prop-the multi-GeV Kamiokande data sample.

In this section we introduce the experimental data and
discuss briefly some technical aspects of their analysis.

A. Experimental data
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In the comparison of the data with theoretical predictions,
we use ay? statistic including both experimental and theo-
scenario (a) scenario (b) retical uncertainties, with the proper error correlation matrix
[10].

v mass spectrum

Vi Vi, Vs
- = B. Neutrino fluxes and interactions

In order to get significant constraints on the neutrino os-
cillation hypothesis, the measured numbersofike and
e e-like events produced by neutrinos and antineutrinos in
each detector must be compared with detailed theoretical
predictions.

The theoretical calculations involve the numerical esti-
mate of integrals of the kind,

v squared mass
(arbitrary units)

Vy, Vs Vs

| —fdﬁde—z aP de_ 1
af vd Eyde af /d E/SB ' ( )
(@) = (b) <=> m?* > -m?

_ o where 6 is the zenith angleg and 8 are flavor indicesk,

FIG. 1. The n_eutrlno mass spectrum adopted in this work. Onednd E, are the(antineutrino and lepton energie®, is the
neutrino mass eigenstates) is assumed to be largely separated heri¢antineutrino flux,P is the oscillation probabil-
from the quasidegenerate doublet (v,) by a square mass differ- f';ltmos_p er Lo . P .
ence|m§—mf J=m?. The two possible scenaridg) and (b) are iy, o Is the(ammeumnp.Interacuon cro_ss section, ?ﬂds
physically different when the earth matter effects are included in théhe Ieptqn detection efflClenc_y. Qur es“m"?“e of tlggs_ n
atmospherias propagation. The two square mass spectr@jrand the muIn-GgV energy range Is dlscu_ssed In Appgndlx A
(b) are related by (a)(b)< m?— —m?. Concerning the sub-GeV experiments, the ingredients

®, o, ande that we use to compute thg,s's have been

) . ) ) ) reported in our previous work28,29. In particular, we use

multi-GeV”), or the reduced information coming from the he Bartol group calculations ab [34,35 for the electron
angle-integrated number of everftsinbinned multi-GeV”).  and muon neutrino and antineutrino fluxes at each detector

As it is well known, the Frizs and NUSEX measure- |gcation.
ments do not confirm the Kamiokande and IMB observation The Bartol fluxes[34] have been used by all the four
of an anomalous muon-electron flavor composition of thesub-GeV experiments in at least one simulation, and thus
atmospheric eventg30]. However, all the data are statisti- provide us with the advantages of a uniform data analysis
cally compatible within~2¢ or better(see Fig. 3 in[10]) and of a homogeneous comparison of our calculations with
and their combination in a global analysis is reasonable. the published detector simulations. This comparison has

We do not include the higher-energy data pertaining onlybeen done ifi28,29. In particular, we refer the reader to Fig.
to the muon flavor content, the so-called upward-goingl in [29], where our absolute predictions for the lepton en-
muons(see, e.g.[31]). This data set has specific experimen-ergy spectra are superposed to the corresponding published
tal characteristics and deserves a separate theoretical analysiente Carlo simulations of the Kamiokande, IMB, [,

(in progress However, we will briefly comment on upward- and NUSEX experiment§in absence of oscillations The
going muons in due courgalVe also do not include the data agreement of our calculations with the published spectra is
from the Soudan 2 experimef83], because a detailed, offi- good.

cial analysis has not been published yet by the experimental Since this work was initiated, new refined atmospheric
collaboration. neutrino flux calculations have appeaf@®,37. These new

We emphasize that, according to the discussiofl®l, fluxes, as far as we know from the published literature, have
we prefer to separate the electron and muon flavor informanot been used yet by the experimental collaborations to re-
tion, instead of using the popular ratio process their simulations or to reanalyze their data, and are
R e= (14/€) gate/ (4/€)theory- The ratioR,. allows a large not used in this work either. However, in the statistical
cancellation of the theoretical errdr30], but its probability — analysis we conservatively associate80% uncertainty
distribution is highly non-GaussiahWe have showrj10] (10) with the absolute theoretical neutrino fluxes. This error
that one can use only normally distributed variables providediccounts conservatively for the spread in the atmospheric
that, when theu ande experimental and theoretical rates are neutrino calculations published so fdi0]. The uncertainties
separated, the correlations of their uncertainties are includedf the u ande neutrino fluxes are highly correlatésee[10]

and Appendix B for more detajlsSuch correlation is even
more important than the absolute magnitude of the errors
2We note in passing that the recent reanalysis of the data from ththemselves in driving the fits to atmospheridata. In fact,
Frgus experimenf32] is relevant for the high-energy muon fluxes, it will be shown that a reduction of the flux error from our
but it does not change significantly the previousjfseesultd7,8]  default value oy, = 30%, toop=20% or even 15% does
on low-energye-like and u-like events. not change significantly the results of the oscillation fits. In
3The ratio of two normally distributed variables obeys a Cauchythe absence of oscillations, it has already been shown in Ref.
distribution. [10] (Table IIl) that the statistical significance of the



55 THREE-FLAVOR ATMOSPHERIC NEUTRINO ANOMALY 4387

v, <> v, oscillations
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FIG. 2. Analysis of separate and combined atmospheric neutrino data assuming, pure oscillations =0 in our frameworkin the
mass-mixing plane (t&g,m?). Contours at 90 and 99 % C.L. fdipr=2 are shown. The allowed regions are marked by stars. The last
panel shows the constraints coming from the combination of established accelerator data. Notice the symmetry of all the allowed regions
with respect to the axig= /4.
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FIG. 3. Effects of the reduction of the neutrino flux uncertainty
from the default value oft30% (solid lineg to *=15% (dotted
lines). The variations in the regions allowed at 90% C.L. by sub-
GeV data(upper panelor sub-GeVtmulti-GeV data(lower panel
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driving the atmospheric neutrino oscillations. This situation
VWSO Vs can be realized either in scena@ or in scenaridb) of Fig.

Al sub—GeV
N PR | L L

| L I
Onx = 30%, 90 7% C.L.(2 DF)
3 © O = 15% E

Al sub—GeV & multi—GeV binned f
" —_ el " NP | " P | " NN

-2 —1 10

tan’y

are very small.

anomaly does not change much by reducing the flux erro!

from 30%

The last ingredient of Eq) to be discussed is the oscil-
lation probability P, ;. This is the subject of the next sec-

tion.

to 20%.

Ill. THEORETICAL FRAMEWORK

1, that is, withw; either lighter or heavier than; and v,.

In both scenarios of Fig. 1, the subdominant square mass
difference betweem, andv;, Sm?=m3—mj, is assumed to
be too small to produce detectable effects in the energy range
explored by current atmospheric neutrino experiments. This
assumption holds, for instance, if the parameier’ is used
to fit solar neutrino dat416] (dm?=5x10"° eV? at the
best-fit point for matter-enhanced oscillatipnat the scale
of the atmospheric neutrino experiments, we simply set
8m?=0. The limits of this approximation are commented in
Sec. V C. The same approximation has been usedl%h
where we studied accelerator and reactor neutrino oscilla-
tions, and to which we refer the reader for further details and
references. We collectively consider the accelerator, reactor,
and atmospheric neutrino experiments as “terrestrial” oscil-
lation experiments.

