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Exotic solutions of the atmospheric neutrino problem

Paolo Lipari and Maurizio Lusignoli
Dipartimento di Fisica, Universita` di Roma ‘‘la Sapienza,’’ and I.N.F.N., Sezione di Roma, P. A. Moro 2, I-00185 Roma, Italy

~Received 20 January 1999; published 26 May 1999!

The measurements of the fluxes of atmospheric neutrinos give evidence for the disappearance of muon
neutrinos. The determination of the dependence of the disappearance probability on the neutrino energy and
trajectory allows one, in principle, to establish unambiguosly the existence of neutrino oscillations. Alternative
mechanisms for the disappearance of the neutrinos have been proposed, but do not provide a viable description
of the data, if one includes both events where the neutrinos interact in the detector andn-induced upward going
muons. The proposed mechanisms differ in the energy dependence of the disappearance probability, and the
upward going muon data that are produced by high-energy neutrinos give a crucial constraint.
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PACS number~s!: 14.60.Pq, 14.60.St
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I. INTRODUCTION

The measurements of the fluxes of atmospheric neutr
by the Super-Kamiokande~SK! experiment@1–5# show evi-
dence for the disappearance of muon~anti-!neutrinos. The
same indication comes from the older data of the Kam
kande@6# and IMB @7# experiments and the recent ones
the Soudan-2 Collaboration@8#. Also the results recently pre
sented by the MACRO Collaboration@9,10# indicate a sup-
pression of the muon~anti-!neutrino flux.

The simplest explanation of the data is the existence
nm↔nt oscillations@1#. In the framework of flavor oscilla-
tions one should consider the more general case of t
flavors @11# ~with the CHOOZ experiment@12# giving im-
portant contraints to the electron neutrino transitions!, and
could also envisage more complex scenarios involving ste
states@13#. We will not pursue these possibilities here, a
we will adopt instead the simplest scenario of two-flav
oscillations as a prototype model that, as we will see, is a
to describe successfully the experimental data.

We will instead investigate if other forms of ‘‘new phys
ics’’ beyond the standard model, different from standard
vor oscillations, can also provide a satisfactory description
the existing data. Indeed several other physical mechan
have been proposed in the literature as viable explanation
the atmospheric neutrino data. In this work we will consid
three of these models: neutrino decay@14#, flavor changing
neutral currents~FCNC! @15,16#, and violations of the
equivalence principle@17,18# or, equivalently, of the Lorentz
invariance@19#. All these models have the common featu
of ‘‘disappearing’’ muon neutrinos; however, the probabili
depends in different ways on the neutrino energy and p
To discriminate between these models, a detailed stud
the disappearance probabilityP and of its functional form is
needed.

In this work in contrast with previous analyses, we w
argue that the present data allow us to exclude the th
‘‘exotic’’ models, at least in their simplest form, as explan
tions of the atmospheric neutrino problem. This is main
due to the difficulty that these models have to fit, at the sa
time, the SK data for leptons generated inside the dete
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~sub- and multi-GeV! and for up-going muons generated
the rock below it.

II. DATA

In Figs. 1, 2, and 3 we show~as data points with statistica
error bars! the ratios between the SK data and their Mon
Carlo predictions calculated in the absence of oscillations
other form of ‘‘new physics’’ beyond the standard model.
Fig. 1 we show the data for thee like contained events, in
Fig. 2 for m-like events produced in the detector, and in F
3 for upward-going muon events, as a function of zen
angle of the detected lepton. In each figure we include f
lines: the dotted line~a constant of level unity! corresponds
to the exact agreement between the data and the
oscillation Monte Carlo calculation, including the absolu
normalization. The dot-dashed lines correspond to the
sumption that there is no deformation in the shape of
zenith angle distributions, but that one is allowed to chan
the normalization of each data sample independently.
values obtained are 1.16 fore-like sub-GeV, 1.21 fore-like
multi-GeV, 0.72 form-like sub-GeV, 0.74 form-like multi-
GeV, 0.56 for stopping upward-going muons, and 0.92
passing upward-going muons. For two sets of data~sub-GeV
and multi-GeVm-like events! the constant shape fits giv
very poor descriptions@x2526 for the sub-GeV and 33 fo
the multi-GeV for four degrees of freedom~DOF!#. Also the
zenith angle shape of the passing upward-going muons is
well fitted by the no-oscillation Monte Carlo calculation
(x2517 for nine DOF!. The electron data do not show cle
evidence of deformations, although the constant shape fi
the sub-GeV events (x259.7 for 4 DOF! is rather poor.

