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Exotic solutions of the atmospheric neutrino problem
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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 detecieirahated 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.
[S0556-282199)04311-§

PACS numbdrs): 14.60.Pq, 14.60.St

[. INTRODUCTION (sub- and multi-GeY and for up-going muons generated in
the rock below it.
The measurements of the fluxes of atmospheric neutrinos

by the Super-KamiokandeéK) experimen{1-5] show evi- Il DATA
dence for the disappearance of mu@mti-)neutrinos. The
same indication comes from the older data of the Kamio- InFigs. 1, 2, and 3 we sho(as data points with statistical
kande[6] and IMB [7] experiments and the recent ones of error bar$ the ratios between the SK data and their Monte
the Soudan-2 Collaboratid8]. Also the results recently pre- Carlo predictions calculated in the absence of oscillations or
sented by the MACRO Collaboratid®,10] indicate a sup- Other form of “new physics” beyond the standard model. In
pression of the muofanti-Jneutrino flux. Fig. 1 we show the data for thelike contained events, in

The simplest explanation of the data is the existence of 9- 2 for u-like events produced in the detector, and in Fig.
v, v, oscillations[1]. In the framework of flavor oscilla- 3 for upward-going muon events, as a function of zenith
%ngle of the detected lepton. In each figure we include four

tions one should consider the more general case of threimes_ the dotted linda constant of level unitycorrespond
flavors [11] (with the CHOOZ experimenitl2] giving im- : ponas
portant contraints to the electron neutrino transitjprasd to Fhe_ exact agreement betw_een _the o_lata and the no-
. oo . . oscillation Monte Carlo calculation, including the absolute

could also envisage more complex scenan_og_w_wolvmg Sterll?1ormalization. The dot-dashed lines correspond to the as-
states{13]. We will not pursue these possibilities here, andg, nvion that there is no deformation in the shape of the
we will adopt instead the simplest scenario of two-flavor,qpith angle distributions, but that one is allowed to change
oscillations as a prototype model that, as we will see, is ablghe normalization of each data sample independently. The
to describe successfully the experimental data. values obtained are 1.16 ferlike sub-GeV, 1.21 foe-like

We will instead investigate if other forms of “new phys- multi-GeV, 0.72 foru-like sub-GeV, 0.74 fo-like multi-
ics” beyond the standard model, different from standard flaGev, 0.56 for stopping upward-going muons, and 0.92 for
vor oscillations, can also provide a satisfactory description opassing upward-going muons. For two sets of dsidb-GeV
the existing data. Indeed several other physical mechanismgd multi-GeV u-like event$ the constant shape fits give
have been proposed in the literature as viable explanations @&ry poor descriptiony?= 26 for the sub-GeV and 33 for
the atmospheric neutrino data. In this work we will considerthe multi-GeV for four degrees of freedof@OF)]. Also the
three of these models: neutrino deddy], flavor changing zenith angle shape of the passing upward-going muons is not
neutral currents(FCNC) [15,16, and violations of the well fitted by the no-oscillation Monte Carlo calculations
equivalence principlg17,18 or, equivalently, of the Lorentz (x?=17 for nine DOP. The electron data do not show clear
invariance[19]. All these models have the common featureevidence of deformations, although the constant shape fit for
of “disappearing” muon neutrinos; however, the probability the sub-GeV eventsy€=9.7 for 4 DOF is rather poor.
depends in different ways on the neutrino energy and path. The normalizations of the different data sets are of course
To discriminate between these models, a detailed study cftrongly correlated, and therefore it is not reasonable to let
the disappearance probabil@®/and of its functional form is them vary independently. The other extreme option, that we
needed. will adopt in this work for simplicity, is to use one and the

In this work in contrast with previous analyses, we will same parameter to fix the normalization of the six data
argue that the present data allow us to exclude the thresamples. The result for constant shages., assuming no
“exotic” models, at least in their simplest form, as explana- new physics beyond the standard modslrepresented by
tions of the atmospheric neutrino problem. This is mainlythe dashed lines in Figs. 1, 2, and 3 corresponding to a value
due to the difficulty that these models have to fit, at the sam®.84 and a very poog?= 280 for 34 DOF.
time, the SK data for leptons generated inside the detector The full lines in the figures correspond to our best fit
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FIG. 1. Ratio data/Monte Carlo for thelike events of the FIG. 2. Ratio data/Monte Carlo results for tpelike events of