At zeroth order indm?/m? the two scenarios of Fig. 1 are
physically different for atmospheric neutrinos propagating in
the earth mattefsee Appendix ¢ while they are not distin-
guishable either by means of accelerator and reactor neutrino
oscillation searchesin vacuum [15] or by solar neutrino
oscillations(in vacuum or in matter[16]. In this sense, at-
mospheric neutrinos potentially provide a unique informa-
tion on the neutrino spectrum.

Notice that the spectréa) and (b) in Fig. 1 are simply
related by

(a)—(b)e+m?——m?. )

In the following, we will explicitly distinguish case®) and
(b) whenever necessary.

In the framework characterized by the spectrum of Fig. 1
one has two important simplifications with respect to the
most general three-flavor oscillation scenafsee[15] and
Appendix Q: (1) neutrino mixing in terrestrial oscillation
experiments can be described by just two mixing angtes
and ¢; and (2) effects related to a possiblgP-violating
phase are unobservable. It follows that the parameter space
for terrestrial (including atmosphericthree-flavor neutrino
oscillations can be described in terms of three parameters:
(M2, ¢, ¢).

The anglesy and ¢ are defined as if88]. In the standard
parametrization of the mixing matrix39] the following
identifications hold:

U=033, ¢=0i3. (3

The three-flavor framework with one dominant square
mass difference is the simplest extension of the two-
generation formalism in which all the two-flavor oscillation
channels are open. The subcases of pure two-flavor oscilla-

The calculation of the atmospheric neutrino oscillationtions ve«—v,, v, ve, andv,—v,, are recovered in the
probabilities requires a well-defined theoretical frameworklimits =0, =x/2, and ¢=0, respectively. A clear
The three-flavor framework used in this paper is completelygraphical representation of the general three-flavor case and
specified by the neutrino spectrum shown in Fig. 1. of its two-flavor limits is provided by Fig. 2 ifil5]. Here we

In Fig. 1 we show the adopted spectrum of neutrino masslo not pay attention to the,« v, subcase, since it does not
eigenstatesi; ,v,,v3). Two states ¢,,v,) are assumed to solve—but rather aggravates—the atmospheric neutrino
be almost degenerate in mass. The third siatés largely  anomaly. We will briefly comment on a theoretically inter-
separated in mass from the almost degenerate doublet, witksting, genuine three-flavor subcase of this framework, the
|m§—mi2|zm2 being the dominant square mass differenceso-called threefold maximal mixing scenaf#0,41], in Sec.
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V. In our notation, threefold maximal mixing corresponds tov,«<v, case (Sec. IVB, where the symmetry
(tarfy, tarf¢p) = (1,1/2) at anym?. — (7/2)— ¢ is broken by matter effects.
With a neutrino mass spectrum as in Fig. 1, the calcula- In Fig. 2 we show the results of our analysis as bounds in
tion of the vacuum oscillation probability for neutrinos arriv- the (tarfy,m?) plane at 90% C.L(solid lineg and 99%
ing from above the horizon is straightforwaigee Appendix C.L. (dotted liney, which corresponds ta\ y?=4.61 and
C). However, the vacuum approximation is not adequate fog 21 respectively Npe=2). Notice the mirror symmetry of
neutrinos which travel in the earth matter for a Iarge fraCtiona” the curves with respect to the a)(;; l4.
of their path length. For these neutrinos one expects substan- To avoid ambiguities, the allowed regions are marked by
tial deviations from the vacuum oscillation probabili§2—  stars. We refrain from showing the best fit points in each
46,23 when m2~2\/§GFNeEy, where N, is the typical panel of Fig. 2, since thg? is often relatively flat around the
electron density along the neutrino trajectory. This impliesminimum (except for the combination of several datand
significant matter effects in the rang#~10"*-10"2 eV?  the best fit point is not particularly informative. We give the
for sub-GeV observables and in the rangé~103-10"2  pest-fit coordinates only for the combination of all data.
eV? for multi-GeV observable$Moreover, a genuine three- In the first four panels of Fig. Beft to right, top to bot-
flavor effect takes placg23]: the effective mass eigenstates tom) we display the parameter regions individually allowed
v1 ,in matter are not exactly degenerate, and the phase variéy the four sub-GeV experiments, s, NUSEX, IMB, and
tion associated to their splitting is relevant for path lengthsKamiokande. The Fas and NUSEX experiments are con-
comparable to the earth radius. This additional phase disaistent with no oscillations, and thus strongly disfavor the
pears in the two-flavor subcases, since one of the “degenesituation of maximal mixing §=m/4), at least for not too
ate” neutrinos decouples. small m? where they are not sensitive to oscillations. The
We take into account the earth matter effects by solvingMB and Kamiokande experiments are instead compatible
numerically the neutrino propagation equations with an aswith large mixing in a wide range ah? (m?=10 * eV?),
signed earth density profilet7]. In order to save computer although the best fit is not reached exactly for maximal mix-
time, the density profile is modeled as a five-step functionng.
[29] with steps corresponding to the five relevant radial It should be noted that the sub-GeV experiments have still
shells. This approximation is sufficiently accurate for oursome sensitivity to values @h? as small as 10* eV? (see,
purposes. e.g.,[17,25,29). For instance, the neutrino phase variation
We have a final remark on the graphical representationdue to oscillations can be of)(1) for E,=1 GeV,
of the results. I15] we have shown that the three-flavor m®>=10"* eV?, and a path length equal to the earth diam-
parameter space for terrestrial neutrino oscillations can beter. This fact, combined with our conservative error esti-
usefully charted using the(logarithmig coordinates mates, explains the extension of the IMB and Kamiokande
(m?,tarfy,tarf ¢). In the following, the results of our analy- allowed regions down to values as smallmad=10"* eV?
sis will be displayed in several plane sections of the spacén Fig. 2. Our Kamiokande allowed regions are larger than
(m? tarfy, tarf ¢) at fixed values of eithem?, ¢, or . those derived by the Kamiokande collaboration analijs
However, one has to consider that we use only the published
experimental information, while the Kamiokande collabora-
IV. TWO-FLAVOR ANALYSIS tion uses energy-angle lepton distributions that are not pub-
. . o lished, and also adopts a rather different approach in the
In this section we show the results of our analysis in thestatistical analysis of the dafa].
subcases of pure, — v andv,, — ve two-flavor oscillations. The fifth and sixth panels in Fig. 2 show the constraints
The discussion of these cases is interesting in itself, anﬂom the multi-GeV Kamiokande data, taken both unbinned
helps in understanding the more complicated situation 0f pinned respectively. The sensitivity to snaflis lower
three-flavor oscillations. than in the sub-GeV cases, since the average neutrino energy
is higher. In the binned cagéull information from the an-
gular distribution, m? is bounded from above at 90% C.L.
In fact, the measured angular distribution is inconsistent with
In our framework we recall that the subcase of purethe flat oscillation probability corresponding to averaged fast
v, v, oscillations is reached in the limi$—0, which  oscillations (n*>—«) [4].
leaves (m?,¢) as relevant variables. This subcase is particu- In the seventh and eighth panels of Fig. 2, we combine the
larly simple from a theoretical viewpoint, sineg is decou-  sub-GeV and multi-GeWunbinned and binnedKamiokande
pled and thus the earth matter does not affect the oscillationglata. In the ninth panel all sub-GeV data are combined to-
As a consequencésee Appendix ¢ the scenarioga) and  gether. Notice that maximal mixingy=/4) is strongly
(b) in Fig. 1 become physically equivalent, and the formal-disfavored form?=10"2 eV2, due to the inclusion of the
ism is invariant under the substitutiopi— (7/2)— . One  Frgus and NUSEX data in the fit. In the tenth panel we
usually takes advantage of this symmetry to restrict the rangeombine the sub-GeV data with the multi-GeV unbinned
of the mixing angley to [0,7/4]. Here we show the full data. The multi-GeV unbinned data disfavor the lowest val-
range e [0,7/2] in order to mark the difference with the ues ofm? that would be allowed by the sub-GeV data alone.
In the eleventh panel we combine sub-GeV and binned
multi-GeV data. Therefore, this panel contains the maximum
“4It should be noted, however, that matter effects do not totallyinformation from the atmospheric neutrino experime(gs
disappear even in the limin?>— o, see Appendix C. sub-GeV + 10 multi-GeV observablgs The best fit is