The normalizations of the different data sets are of cou
strongly correlated, and therefore it is not reasonable to
them vary independently. The other extreme option, that
will adopt in this work for simplicity, is to use one and th
same parameter to fix the normalization of the six d
samples. The result for constant shapes~i.e., assuming no
new physics beyond the standard model! is represented by
the dashed lines in Figs. 1, 2, and 3 corresponding to a v
0.84 and a very poorx25280 for 34 DOF.

The full lines in the figures correspond to our best
©1999 The American Physical Society03-1
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assumingnm↔nt oscillations with maximal mixing. We de
fine thex2 as follows:

x25(
j

FNj2aNj
th~Nj ,MC

SK /Nj ,0
th !

s j
G2

. ~1!

In Eq. ~1! the summation runs over all data bins,Nj is the SK
result for thej th bin, s j its statistical error,Nj

th our predic-
tion, Nj ,0

th our prediction in the absence of oscillations,Nj ,MC
SK

the no-oscillation prediction of the Super-Kamiokande C
laboration, anda allows for variations in the absolute no
malization of the prediction. We have rescaled our predict
to the SK Monte Carlo because we do not have a sufficie
detailed knowledge of the detector response~e.g., number of
detected rings! and efficiency. For the same input neutrin
spectra the difference between our no-oscillation calcula
~see@20# for a description! and the SK Monte Carlo result i
approximately 10%,

For our best fit the values of the relevant parameters
a51.15 andDm253.231023 eV2. The x2 is 33.3 for 33
DOF.

Our definition of thex2 is somewhat simplistic. We do
not take into account the contribution of systematic erro

FIG. 1. Ratio data/Monte Carlo for thee-like events of the
Super-Kamiokande Collaboration. The dot-dashed lines are stra
line fits ~independent for each panel! to the data points; the dashe
lines are the result of fitting all data~included in Figs. 1, 2, and 3!
with a common normalization (a50.84); the solid lines are the
result of a calculation withnm↔nt oscillations with our best-fit
parameters for maximal mixing (Dm253.231023 eV2 and a nor-
malizationa51.15).
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either in the data or in the theory. The assumption of a co
mon a for e-like andm-like events corresponding to differ
ent energy regions is certainly too strict. It is, therefore,
markable that this fit is so good, and essentially in agreem
~same normalization and very nearDm2 value! with the
much more elaborate fit in@1#. In the rest of this paper we
will consider other, exotic models and we will find that the
are not able to provide a satisfactory fit to the same data

III. MODELS

We briefly recall the essential points of the models we
discussing. For the usual, two-neutrino flavor oscillations
‘‘disappearance probability’’P is given by

P5Pnm→nt

osc 5sin2 2u sin2FDm2

4

L

En
G ~2!

with the very characteristic sinusoidal dependence on the
tio L/En .

In the simplest realization of neutrino decay, neglecti
the possibility of the simultaneous existence of neutrino
cillations, the disappearance probability is given by

P5Pdec512expF2
mn

tn

L

En
G , ~3!

ht
FIG. 2. Ratio data/Monte Carlo results for them-like events of

the Super-Kamiokande Collaboration. See Fig. 1 for a descrip
of the lines.
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still depending on the ratio between neutrino path length
energyL/En , but with a functional form different from Eq
~2!. Including mixing between two flavors, the probabili
takes the general form:

P5Pdec512H sin4 u1cos4 u expS 2
mn

tn

L

En
D

12 sin2 u cos2 u expS 2
mn

2tn

L

En
D cosFDm2L

2En
G J , ~4!

whereu and Dm2 are the usual parameters. The authors
Ref. @14# remark that in order to be consistent with the lim
on K meson decays, for the values oftn /mn obtained in their
fit one must haveDm2*0.73 eV2. For these large values o
the squared mass difference, in the range ofL/En of atmo-
spheric neutrinos, the oscillating factor in Eq.~4! can be
averaged to zero, and the disappearance probability beco

P5Pdec512H sin4 u1cos4 u expS 2
mn

tn

L

En
D J . ~5!