Super-Kamiokande Collaboration. The dot-dashed lines are straighthe Super-Kamiokande Collaboration. See Fig. 1 for a description
line fits (independent for each panéb the data points; the dashed of the lines.
lines are the result of fitting all datancluded in Figs. 1, 2, and)3

with a common normalizationa(=0.84); the solid lines are the  gjihar in the data or in the theory. The assumption of a com-
result of a calculation Wit.h).ﬂ<—> v,z oscillations with our best-fit o for alike and u-like events corresponding to differ-
Fna;ﬁgﬁgenrzz”l?g;'mal mixing\m*=3.2<10-3 eV?andanor- energy regions is certainly too strict. It is, therefore, re-
s markable that this fit is so good, and essentially in agreement
(same normalization and very nedAm? value with the
much more elaborate fit ifil]. In the rest of this paper we
will consider other, exotic models and we will find that they
are not able to provide a satisfactory fit to the same data.

assumingy, < v oscillations with maximal mixing. We de-
fine the x? as follows:

N;— aNJ (NP /N |2
j i (Njmc N0
xX3=2 — . 1)
j
J Ill. MODELS
In Eq. (1) the summation runs over all data bihi is the SK We briefly recall the essential points of the models we are
result for thejth bin, o; its statistical errorN;" our predic-  gjiscussing. For the usual, two-neutrino flavor oscillations the

tion, N}"‘O our prediction in the absence of oscillatioﬂ‘mlﬁf,IC “disappearance probability’P is given by

the no-oscillation prediction of the Super-Kamiokande Col-

laboration, andx allows for variations in the absolute nor-

malization of the prediction. We have rescaled our prediction P=P%¢ =gir?26sir?
to the SK Monte Carlo because we do not have a sufficiently TwTl
detailed knowledge of the detector respofesg., number of

detected ringsand efficiency. For the same input neutrino with the very characteristic sinusoidal dependence on the ra-
spectra the difference between our no-oscillation calculatiotio /E, .

(see[20] for a descriptionand the SK Monte Carlo resultis  |n the simplest realization of neutrino decay, neglecting

approximately 10%, the possibility of the simultaneous existence of neutrino os-

For our best fit the values of the relevant parameters argjllations, the disappearance probability is given by
a=1.15 andAm?=3.2x10" 2 eV?. The y? is 33.3 for 33

DOF.
Our definition of they? is somewhat simplistic. We do p = pdec— 1—exr{— m, L} 3
not take into account the contribution of systematic errors,

2

Am? L
4 E,
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LA IR IR L proposed as a possible consequencB-phrity violating in-
teractions in supersymmetric models and have been sug-
gested as solutions of both the sdla2,15 and atmospheric
L ] [15,16 neutrino problems. Let us ca¥l,; the effective po-
_______________ tential that arises from the forward scattering amplitude of a
neutrino with a fermionf: v,+f—wvg+f. In the standard
_ l s % ___ modelV,,=V,,=0, andV,,,=V .= J2G¢T5(f )N; where

T_ — G is the Fermi constant); is the number density of the

+ fermionf andT3(f|) is the third component of the fermion’s

weak isospin. Since the effective potentials for muon and
neutrinos are identical, there is no effect on standard oscilla-
tions. However, if the scattering amplitudes are different
from those predicted by the standard model, and if flavor
changing scattering can occur, then the effective potential
acquires nondiagonal termg, .=V, = V2GgeN;, and dif-
ferent diagonal elementsvith V.-V, ,= J2Gge€'Ny), and
there will be a nontrivial flavor transition probability even

data/MC
—
— e

0.5—T

&)
5 for massless neutrinos. After the crossing of a layer of matter
8 with a column density
g L
Xf=f dL'N¢(L"), (6)
ut  passing 0
oo Lo bovvn o bev i b the transition probability is
-1 -08 -06 -04 -02 0
cosf, G

42
P=PINC =———sin?
T 4e+€

J—gxf\/462+ €2

The probability has again an oscillatory form, however in
this case the role df/E, is taken by the column densib;

still depending on the ratio between neutrino path length angnd there is no dependence on the neutrino energy.

energyL/E,, but with a functional form different from Eqg. If the gravitatio_nal goupling of neytrinos are _fIa\_/or o!epen-
(2). Including mixing between two flavors, the probability dent(implying a violation of the equivalence principlenix-