A. Pure v~ v oscillations
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reached at o2, tarfy)=(5x10"3eV? 0.63) and at the decoupled. It follows that the intervakg e[0,7/4] and ¢
symmetric point (?tarfy)=(5x10"2eV?, 1/0.63). The <[ w/4,m/2] are not physically equivalent, and the scenarios
best-fit value ofm? is somewhat lower than the popular (& and(b) shown in Fig. 1 are also not equivalent. However,
value 102 eV?, since we include the Fes and NUSEX inthev,« v oscillation case there is an interesting symme-
data. These data are compatible with=0 (no oscillation  try: the physics in(b) is equivalent to the physics ife),
and thus tend to drag thm? fit to lower values than those Provided that¢ is replaced by its complementary angle
favored by IMB and Kamiokande alone. The value of the(¢— (7/2)— ¢). This symmetry(discussed in Appendix IC
absolutey? at the minimum is 19.7, which represents a goodallows us to consider only one scenar(a), for definiteness.

fit to the 18 atmospheric observablpsith the freedom to In Fig. 4, we show the results of our,— v, oscillation
vary only (m?,4)]. One should compare this value with the analysis in scenari¢a). The corresponding results in sce-
corresponding(worse fit in the no-oscillation hypothesis, nario (b) are obtained by looking at the same figure in a
Xﬁo osc44.6. mirror. Since the panels in Fig. &/(« v, case are analo-

The last panel in Fig. 2 shows the region allowed by thegous to the panels in Fig. 2/« v, cas¢ we just highlight
combination of all the established accelerator oscillatiorthe differences between the results in Figs. 4 and 2.
searches. The region allowed at 90% by all atmospheric neu- At largem?, the maximal mixing valueb= /4 is in gen-
trino data is also allowed by present accelerator @@tactor  eral disfavored, since “too many'y,,’s oscillate intov,’s,
data place no bounds in the, < v, oscillation limit). The  the muon(electron rate become too suppress@hhancey
atmospheric bounds are in conflict with the acceleratong thus the flavor anomaly is overbalanced by the oscilla-
bounds only at~99% C.L. and highm?. _ tions. In Fig. 2 this situation was also disfavored, but not as

In Fig. 2, the magnitude of the theoretical neutrino flux grongly, since in thes, < v, case the electron rates are un-
error, oy, has been taken equal to 30fdefault valug.  gffected by oscillations.

This choice is not decisive in the fit, as shown in Fig. 3. At small m?, the contours are affected by the earth matter

In Fig. 3 we compare two representative fitl SUb-GeV  effects that are also responsible for the asymmetry with re-
data, and all sub-GeV+ multi-GeV data using both  ghect 1o the axigh= /4. Notice that, in general, values of
ux=30% (solid contours and o, =15% (dotted con- 12 glose to 104 eV2 are more disfavored than in Fig. 2.
tours. The differences between the two cases are very small. The combination of all data is shown in the eleventh panel
In faqt, since we include the proper correlations betwegn thes Fig. 4 (all sub-GeV and multi-GeV binngdThe allowed
neutrino fluxes, the,e and v, flux errors nearly “cancel” in  region should be compared with the constraints coming from
the analysis, with a residuat 5% difference allowed in the  accelerator and reactor searches. These constraints essen-
relative v, /ve flux normalization. Of course, a similar can- ia|ly exclude the upper part of the region preferred by atmo-
cellation ~ is ~ reached by ~ using the  ralio gphericy data, but are compatible with théarge) lower
Ru/e= (1/€) gatel (14/€) theory: UL With the serious disadvan- 5t
tage of obtaining a highly non-Gaussian distribution for" The pest fit for the combination of all data is obtained for
R, [10]. Previous analyses of the atmospheric neutring 2 tarf ) = (6.6x 10~ 2 eV2, 0.36). For scenarigb), the
anomaly that applied Gaussian statisticsRg., including  pest fit would be obtained at the symmetric point
our works[28] and[29], may thus have overestimated the (2 tar? ) = (6.6x 1072 eV2, 1/0.36). The value of? at

statistical significance of the anomaly, and underestimate¢he minimum isy2. =15.6, about four units lower than in
min ]

thg mass-mixing regions allowed by the oscillation hypoth-, . < of v, v, oscillations (2,=19.7). Therefore
esis. B

. oscillations appear to be preferred# oscil-
In this work we have not analyzed the so-called upward—v"“H Ve pp P Rovs

going muon data. These data are essentially consistent Wiéﬁ“ons in our global analysis.

The preference for the < v, case is essentially driven
I . 1 Ve
no oscillationg 31], altr)‘ough with I_arge, noncan,f:elable flux by the multi-GeV data. In Fig. 5, we show the measured and
errors—there are no “upward-going electrons” to be used . . . . )
i . . —expectedu-like and e-like event rates in the five zenith-
for comparison. Thus we expect that, in a combined analysis: . . .
, angle bins used by the Kamiokande collaboration for the
(1) the upward-going muon data should have a smaller sta-

tistical weight than the atmospheric data considered her (multi-GeV data. Theu ande rates have been conventionally

e, . ; ) ;
which should drive the fit; and2) the inclusion of upward divided by their theoreticalcentra) value in absence of os-

. . cillations, ug ande, (see also Ref.10] where we introduced
muon data should anyway disfavor a too strong suppressiofi. " h. The ellipses represeniicontours @ y2=1)
of the muon rates. This implies that the fit discussed in this grapi). pses rep ntou X ==

The first of the horizontal panels in Fig. 5 refers to the

section should be generally worsened for nearly maximal I o .
i N i . _~~ine NO-oscillation case, which is clearly a bad fit to the data. The
mixing (¢~ /4). The three-flavor analysis of upward-going econd panel refers to the best fit to multi-GeV data with

pm{;Jpoenr data is in progress and will be presented in a separageure v, v, oscillations. In this case, only th_e theoretical
' muon rates can vary, and the fit is not particularly good,
although certainly better than in the no-oscillation case. The
third panel refers to pure,« v, oscillations. In this case,
both x and e rates vary with oscillations, and one can get
We recall that, in our framework, the subcase of purehigher theoretical electron rates that match better the experi-
v, v, Oscillations is reached in the limit— /2, which  mental datdnotice, in particular, the good fit in the first hin
leaves M?, ¢) as relevant variables. This limit is more com- The fourth panel refers to the general case of three-flavor
plicated than thev,,— v limit, since matter effects are not oscillations, with M?,4, ¢) unconstrained. TheiBbest fit is

B. Pure v+ v, oscillations
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FIG. 5. Bin-by-bin analysis of multi-GeV Kamiokande data in the plane ofilade lepton rates, normalized to their theoretical values
without oscillationsu, ande,. Solid ellipses: theoretical predictions at level (Ax2=1). Dotted ellipses: experimental data at level.
Notice how the theoretical ellipses change from the upper paoebscillation to the three lower panelbest fit cases for two-flavor and
three-flavor oscillations The fit is better in thes < v, case than in the,,« v, case. The overall fit improves slightly in the ®scillation
case.

only slightly better than in the ,— v, case. The differences ing angle in matter is rapidly suppressed fiot— 0 [see Eq.
between the overall fits in the third and fourth panels argC4)], and so are the oscillations that should solve the flavor
only appreciable numerically and not by eye. In conclusionanomaly.

v, Ve 0scillations seem to provide a close-to-optimal fit to

o
multi-GeV data.