If flavor changing neutral currents contribute to the int
action of neutrinos with ordinary matter, a nontrivial flav
evolution will develop even for massless neutrinos as or
nally noted by Wolfenstein@21#. There are several theoret
cal models generically predicting nondiagonal neutrino int
actions with matter. In particular, such models have b

FIG. 3. Ratio data/Monte Carlo results for passing and stopp
upward-going muons in the Super-Kamiokande Collaboration.
Fig. 1 for a description of the lines.
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proposed as a possible consequence ofR-parity violating in-
teractions in supersymmetric models and have been
gested as solutions of both the solar@22,15# and atmospheric
@15,16# neutrino problems. Let us callVab the effective po-
tential that arises from the forward scattering amplitude o
neutrino with a fermionf: na1 f→nb1 f . In the standard
modelVmt5Vtm50, andVmm5Vtt5A2GFT3( f L)Nf where
GF is the Fermi constant,Nf is the number density of the
fermion f andT3( f L) is the third component of the fermion’
weak isospin. Since the effective potentials for muon ant
neutrinos are identical, there is no effect on standard osc
tions. However, if the scattering amplitudes are differe
from those predicted by the standard model, and if fla
changing scattering can occur, then the effective poten
acquires nondiagonal termsVmt5Vtm5A2GFeNf , and dif-
ferent diagonal elements~with Vtt2Vmm5A2GFe8Nf!, and
there will be a nontrivial flavor transition probability eve
for massless neutrinos. After the crossing of a layer of ma
with a column density

Xf5E
0

L

dL8Nf~L8!, ~6!

the transition probability is

P5Pnm→nt

FCNC 5
4e2

4e21e82
sin2FGF

A2
XfA4e21e82G . ~7!

The probability has again an oscillatory form, however
this case the role ofL/En is taken by the column densityXf
and there is no dependence on the neutrino energy.

If the gravitational coupling of neutrinos are flavor depe
dent~implying a violation of the equivalence principle! mix-
ing will take place for neutrinos traveling in a gravitation
field even for massless neutrinos@17,18#. The neutrino states
with well-defined coupling to the gravitational field define
‘‘gravitational basis’’ related to the flavor basis by a unita
transformation. The effective interaction energy matrix
neutrinos in a gravitational field can be written in an ar
trary basis as

H522uf~r !uEn~11 f !, ~8!

where En is the neutrino energy,f(r )52uf(r )u is the
gravitational potential, andf is a~small, traceless! matrix that
parametrizes the possibility of the nonstandard coupling
neutrinos to gravity, and is diagonal in the gravitational b
sis.

Much in the same way as in the previous cases, the n
coincidence of gravitational and flavor eigenstates de
mines mixing and flavor transitions. Considering the sim
case of two flavors and assuming a constant gravitatio
potentialufu, the transition probability takes the form

P5Pnm→nt

grav 5sin2~2uG!sin2@dufuEnL#, ~9!

whereuG is the mixing angle andd is the difference between
the coupling to gravity of the gravitational eigenstates. N
that in this case, the argument of the oscillatory function

g
e

3-3
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PAOLO LIPARI AND MAURIZIO LUSIGNOLI PHYSICAL REVIEW D 60 013003
proportional to the product of the neutrino energy and pa
length, whereas for the standard flavor oscillations, it is
ratio of the same quantities that matters. Equations~2!, ~3!,
~5!, ~7!, and ~9! are the disappearance probabilities for t
four mechanisms that we will confront with the experimen
data.

IV. FLAVOR OSCILLATIONS

It is interesting to discuss how the usual flavor oscillatio
can successfully reproduce the pattern of suppression m
sured for the different event samples. The events detecte
one particular bin are produced by neutrinos with a pred
able distribution ofEn and pathlengthL, and therefore of
L/En , the significant quantity in flavor oscillations. In th
top panel of Fig. 4 we show as a function ofL/En , the
survival probability corresponding to maximal mixing an
Dm253.231023 eV2 ~our best-fit point!. Also shown with
a dashed line is the survival probability for neutrino dec
that we will discuss in the next section.