In Fig. 6 we illustrate the importance of including the \, THREE-ELAVOR ANALYSIS IN THE (M2, tan?s, tan’ )
earth electron density i, < v, oscillations. Figure 6 is PARAMETER SPACE
analogous to Fig. 4 buvithout matter effects. The allowed
regions in Fig. 6 and Fig. 4 differ considerably for law?; In this section we show the results of our analysis of
when matter effects are includélig. 4) the lowest values of atmospheric neutrino data within the three-flavor framework
m? do not provide a good f{t48]. The reason is that for not discussed in Sec. lll. The free parameters of the fit are
too smallv,, < v, mixing (i.e., for tarfp~0.1-10, the mix-  (m?,¢,¢). The analysis includes all the sub-GeV data and
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the binned multi-GeV data. We represent the results in thgound onm? at 95% C.L. Npe=3). Atmospheric neutrino

mixing-mixing plane (tafy,tarf ¢) at representative values gata would also not place any upper bound rof if the

of m%, in both scenarioga) and (b) of Fig. 1. zenith-angle dependence of the multi-GeV data were dis-
i carded, i.e., iunbinnedmulti-GeV data were used in the fit.

A. Scenario (a)
In Fig. 7 we show the results of the fit to all the atmo- B. Scenario(b)
spheric data in scenaria). The solid(dotted lines represent . .
sections, at given values oh?, of the three-dimensional In Fig. 9 we show the results of the fit to all the atmo-

2 : : o spheric data in scenarit) of Fig. 1. Figure 9 is analogous
ggwg%arég.bl,_t)arfi?)Nn;ilzlgol(zAa)l(lgivzdzlsay;Eg flltla;49 Or/gs(;'elz_ to Fig. 7, but all the calculations have been done with

tively) —m? instead of+ m?. The solid(dotted lines represent sec-

The representative values of? range from 0.18 e¥ tions, at given values of-m?, of the three-dimensional
down to 3. 10 % eV2. For m2=102 eV?2 (first six pan- (m?,tarfy, tarf ¢) manifold allowed by the data at 90% C.L.

elg), reactor and accelerator neutrino oscillation experiment:ggg% C.L) for NDF:s' , , .
also place bounds on the mixing angles. These bounds are " Scenario (b), 7t£1e ) best-fit  point  is
discussed separately in Sec. V C. m? tarfy, tarf ) = (6.8x 10~ % eV?, 11.2, 2.82). The corre-

We recall that in each panel of Fig. 7 the right-hand sideSPonding value Okmin iS 15.1, which is almost as good as in
correspondgasymptotically to the limit of purev < v, 0s- scenario(a). .
cillations, and the lower side to pure,« v, oscillations. ~As expected from symmetry argumergee Appendix (j;

The left-hand side, corresponding to purg— v, oscilla- Fig. 9 and Fig. 7 coincide in the limit of pure, < v, oscil-
tions, never represents an acceptable fit to the data. THations (lower side of each panelIn the limit of pure
asymptotic regime is already reached at the ends of th&. Ve Oscillations(right side of each pangthese figures
tarfy and tadé ranges adopted in Fig. 7. coincid€ modulo the replacement— (7/2)— ¢. In the in-

The best three-flavor fit is reached at termediate, genuine three-flavor mixing cases, the bounds
(M2, tarfy, tarf ) = (4.6x 103 eV2, 7.07, 0.28). The corre- shown in Figs. 9 and 7 are slightly different at am.
sponding value of the? is x2..= 14.8, which represents a The differences between the three-flavor fits in Figs. 7 and

mn i 9 are not unexpected, since they correspond to two physi-

good fit to the 18 atmospheric observables, given the free , ; .
dom of varying the three parameters, i, ). cally different scenarios. Unfortunately, the differences are

At 90% C.L. there are both an upper and a lower bounoquite small, implying that the available information on atmo-
on m2: 0.6x i0;35m251.5>< 10~ ! eV2. The upper bound spheric neutrinos is not sufficiently accurate to discriminate

provided by the inclusion of multi-GeV data, however, dis- the two case$a) and(b). A significant discrimination would

appears at-95% C.L.(see below The inclusion of labora- have important implications. For ins_tance a hypothetjcal,
tory oscillation data would make the upper bound tighterpronouncecj preference Of. atmosphgrlc data for scerario
(M2=6X1072 eV? at 90% C.L., see Sec. V)C woulo_l support thg theo_retlcal prejudice that the spectrum o_f
neutrino masses is similar to the spectrum of charged fermi-
ons(two light states and a third, much heavier statewill
be interesting to see if the atmospheric neutrino data that are
being collected with high statistics by the running SuperKa-
miokande experiment will show a preference for one of the
two scenariosif they confirm the flavor anomalyWe recall

For relatively largem? (m?=2x 102 eV?) the situations
of maximal v,< v, mixing [(tarfy,tarfe)=(, 1)], of
maximal v, v, mixing [(tarfy,tarf¢)=(1, 0)], and of
threefold maximal mixing[ (tarfy,tarf¢)=(1, 1/2)], are
not allowed. All these twofold and threefold maximal mixing

situations  are  allowed, ~however, in the 'aNQ€hat this information cannot be provided either by

—3 —m2< —3 2 .
1.5x10 =m ~.7X10 e.\/” (at leas. In this range, thg acceleratof, reactor, or solar neutrino oscillation searches,
vacuum oscillation probabilities for threefold maximal mix- .

. e . i.e., these experiments priori do not distinguish the sce-
ing _[40,4]] get S|gn|f|can_t corrections when matter effects narios(a) and (b) at zeroth order iSm2m?.
are includedsee Appendix €

. . Finally, we complete our survey of the fit in scenafip
In many panels of Fig. 7, the allowed region interpolate A 2 5

S - y showing in Fig. 10 the dependencefof” on —m*. Fig.
smoothly between the two-flavor oscillation limiig,«< v,

and v, ve [20-23,19. However, form?=2x10"% eV?, 10 is the analogous to Fig. 8 in scenafin.
pure v, v, oscillations are disfavored since the global fit
improves towards the < v, oscillation limit.

The limits onm? for unconstrained) and ¢ are particu- The three-flavor bounds shown in Figs. 7 and 9 and dis-
larly interesting as guidelines for future long-baseline neu<cussed in Secs. V A and V B were obtained by fitting only
trino oscillation searches. In Fig. 8 we thus show the value of
Ax? as a function om? only (¢ and ¢ are projected away

C. Comparison with other oscillation searches

The solid line refers to the default flux erroo{,,=30%). SThe coincidence of the C.L. contours in these two-flavor limits is
The dashed line, which refers tey,,=20%, is not signifi-  not perfectly realized because the best-fit point and the value of the
cantly different from the solid line. x? at the minimum are not exactly equahd are not expected to be

From Fig. 8 one can trace the upper and lower bounds onaqua) in scenarioga) and (b).
m? placed by all the atmospheric neutrino data at any given ®However, futuristic accelerator oscillation searches with ex-
C.L. However, form?>—« the Ax? tends to the asymptotic tremely long baselinesgreater than 10 km) could in principle
limit ~7 (not shown. It follows that, in the adopted three- probe the difference between scenarias and (b) through earth
flavor framework, atmospheric neutrinos place no uppematter effects.
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. _ plane form?=10 2 eV? (90% C.L. limits are shown Su-
Sv Atméspherlc? sub—GeV perposed are the 90% C.L. regions from the atmospheric
& multi—GeV binned data neutrino analysigonly in scenarioa) for definitenesk The
LR B B A B v, v 0scillation limit (right side of the pane)ss generally

di/gfavored in the range probed by laboratory oscillation ex-

periments, mainly because it is not consistent with the un-
successful v, disappearance searches at reactors. For
m?=6x10"2 eV2 the atmospheric data are not compatible
with existing laboratory limits at anyy or ¢. For
m?<10 2 eV2, however, there are no laboratory constraints
on neutrino mixing, and the fits to atmospheric dési
lowest panels of Figs. 7 and @re unaffected.
In conclusion, the limits placed by the combination of
accelerator, reactor, and atmospheric neutrino dataom
our three-flavor framework are >610 *eV2=m?
<6x10 2 eV?2 (90% C.L.,Npe=3). Future long-baseline
experiments will be able to explore a large fraction of this
m? range.
Concerning solar neutrinos, we have emphasized &
that they probe the same mixing angleprobed by terres-
trial (atmospheric, accelerator, and reattoeutrino experi-
ments. If one accepts the explanation of solar neutrino deficit
provided by matter-enhanced oscillations, then the data con-
Cl Y strain ¢ in the range tafyy<1.4 at 90% C.L. Npe=3),
1073 1072 107" with a preference for the value tap=0 [16]. These bounds
2 2 coming from solary data exclude significant parts of the
m* (eV?) . ! : :
large¢ regions allowed by atmospheric neutrino data in
tan%p and tan*y unconstrained Figs. 4, 7, 9, and 11. This should be taken into account when
building models of neutrino masses and mixings which try to
accommodate both the solar neutrino deficit and the atmo-
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FIG. 8. Value ofAy? for all atmospheric neutrino dat@ub-

GeV and multi-GeV combinedas a function ofm? only. This sprllerlc nfeutrlno arllomalé 2 s fixed b | . .
figure embeds the information of Fig.pfojectedonto them? vari- N our iramework, oncem* Is fixed by solar neutrinos, It

able. At 68% C.L. Npe=3) the value ofn? is constrained between is not possible to explain both .the atmospher_ic neutrino
~10"2 and~ 101 eV2. For very largen?, the value ofA 2 tends anomaly and the recent LSND eviderid®] for oscillations
to ~7 (not showp and there are no upper limits on? at 95% C.L.  With the remaining mass parametef. We have shown pre-
The reduction of the- flux error from 30 to 20 % does not produce Viously that atmospheric neutrino data alone place an upper
significant variations, as indicated by the thin, dotted curve. limit to m? of about 1.5< 10~ * eV?, which is strengthened to
m?<6x 10 2 eV? when accelerator and reactor data are in-
the atmospheric neutrino data. In this section, we show theitluded. The rangen®><6x 10 2 eV?2 is too low for signifi-
interplay with the independent constraints obtained by acceleant neutrino oscillation effects at LSND. It follows that, in
erator and reactor neutrino oscillation searcies and by  our framework, one can either fit the atmospheric neutrino
solar neutrino experimen{4d.6]. anomaly or the LSND event excess, but not both. We intend
The analysed15] and [16] were performed under the to examine the second optigfit to LSND data in a separate
same assumption on the neutrino spectrum shown in Fig. Jublication; some interesting results were already obtained
namely that the two independent neutrino mass squared difwith older LSND data if15] (see their Figs. 11 and 12 and
ferences,dm?=|m5—m3| and m®>=|m3—mj3|, are largely the related discussiopnHowever, it should be noted that the
separateddm?<m?. Accelerator and reactor neutrinos were atmospheric data fit at large? is essentially driven by the
assumed to probe, as the atmospheric neutrinos, the don@ngular distribution of multi-GeV events observed in Kamio-
nant square mass difference?, as the slow oscillations kande. If this information were discarded, i.e., if one used
driven by ém? were effectively frozen. Conversely, solar only unbinned multi-GeV data, then atmospheric neutrino
neutrinos were assumed to probe the subdominant squag@ta alone would not place an upper boundnafy and one
mass differenceSm?, as the fast oscillations driven bp?>  could find[50] a very small region of the parameter space
were effectively averaged out. The parameter spaces probéthich is marginally allowed by both LSND and sub-GeV
by terrestrial(accelerator, reactor, and atmospherieutri-  atmospheric data, as well as by present accelerator and reac-
nos and by solar neutrinos have been discussed thoroughly tar constraints. This solution is admittedly fragj®0].
[15] and[16]. A final remark is in order. The basic assumption underly-
In Fig. 11, we show the bounds coming from the estab4ing this work and Refs[15,1€ is that sm?<m? (Fig. 1).
lished accelerator and reactor oscillation seardi&$ [the  Then all the calculations are done at zeroth order in
recent data from the liquid scintillator neutrino detector Sm*m?, i.e., one take$m?=0 andm? finite for terrestrial
(LSND) experiment[49] are not includefl These negative neutrino oscillations, andm? finite and m?=c for solar
searches exclude horizontal bands in the {fatarf¢)  neutrino oscillations. 15m? is close to the best fit to solar
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FIG. 9. As in Fig. 7, but in the scenarib) of Fig. 1.

neutrino data ém?~5x 108 eV2) andif m? is close to the that for Sm*m? as high as 1/10 the leading first-order cor-

best fit to atmospheric neutrino datm?{~0.6x 10"2 eV?) rections to the zeroth approximation do not alter substan-
then Sm2/m2~10~2 and the zeroth order approximation is tially the results of both the solar and the atmospheric neu-

certainly adequate. In Reff29] we have numerically shown trino data fit. However, if one takes theghestvalues of
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L and IMB, as well as the lepton rates measured in the five
Sv Atmospheric sub—GeV zenith-angle sectors of the multi-GeV Kamiokande experi-
& multi—GeV binned data ment, for a total of 18 observables in the fit. We have made
accurate calculations of the expected muon and electron rates
in the various detectors, taking into account the differential
energy-angle distribution of th@ntneutrino fluxes, the dif-
ferential (antineutrino interaction cross sections, and the de-
] tector efficiencies. We have paid particular attention to the
] statistical analysis, which includes the proper correlations
E among the experimental and theoretical errors. The oscilla-
T =20% E tion probabilities have been calculated in the three-flavor
] framework defined by Fig. 1, including the earth matter ef-
fect in the evolution of the neutrino flavor states. The main
90 % ! results of our analysis are shown in Fig. 7 for scen&ajo
SRR SO S A 3 and in Fig_ 9 for scenari¢h). Three-flavor neutrino oscilla-
/ tions provide a good fit to the 18 dafaith three free pa-
ramete), as the minimumy? is ~15 in both cases.