In the second panel we show theL/En distributions of
sub-GeVm-like events in the five zenith angle bins used
the SK Collaboration: cosumP@21,20.6#, @20.6,20.2#,
@20.2,10.2#, @0.2,0.6#, and@0.6,1.0# ~corresponding to the
thick solid, thick dashed, thin dot-dashed, thin dashed,

FIG. 4. Distributions inL/En for the different event classe
considered. In the top panel we show the survival probabi
P(nm→nm) for our best fit with flavor oscillations to all data~solid
line! and the best fit with neutrino decay to the sub-GeV and mu
GeV data~dashed line!.
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thin solid lines!. In the third panel we show the correspon
ing distributions for multi-GeVm-like events~same coding
for the lines!.

In the fourth panel we show theL/En distributions for
upward going muons that stop in the detector in the zen
angle bins: cosumP@21,20.8#, @20.8,20.6#, @20.6,
20.4#, @20.4,20.2#, and @20.2,0.0# with the correspond-
ing lines ordered from right~higher values ofL/En) to left
~lower values ofL/En). In the last panel we show the sam
distributions for passing upward going muons in ten zen
angle bins, cosumP@21,20.9#, . . . ,@20.1,0.0#.

Some remarks can be useful for an understanding of
distributions shown in Fig. 4. For the sub-GeV events, o
can see that the parent neutrinos haveL/En spread over a
broad range of values. This is due to the poor correlat
between the neutrino and muon directions^unm&.53°.

For multi-GeV data the distributions are much narrow
reflecting the tighter correlation between the neutrino a
muon directions,̂unm&.13°. Note also that the peaks in th
L/En distributions corresponding to sub-GeV and multi-Ge
events in the same zenith angle interval are at slightly diff
ent points because of the different energy of the parent n
trinos.

For up-going stopping muons, the width of the distrib
tion is wider than in the multi-GeV case. The correlatio
between the muon and neutrino directions^unm&.10° is ac-
tually better, but the width of the distribution reflects th
wider energy range of the neutrinos contributing to this s
nal. Passing muons are nearly collinear with the parent n
trinos (̂ unm&.2.9°), but the large energy range of the ne
trinos that extend over nearly two decades (En

.10–103 GeV) results in a wideL/En distribution.
All curves in the lower four panels of Fig. 4 are norma

ized to the unit area. In order to obtain the suppression du
oscillations in a particular bin, one has to perform the in
gral

Nj
osc~sin2 2u,Dm2!5E dx

dNj
0

dx
@12Posc~x,sin2 2u,Dm2!#.

~10!

Comparing the survival probability with theL/En distri-
butions it is easy to gain a qualitative understanding of
effects produced. ForDm2.331023 eV2, neutrinos with
L/En&102 km/GeV have a survival probability close t
unity and do not oscillate, while for neutrinos withL/En

*103 km/GeV, averaging over the rapid oscillations, t
survival probability becomes one half for maximal mixin
We recall that horizontal neutrinos travel an average p
length of.600 km. Taking into account theL/En distribu-
tions of the different set of events, one can see that all ze
angle bins of the muon sub-GeV events are somewhat
pressed because even vertically downward going muons
be produced by upgoing neutrinos.

For multi-GeV events, with the tighter correlation b
tween the neutrino and muon directions, the two up-go
bins are suppressed by the ‘‘average’’ factor;0.5, the two
down-going bins are left unchanged, and the horizon
muons have an intermediate suppression. The up-going s

y

i-
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EXOTIC SOLUTIONS OF THE ATMOSPHERIC . . . PHYSICAL REVIEW D 60 013003
ping muons are always suppressed by a factor;1/2, except
for the bin nearest to the horizontal.

For the up-going passing muons the larger average en
and, therefore, smallerL/En explains the smaller suppressio
and its pattern, varying from nearly unity for the horizon
bin to a maximum of;0.65 for the vertical one.

V. EXOTIC MODELS

A. Neutrino decay

Fitting the sub-GeV and multi-GeV data of the Supe
Kamiokande with the pure neutrino decay model~that ne-
glects mixing! given in Eq. ~3!, we find a minimumx2

571 for a valuetn /mn58900 km/GeV ~with a51.07).
Considering also the possibility of nontrivial mixing@Eq.
~5!#, the minimum x2 becomes 39 for tn /mn

515850 km/GeV and cos2 u50.87 ~with a51.17). This is
in good agreement with the results of@14#. The authors of
this reference have as a best fit pointtn /mn

.12800 km/GeV, with the same cos2 2u50.87. The curve
describing the decay probability for our best fit is shown
the dashed line in the top panel of Fig. 4.