We have also analyzed in detail the subcases of two-
flavor v, v, oscillations(Fig. 2) and v, « v, oscillations
(Fig. 4). The analysis of these subcases provided us with
valuable information on the relative weight and influence of
the different pieces of data in the global fit, as well as on the
importance of the earth matter effdeis derived by compar-
RN d ing Fig. 4 and Fig. & The Kamiokande multi-GeV data are

1072 1072 T fitted better in thev, < v, case than in the,— v, case, as
_m2 (e\/2> shown in Fig. 5, although more data are needed to confirm
this indication. In particular, the upcoming data from the
tan*¢ and tan* unconstrained running SuperKamiokande experimefit3] will certainly
help in clarifying the atmospheric neutrino anomaly and its

FIG. 10. As in Fig. 8, but in the scenarib) of Fig. 1. implications in terms of ”e“t””F’ properties. .

We have compared the region preferred by atmospheric
sm? allowed by solar neutrinossm?~1.5x 104 ev?) [16] ~ heutrino data with the bounds coming from negative oscilla-
and thelowestvalues ofm? allowed by atmospheric neutri- tion searches at accelerator and reac{ds] in Fig. 11.
nos (M>~6x10"% eV?) at 90% C.L., then the ratio 'hese bounds exclude a large part of the region allowed by
sm?/m? is about 1/4, so that the two squared mass differAtmospheric datéespecially in the limit of pure,, v, os-
ences are not well-separated, and our approximations béillations) for m*=10"2 eV Form?<10"? eV there are
come very rough. Such a contrived situation seems improb?0 Significant bounds from reactor data and the atmospheric
able, but if it were realized in nature, then one shoulddata fit is unaffected. In particular, fon?’<10"? eV? the

necessarily resort to the most general three-flavor formalisriireefold maximal mixing scenar{@0,41] is allowed by the
to analyze it. data. It must be added, however, that threefold maximal mix-

ing is not supported by the independent analysis of all solar
VI. SUMMARY AND CONCLUSIONS neutrino datd 16]. . .
In Sec. V C we have also discussed the interplay between
In this work we have analyzed the available experimentahtmospheric and solar neutrino results. Solar neutrino data
data on the anomalous flavor composition of the atmospheriplace an upper bound o [16] that further constrains the
neutrino flux with three-flavor neutrino oscillations. Data on atmospheric results at amy’. The value ofm? needed to fit
upward-going muons are not included and will be examinedatmospheric neutrino data is not compatible, within this
in a separate work. framework, with the possible recent indication for neutrino
The adopted theoretical framework is characterized byoscillations coming from the LSND experimgw9]. A mar-
one dominant neutrino square mass differemée The neu-  ginal compatibility between the LSND data and the atmo-
trino mass spectrum can assume either f@anor (b) of Fig. spheric anomaly might be reach@s0] if the information
1. Scenarioga) and (b) are physically different when neu- coming from the zenith-angle distribution of multi-GeV
trino oscillations in the earth matter background are considevent is discarded.
ered. In both cases the variables relevant to atmospheric neu- This work is part of a wider research program in which
trino oscillations arem? and two mixing anglesy and ¢. we intend to analyze, in the same three-flavor framework, the
We have performed a global analysis of all data, andvorld data related to neutrino oscillations. We have analyzed
found the regions of theng?, ¢, ¢) parameter space in which so far the results coming from 14 experiments: 3 accelerator
three-flavor neutrino oscillations are consistent with theexperiments(CERN CDHSW, Fermilab E531, and BNL
available data. In particular, we have included in the analysi€776 [15], 3 reactor experiment$Bugey, G®gen, and
the neutrino-induce@-like and u-like event rates measured Krasnoyarsk reactoys[15], 4 solar neutrino experiments
in four sub-GeV experiments, Fus, NUSEX, Kamiokande, (Homestake, GALLEX, SAGE, and Kamiokandd 6], and

14
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FIG. 11. Comparison between the regions allowed at 90% QNp€3) by the atmospheric neutrino data in scendap (solid
contours$, and the corresponding regions excluded by the established accelerator and reactor neutrino oscillatior{lss@ohés, dotted
contourg. Pure v, v, atmosphericv oscillations (right side of each panglare excluded by accelerator and reactor data for

2 —2 a\/2 i nifi i —2 a\/2
m-=2X 10 ¢ eV*. There are no significant limits below 10™ < eV from present accelerator and reactor searches.

50

number of events

T
pu—like

cos0O

cos@

4 atmospheric neutrino experimeri&egus, NUSEX, IMB,

and Kamiokande, this wojk (See alsd28,29.) We have
discussed if15] some implications of older LSND results
[51], and in[14] the tests of three-flavor mixing in future
long-baseline neutrino oscillation experiments. We hope that
the three-flavor framework adopted in these works can be-
come a popular way of analyzing or even presenting the
experimental results or expectations, instead of the usual
two-generation approach which is unable to accommodate
more than one oscillation channel at a time.
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Theoretical Astroparticle NetworkrAN). The method is the following. TheH| , 8) distribution of
unoscillated neutrinos can be factorized as

APPENDIX A: TREATMENT OF KAMIOKANDE

MULTI-GeV DATA d’®,(E,,0) dP(E,) dD(E,,0)
dE,do  dE» a W
In this appendix we describe in detail our treatment of the v
Kamiokande multi-GeV data. The analysis of the Kamio-, . ot
kande multi-GeV dat§4] depends crucial)lly upon the distri- with the normalization
bution of lepton eventsN) of given flavorg as a function 4P (E, ,0)
of the zenith anglé. In the presence of neutrino oscillations, j ad—HV =1(at any E,). (A4)

B-flavor lepton events may be initiated by neutrinos of origi-

nal flavor«, and the angular distribution can be expressed as Applying the factorization of Eq(A3) in Eq. (A1) one

dN ° d?® E do has that
—E_¥ f dE,—2p f " dE, -
do 4 Jgmn” dE,de A )gmn” dE, A’ " :
E, E) / A1) %ZJ dE chaP dq)af dE da'Bs
de v dg * *PdE, “dE, " #
where do” dn
_ @ )
dNB(G) _J dEV de PaﬁQaBdEy1 (AS)
=lepton angular distribution,
de
where
E,=neutrino energy, dd’ d<I>;; -1
Qaﬂ(Ev) = R ( ) (A6)
E, =lepton energy, dE, \ dE,
&2 (E, . 0) is known from atmospheric flux calculations, and
—2 " —distribution of unoscillatedr,,, (A2)
dE,d6 dng(E,) dcb;,f dog A7
dE, = dE, “dE,"# (A7)

P.s(E,,0)=flavor oscillation probability,

represents the energy distribution of the parent neutrinos that
induce B-lepton events in the Kamiokande detector, inte-
grated over the lepton spectrum.
As reference energy-angle neutrino flux distributions, we
£g(E,)=lepton detection efficiency. use the calculations of the Bartol gro{4] smoothly con-
nected to the Volkova calculation§2] at higher energies.
For the sake of simplicityand of computing timein Eq.  This reference choice corresponds to the option “flux B” in
(A1) we have assumed that the lepton directiois the same  [4].
as the incident neutrino directiaf),, 6=6,. Actually, in the The functiondng(E,)/dE,, that embeds all those experi-
Kamiokande multi-GeV data sample, the typical differencemental aspects of the lepton detection efficiency and energy
is \((6— 6,)%)=15°—-20°[4]. We simulate the effect of the reconstruction that we ignore, is published in Figb)2of
6-0, difference by smearing the distributiatNg/d6 in Eq. ~ Ref. [4]. Since bothd®r,/dé and Q,z are known, and
(A1) with a Gaussian distribution having a onewidth of P,z is calculable in a given oscillation scenario, one finally
~17°. has all the ingredients to calculate the angular distribution of
The evaluation of the inner integral in E€A1) requires  lepton events from EqAS5).’
detailed experimental information that is not available. In In particular, we have computed the angular distribution
particular, the lepton detection efficiency functiep(E,),  of e-like and u-like multi-GeV events in absence of oscilla-
which includes the intrinsic detector acceptance and théions (P,z=d,s). The results are shown in Fig. 12 as
analysis cuts, is not published for multi-GeV dd#. A  dashed lines. The solid lines represent the published Kamio-
worse problem is due to the impossibility of defining, eventkande simulatior[4]. The agreement is very good, as the
by event, the lepton enerdy, for tracks that are not fully differences are smaller than the statistical uncertainties. The
contained. For thesdpartially containeyl higher-energy author of Ref[27] used independently a somewhat similar
events, the intrinsic “total” energy can be associated withapproach to the analysis of multi-GeV data but did not ob-
the released “visible” lepton energy on a statistical basis
only, by means of a detailed simulation of the Kamiokande
detector(which is beyond our possibilities and intergsts It should be added, however, that in this way our analysis of the
However, the ignorance of such experimental ingredients camulti-GeV data depends implicitly upon the neutrino cross sections
be overcome by rewriting E¢A1) in terms of the simulated as implemented in the Kamiokande Monte Carlo simulation.

dO'B(E/)

=differential Cross section,
dE, Ve
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tain, however, a good agreement with the published Kamiowhereay,, is the assumed fractional uncertainty in the over-
kande simulation oé-like events. all flux normalization(e.g., £30%), and o, IS the as-

A final remark is in order. The functiondng(E,)/dE,  sumed residual uncertainty in tha/e ratio (typically
(B=e,u) reported in[4] include the contributions of both +5%, which we choose as default valu€or instance, for
neutrinos and antineutrinos. However, it is important to sepat o,y , 0 raiic) = (30%, 5%) theu-e flux error correlation is
rate the » and v contributions, since P(v,— V) pue=0.986[10].

#P(v,—vg) when matter oscillations are considered. We We have decided, however, to ignore the correlations
make the reasonable assumption thgt=e ;. Then, since when A labels a sub-GeV observatzdad B labels a multi-

the ratios ofy and v fluxes and cross sections are known atGeV observablgor vice versa In fact, the flux of low-

any energy, one can separate the distributiony/dE, of  energy and high-energy neutrinos are not necessarily corre-
parentneutrinosfrom the distributiondnz7/dE, of parent lated. A systematic shift of, e.g#-20% in the low-energy
antineutrinos neutrino flux normalization does not necessarily imply the
same shift at higher energy. This would happen, for instance,
if the slope of the theoretical neutrino energy distribution
were systematically biased. At present, we do not know how

In [10] we examined the various sources of uncertaintied0 relate the uncertainties affecting the low-energy and the
affecting the measured and expectelike and u-like event  high-energy fluxes of atmospheric neutrinos, and thus ignore
ratesR, and R,, in the atmospheric neutrino experiments, their possible correlations in the” statistics. _
together with their correlations. We were thus able, for any The inclusion of the(known) correlation effects in any
single experiment, to construct the covariance matrix of thésingle experiment, as well as in the combination of all the

APPENDIX B: CORRELATION OF ERRORS

residuals ngeor_ R®P) and to perform a corre¢Gaussian experimental data, is a distinguishing feature of our analysis.
statistical analysis of the atmospheri@anomaly. As far as a

single experiment is concerned, here we use the same ap- APPENDIX C: SYMMETRIES

proach. OF THE OSCILLATION PROBABILITY

However, when the information of two or more experi- In thi ndix we di veral symmetry properti
ments is combined—as in the present work—one has also tg S appe € diSCuss several symmetlry properties
f the neutrino and antineutrino oscillation probabilities un-

take into account that the theoretical errors of the neutrin Jer aiven transformations of the neutrino masses and mixin
fluxes are highly correlated from experiment to experiment. 9 9

For instance, a hypothetical systematic shiftia20% in the In the two scenarioga) and (b) of Fig. 1. These properties

calculatedunoscillatedi flux of sub-GeVv,'s propagates co- Z{;éjssegzlriéonléﬂgr?r:zt%nigath?n re;?t:tcsugr tr\:\?e Z?:i)l\)//vsﬁe?tf ttr:]ee
herently to the expected rates®fike events inall the sub- P - np '

GeV experiments at the same time. Moreover, one also exs_cenanos{a) and(b) are not equivalent when the earth matter

pects theu-like event rates to increase by20% because of effects are included in theantjneutrino propagzatlon. .
; . . We recall that we always assumen- positive

the tight correlation of calculated, and v, fluxes, with an 2 5 ; X
. . p . (m?=|m?|), and that the two scenariga) and (b) are dis-
allowance for a residual uncertainfpf about 5%) in the . . . 2.
ule ratio tinguished by the overall sign of m=:

. . . . (a)— (b)=+m?——m?. It is useful to set conventionally

Therefore, in constr.uctlng the covariance matrix fo_r' the he zero of the neutrino squared mass scale halfway between
observables analyzed in this work, we include the addition he doublet ¢, ,v,) and the “lone” statev; shown in Fig. 1
off-diagonal elements corresponding to the correlations of, . . 1,72 : 3 C

the neutrino flux uncertainties between any two experiments,[h ith this position, the neutrino squared mass spectrum takes

and between any two bins of the Kamiokande multi-GeV e form

data samplé. (m2,m2,m?)

More precisely, let us callA,B) a generic couple of ex- 12
periments(or couple of multi-GeV data binsThen the cor- (—(m?/2),— (m?/2),+(m?/2)) scenario(a),
relations between the, and v, theoretical flux errors imA =1 (+ (m22), + (M2/2),— (m?12))  scenario(b).

andB are given by

(CY
ped AB)=1, Let us consider the following eight transformatichs
P (AB)=1, (B1) T,: mP—-—-m? at any ¢,d¢,
2 T,: (mM%,¢)—(mPm/2—¢) at =0,
(AB)=1— 1 T
Puelt 2 02’ Ta: (M2 ¢)—(M2,m2—¢) at y=ml2,

T (M2 )—(m? w/2—y) at ¢=0, (C2)
8In principle there could also be correlations among ¢xperi-
mental systematic uncertainties affecting any two bins of the Ka- Ts: (m?,¢p)—(—m?, mwl2— ¢) at =0,
miokande multi-GeV data. However, for lack of published informa-
tion [4] we ignore such additional correlations. Te: (M2,¢)—(—m2 w/2—¢) at y=/2,
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T,: (M) —(—m2 ml2—y) at ¢=0, P,,=1-4s5,5,C)Sa1— 45555550~ 4¢55565Ss, '(C4)
Tg: (v,m?)—(v,—m?) at any ,do.