Considering pure neutrino decay improves significan
the quality of the fit with respect to the ‘‘standard mode
~that givesx25234 for 19 DOF! However, the fit remains
very poor. Inclusion of mixing results in a much better fi
albeit still worse than the valuex2.25 of thenm↔nt flavor
oscillation fit to the same set of data. We note, however,
the value sin2 2u50.45 ~that corresponds to cos2 u50.87) is
excluded at 90% C.L. forDm2*0.4 eV2 by the results of
accelerator experiments@23# on nm disappearance.

It is simple to have a qualitative understanding of t
values oftn /mn that provide the best fits tp the sub-GeV a
multi-GeV data. One needs to suppress by a factor;0.5 the
up-going multi-GeV muons that havê L/En&.103.5

km/GeV ~see Fig. 4!. For these values oftn /mn one expects
a much smaller suppression of the high-energy passing
going muons. In fact including also the 15 data points of
up-going muons in a new fit, the best-fit parameters
tn /mn518840 km/GeV, cos2 u50.84 anda51.19, but the
quality of the fit is bad,x2582. For pure decay the best fi
givesx25140 ~for tn /mn510 000 km/GeV).

It is possible to discuss more complex scenarios involv
more neutrino states. For example, the authors of Ref.@14#
consider a situation involving two standard and one ste
neutrino. In these more complex schemes it is possible
obtain a satisfactory fit@24#.

B. Violation of the equivalence principle

Performing a fit to the sub-GeV and multi-GeV data
the Super Kamiokande Collaboration with the disappeara
probability given by Eq.~9! and with maximal mixing (uG
5p/4), we find a minimum in thex2 for a valuedufu54
31024 km21 GeV21 ~with a51.10). Thex2 for this fit is
35 for 18 DOF, still a very significant improvement over th
standard model case, but not as good as the flavor osc
tions result. The survival probability given by our best fit
shown in the top panel of Fig. 5.
01300
gy

l

-

s

y

at

p-
e
e

g

e
to

ce

la-

The reason for the poorx2 can qualitatively be under
stood looking at Fig. 5. This figure is the equivalent of F
4, in the sense that the four lower panels show the distri
tions in the variable that is relevant in this case, nam
LEn . The distributions in this variable for the sub-GeV an
multi-GeV events have shapes similar to the correspond
ones in L/En , because the width of the distributions
mostly determined by the spread in pathlengthL. However,
the average value of theLEn of the sub-GeV events is lowe
than the corresponding one~same zenith angle bin! for multi-
GeV events, the opposite of what happens in theL/En dis-
tributions, see Fig. 4. Therefore, parameters describing w
the multi-GeV events will generally produce too low a su
pression for sub-GeV events or viceversa.

It can be argued~as the authors of Ref.@25# do! that
taking into account systematic uncertainties, the model
fined by Eq.~9! provides a good fit to the data, however th
is not the case if upward-going muons are included in
picture. This should be evident looking at the lower panels
Fig. 5. Upward-going muons are produced by high-ene
neutrinos and the frequent oscillations do imply a suppr
sion by 50% of passing~and stopping! muons, with no de-
formation of the zenith angle distribution. This is in di
agreement with the corresponding data: in fact, trying to
all the data together we obtain similar best-fit paramete
dufu54.531024 km21 GeV21 and a51.145, but with a

FIG. 5. Distributions inLEn for the different event classes con
sidered. In the top panel we show the survival probabilityP(nm

→nm) for our best fit to the sub-GeV and multi-GeV data.
3-5
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very badx25142.7 for 32 DOF~the contribution of passing
upward-going muon data being;100).

C. Flavor changing neutral currents

In the case of neutrino transitions produced by flav
changing neutral currents, the role ofL/En is replaced byX,
the column density. This has the fundamental conseque
that there is no energy dependence of the flavor convers
Moreover, since air has a density much lower that
Earth’s, the transitions do not develop during the neutr
path in the atmosphere, and therefore down-going neutr
are unaffected. Note also that there is not a simple rela
between the zenith angleun and the path lengthL because of
fluctuations in the neutrino birth position. However, due t
air low density, the zenith angleun does define the column
density X with a negligible error: the entire down-goin
hemisphere corresponds toX.0 and to a vanishing transi
tion probability.

Performing, as before, a fit to the sub-GeV and multi-G
data of the Super Kamiokande Collaboration with the dis
pearance probability given by Eq.~7! and assuming scatter
ing off down quarks ande850 ~that is maximal mixing!, we
obtain a best-fit valuee50.4 anda51.08 corresponding to a
minimumx2538. With increasinge the oscillations become
more frequent, and essentially all valuese*0.4 give compa-
rable fits, since for these large values the oscillations can
considered as averaged in the entire up-going hemisphe

The authors of Ref.@16#, exploring the parameter spac
(e,e8) find two solutions:~a! ~0.98,0.02! and~b! ~0.08,0.07!,
that are plotted in the upper panels of Fig. 6. The first so
tion corresponds to the one that we have found, conside
the slow variation ofx2 with e in the largee region. Thex2

found by the authors of@16# is, however, better than what w
find, indeed as good as in the flavor oscillation model.

We do find that fitting the muon data only, without co
sidering the constraint on the normalization coming from
electron data, the FCNC model gives an excellent fit, ind
as good or better than the flavor oscillation model. The r
son that, in our fitting procedure, the FCNC model gives
as good a fit originates from the fact that the theoreti
average value of the suppression for both sub-GeV
multi-GeV muon events for the best-fit parameters is.0.75,
corresponding to no suppression in the down-going he
sphere and;0.5 in the opposite one. The data@2,3# for the
double ratio R5(m/e)Data/(m/e)MC : Rsub50.6160.03
60.05, andRmulti50.6660.0660.08 indicate a larger aver
age suppression. The allowance of a nonperfect correla
between the normalizations of the muons and electron
samples would certainly reduce thex2 value of our fit.

The inclusion of up-going muons among the data cons
ered, again results in evidence against this model. We re
the fact that the passing muons are essentially collinear
the parent neutrinos and that the experimental zenith a
distribution does not exhibit large sharp features as th
predicted for example by solution~b! of @16# ~see Fig. 6!.
Therefore, the relative smoothness of the passing muon
allows us to exclude a large range of values (e,e8) that cor-
respond to few oscillations in the up-going hemisphere~that
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is 0.04&A4e21e82&0.2) and still large effective mixinge
*e8.

The solution~a! of @16# cannot be excluded using thi
consideration because its frequent oscillations do not p
duce sharp features given the binning of the experime
data, and give a constant suppression 2e2/(4e21e82) for all
zenith angle bins. The model has no energy dependence
therefore this average suppression must apply to the
going passing and stopping events, as well as to the up-g
multi-GeV events, that have also a rather sharp correla
between the neutrino and muon directions. This is in d
agreement with two features of the experimental data:~i! the
passing muons have a suppression considerably less
both the stopping and up-going multi-GeV muons;~ii ! the
shape of the zenith angle distribution of passing muo
shows evidence for a deformation. More quantitatively, a
to all the data withe850 gives the parameter valuese
51.4 anda51.12, but with a totalx25149 ~the contribu-
tion to x2 of the through going muon data being 105!.

VI. SUMMARY AND CONCLUSIONS

The survival probabilityP(nm→nm) in the case of two
flavor nm↔nt oscillations has a well-defined dependence
the path length and energy of the neutrinos. In order to
tablish unambiguosly the existence of such oscillations, i
necessary to study in detail these dependences. In the a
sis of the events interacting in the detector, one can stud

FIG. 6. Distributions in cosun for the different event classe
considered. In the two top panels we show the survival probab
P(nm→nm) of the two best-fit points as calculated in@16#.
3-6
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very wide range of path lengths (10&L&104 km) but a
much smaller range of neutrino energies close to 1 GeV~the
sub-GeV and multi-GeV samples!. Therefore, it is not easy
to obtain experimental information on the dependence of
survival probability on the neutrino energy. In fact mode
where the combinationL/En ~flavor oscillations!, LEn ~vio-
lations of the equivalence principle!, and X.L ~flavor
changing neutral currents! is the relevant variable for an os
cillating transition probability, have been proposed as via
solutions of these data. Neutrino decay is also dependen
the ratioL/En , but with a different functional form.

In this study we find that flavor oscillations provide
significantly better fit to the sub-GeV and multi-GeV da
samples than the exotic alternatives we have conside
however with a generous allowance for systematic uncert
ties, the alternative explanations can still be considered
viable. Including the upward going muons in the fit, the
ternative models are essentially ruled out.