Pe/,l,:4sécé’sﬁls3l!
The transformatiof; changes the overall sign af? and
thus maps scenari@) into (b) or vice versa. The transfor- 1222
. : Per_ 4S<I>C<I>Cz//831a
mationsT, 5, T34, andT, 7 are relevant respectively for the
subcases of pure two-flavos.— v, oscillations ¢=0),
ve—rv, oscillations @=/2), and v,< v, oscillations P .-~ 454,C55,C) Sart 455,S,C, So1+ 403,805 Saz,
(¢=0). The transformatiog interchanges neutrinos with ) _ o )
antineutrinos and, at the same time, changes the sign dfhere® is the effective mixing anglep in matter @ re-
m2. Notice that theT,’s in Eq. (C2) are not all independent: Mains unchanged
T5:T1T2, T6:TlT31 andT7:TlT4.
We prove the following statement§l) in vacuum, the Sin2d® sin2¢ c5)
oscillation probabilities are invariant und&g, T,, T3, Ty, ! = — 2 - 2"
Te e T anTg; @ in matter, the oscilation probabilities V(cos2p A/m?)*+ (sin2¢)
are invariant only undef,, Ts, Tg, T7, andTg; (3) in matter,
the additional symmetrie§,, T,, andT5 are restored in the

In Eq. (C4) the oscillating factors5;; are defined as

limit m?— oo, ) )
The statement(l) is evident from inspection of the s =sin2< Mi—M;j X (CH)
vacuum oscillation probabilitie@qual for neutrinos and an- J 4E, '
tineutrinog:
vac - whereMi2 are the neutrino square mass eigenvalues in mat-
Pee:1—4S¢C¢S, ter,
PYa’=1—4c2s7(1-c5s3)S, , _M2sy, A
PY2°=1—4cjci(1-c5c))S, (C3)
PU=4s3c5s%S MZ= Im—z (C7
eu A 2 2"
PY2°=4s]ciclS, M s, A
M3=+— =24
2 S 2

PY2°=4c)siciS,

and A=22GgN.E, is the matter-induced square mass
term. We recall that the neutrino square mass eigenvalues in
vacuum are given in EqCI).

In Egs. (C5—(C7) the upper sign refers to scenairia
and the lower sign to scenarid). Notice that, as in the
vacuum case, the anglesand § never appear in the oscil-
lation probabilities in Eq(C4).

From Eqgs.(C4)—(C7) it follows that the earth matter ef-
fects do not vanish for threefold maximal mixing, corre-

whereS=sir’(m?x/4E ). Note that the angles and 5 never
appear in Eq(C3). Of courseP,z=Ppg,

The probabilities in Eq(C3) are invariant undef 4, im-
plying that the cases$a) and (b) are indistinguishable in
vacuum. The symmetrie§, and T imply that the param-
eters of purev.«— v, oscillations in vacuum can be restricted
to the case+m? and ¢e[0,7/4], as the cases-m? ¢
e [ 7/4,7/2] become equivalent. Analogously, this is true for

pure v+ v, or v, v oscillations in vacuum. . _ ; i
When matter effects are included, the situation become%?g(l'\r}gi?n(ztf%gi@ Eﬁe 1/r121L'tggrthfolrr:;irt?osr?ggtgar;gg

more complicated23] and several symmetries are broken. “vacuum” lepton rates can be as large as 10% in the sub-

For the sake of simplicity, we discuss the symmetry PTOPETGev case and as large as 30% in the multi-GeV case. The

ties of the oscillation probabilities in the case of constant; . L )
, - . . fits to the threefold maximal mixing scenario[i0,41 were
electron densityN.= const. Our conclusions are also valid .
performed neglecting matter effects.

for a genericN,=N¢(x), but the proof is considerably more The oscillation probabilities in EqC4) are not invariant

mvolvgd and less transpgrent, since the neutrino propagatlol'}nder the transformatioh,. Therefore, the scenariga) and
equations are not analytically integrable for a generic den;

sity. Instead, for constaM, the oscillation probabilities can (b) are in general physically different for atmospheric neu-

; ) . trinos traversing the earth matter. The difference can be
be expressed in compact form. Feeutrinosthey are given traced to the matter-induced neutrino mass tekT[E
by (we omit the derivation d-

(C7], which is positive both ifa) and(b), while the overall
sign of the vacuum mags? changes in the two scenarios.

However, the probabilities in EC4) are invariant under
the transformationd,, Ts, Tg, andT;. Notice in particular
P = 1—48C5S)S31— 48557C; So1— 4C55)C)Sa2, that

Pee=1— 4S<21>Ct21>831:
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Y=0 (ve—v,) — Pe7=4S§>CéS', the symmetryTs. Notice that the higher symmetry;Ts,
which corresponds te— v at any given (2,4, ¢), holds in
p=ml2 (ve—v,) — PeM:4S<2pC§>S'a (C8 vacuum only. It is amusing to notice that, in the purely hy-
pothetical situation of equal and v fluxes at any energy
$=0 (v,—v,) — PW=45$/C$/S= p‘;’f‘f, E,, and of equab and» absorption cross sections, the sym-
metry Tg would imply the same physics in atmospheric neu-
where trino experiments in both scenarit® and (b).
) Finally, we consider the case of’— or, more pre-
S’=sin2< M S2¢ | (cg  Cisely, m?>A. In this limit, the oscillation probabilities in
4E, Sy¢ Eq. (C4) become
The symmetryT; does not apply to the probabilities in Pee= Pl
Eq. (C4). Therefore, the description of pure two-flavor oscil-
lation vee—>v, in matter cannot be exhausted by taking szpmz_ 5P,

+m? and ¢ [0,7/4]. Either one takest m? and extends
the range ofgp to [0,77/2] (as in this worly, or one keepsp

i : P,,=PY— 5P, C10
e[0,7/4], but considers both- m? and —m? (as in[48]). oo (C10
Analogously, this is true fow.— v, oscillations in matter, p__puac
which are not invariant under,. eu T e

Notice that the symmetryT,, corresponding to p__ puac
er er

y—(mwl2)— ¢ at given m? for pure v, v, oscillations

(¢=0), holds both in vacuum and in matter. In fact, matter

effects are irrelevant for pure,« v oscillations. P..=Pr i+ 6P,
Let us now consider thantineutrinooscillation probabili-

ties. Equatior(C3) holds both for neutrinos and antineutrino Where 5P = 4s3s7,¢5SilP(ACX/AE ).

oscillations(in vacuum). Equation(C4) refers only to neutri- Notice that in the _Iimitm2>A not all the probabilities in
nos. For antineutrinos, the matter-induced teAnthanges Eq.(C10 tend to their vacuum value. However, in this limit
sign. However, if one also changes the signnot the an-  all the symmetries T;,T,,...,Tg) of the vacuum oscilla-

tineutrino propagation becomes equivalent to neutrino propaiion case apply. In the subcases of pure two-flavor oscilla-
gation. In other words, the oscillation probabilitiesn&utri-  tions (=0 or =m/2 or $=0) one haséP=0 and Eq.
nosin scenaria@) are equal to the oscillation probabilities of (C10) simply readsP ,z= P‘C’f"ﬁC (averaged vacuum oscilla-

antineutrinosin scenariab), and vice versa, as expressed bytions regime.
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