The upward-going muons are a set ofn-induced events
corresponding to much largerEn : for passing muons the
median parent neutrino energy is approximately 100 G
with a significant contribution of neutrinos with energy
large as 1 TeV, and therefore are, in principle, a powe
handle to study the energy dependence of the neutrino
vival probability. If flavor oscillations~where L/En is the
significant variable! are the cause of the suppression of su
GeV and multi-GeV muon events, the neutrinos produc
passing upward going muons must also oscillate, but wit
smaller suppression because of their larger energy; m
over, for the range ofDm2 suggested by the lower energ
data, one expects a moderate, but detectable deformatio
the zenith angle distribution. Both effects are detected.

In the alternative exotic models we have studied he
high-energy events, such as the passing upward-g
muons, are suppressed much more (LEn) than or as much
(X;L) as the up-going multi-GeV events, in contrast to t
experimental evidence.

Also in the case of neutrino decay, the upward-go
muon data are very poorly fitted by the model. Two resu
of the measurements of upward-going muons are critic
important to allow discrimination against exotic models a
in favor of usual oscillations.

The stopping/passing~data/Monte Carlo calculation!
double ratio for the SK upward-going muons@5# is r 50.56,
with a combined statistical and experimental systematic e
of 0.07. The theoretical uncertainty in the relative normali
tion of the two sets of data has been estimated as 8% in@26#;
more conservatively the SK Collaboration@5# has used 13%
Quadratically combining the more conservative estimate
the theoretical uncertainty with the experimental errors,
resultings r is 0.1. Therefore, the suppression for the hig
energy passing muons, is weaker than for the lower ene
stopping ones at more than fours of significance, even al-
lowing for a rather large uncertainty in the theoretical p
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diction. This is in contrast with models that predict for th
stopping/passing double ratior a value of unity ~flavor
changing neutral currents! or larger~violations of the equiva-
lence principle!.

The shape of the through-going upward-going muons
nith angle distribution shows the indication of a deformatio
although the no-distortion hypothesis~with free normaliza-
tion! has a probability close to 5%. The deformation,
present, is a rather smooth one, and the distribution can
used to rule out models~such as the FCNC with smallishe)
that produce deep and marked features in the neutrino di
bution ~well mapped by the nearly collinear muons!.

The MACRO Collaboration has also obtained results
upward-going muons@9#, which indicate the presence of a
angular deformation compatible with the presence of fla
oscillations~although the oscillation fit, even if significantl
better that the standard model fit is still rather poor!. Prelimi-
nary results on events where upward-going muons are
duced in~and exit from! the detector, and a second class
events that combines stopping upward-going muons
downward-going muons produced in the detector indicat
pattern of suppression that is only compatible with an os
lation probability that decreases with energy@10#.

Also the Kamiokande Collaboration@27# has measured
passing upward-going muons with results in good agreem
with the Super-Kamiokande Collaboration, while the Baks
Collaboration@28# has obtained results not in good agre
ment. One should also note that the IMB Collaboration h
in the past measured a stopping/passing ratio for upw
going muons in agreement with a no-oscillation Monte Ca
prediction@29# ~see@30# for a critical analysis!.

In conclusion, we find that the present data on atm
spheric neutrinos allow us to determine some qualitative f
tures of the functional dependence of the disappeara
probability for muon neutrinos. This probability~smeared by
resolution effects! increases with the path lengthL producing
the up/down asymmetry that is the strongest evidence
physics beyond the standard model. The difference in s
pression between the sub~multi!-GeV muon events and th
higher energy through-going muons indicates that the tra
tion probability decreases with energy. These results ar
agreement with the predictions ofnm↔nt oscillations and in
contrast with several alternative exotic models. If flavor o
cillations are indeed the mechanism for the muon neutri
disappearance, additional data with more statistics and r
lution ~in L andEn) should allow one to study in more deta
the oscillatory structure of the transition probability as
function of the variableL/En , unambiguosly determining
the physical phenomenon. It is natural to expect that
oscillations involve all flavors and that electron neutrin
participate in the oscillations~with a reduced mixing becaus
of the Chooz limit!. The resulting flavor conversions wil
have a more complex dependence on the neutrino path
energyEn ; the detection of these more subtle effects co
become the next challenge for the experimentalists.
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