: ing will take place for neutrinos traveling in a gravitational
takes the general form: field even for massless neutrinds?,18. The neutrino states
m. L with well-defined coupling to the gravitational field define a
P=pdec=1— [ sir* 9+ cog 0ex;< - —) “gravitational basis” related to the flavor basis by a unitary
7 B, transformation. The effective interaction energy matrix of
m. L AmZ2L neutrinos in a gravitational field can be written in an arbi-
+2 sirf 6 cog aexr{ - 2; E—) cos{ oE ] (4)  trary basis as

.

o

FIG. 3. Ratio data/Monte Carlo results for passing and stopping
upward-going muons in the Super-Kamiokande Collaboration. Se
Fig. 1 for a description of the lines.

H=-2|¢(r)|E, (1+f), 8
where § and Am? are the usual parameters. The authors of [$IE ) ®

Ref.[14] remark that in order to be consistent with the limits yhere E, is the neutrino energyg(r)=—|4(r)| is the
onK meson decays, for the valuesgf/m, obtained in their  gravitational potential, antiis a(small, tracelegsmatrix that
fit one must havedm?=0.73 eV, For these large values of parametrizes the possibility of the nonstandard coupling of
the squared mass difference, in the rangé £, of atmo-  neutrinos to gravity, and is diagonal in the gravitational ba-
spheric neutrinos, the oscillating factor in E@) can be gjs.
averaged to zero, and the disappearance probability becomes puych in the same way as in the previous cases, the non-
coincidence of gravitational and flavor eigenstates deter-
) mines mixing and flavor transitions. Considering the simple
' case of two flavors and assuming a constant gravitational
potential| |, the transition probability takes the form
If flavor changing neutral currents contribute to the inter-
action of neutrinos with ordinary matter, a nontrivial flavor P= P%Laiyf Sin?(26¢)sir’[ 8| ¢|E, L], 9
evolution will develop even for massless neutrinos as origi-
nally noted by Wolfensteifi21]. There are several theoreti- wherefg is the mixing angle and is the difference between
cal models generically predicting nondiagonal neutrino interthe coupling to gravity of the gravitational eigenstates. Note
actions with matter. In particular, such models have beethat in this case, the argument of the oscillatory function is

m, L
p = pdec= 1—[sin4 6+ co¢ 0exp( -

Ty EV
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1.0 thin solid lines. In the third panel we show the correspond-
ing distributions for multi-GeVu-like events(same coding
for the lineg.

0.0 In the fourth panel we show the/E, distributions for
upward going muons that stop in the detector in the zenith
angle bins: co¢,e[—-1,-0.8], [-0.8-0.6], [—0.6,
—-0.4], [—-0.4-0.2], and[ —0.2,0.0 with the correspond-
ing lines ordered from righthigher values oL/E,) to left
(lower values ofL/E,). In the last panel we show the same
distributions for passing upward going muons in ten zenith
angle bins, cog,e[—-1,-0.9], ... [—-0.1,0.0.

Some remarks can be useful for an understanding of the
distributions shown in Fig. 4. For the sub-GeV events, one
can see that the parent neutrinos hav&, spread over a
broad range of values. This is due to the poor correlation
between the neutrino and muon directidits,,)=53°.

For multi-GeV data the distributions are much narrower,
reflecting the tighter correlation between the neutrino and
muon directions(4,,,)=13°. Note also that the peaks in the
L/E, distributions corresponding to sub-GeV and multi-GeV
events in the same zenith angle interval are at slightly differ-
ent points because of the different energy of the parent neu-
trinos.

For up-going stopping muons, the width of the distribu-
tion is wider than in the multi-GeV case. The correlation
0 5 between the muon and neutrino directidis,,)=10° is ac-

x = Log,o[L/E (km/GeV)] tually better, but the width of the distribution reflects the

wider energy range of the neutrinos contributing to this sig-

FIG. 4. Distributions |nL/EV for the different event classes nal. Passing muons are near'y collinear with the parent neu-
considered. In the top panel we show the survival probabilityrings (6,,)=2.9°), but the large energy range of the neu-
P(v,—v,) for our best fit with flavor oscillations to all dataolid trinos thgt extend over nearly two decadesE, (
line) and the best fiF with neutrino decay to the sub-GeV and multi-_ 10-16 GeV) results in a widd/E,, distribution. v
GeV data(dashed ling All curves in the lower four panels of Fig. 4 are normal-

) . ized to the unit area. In order to obtain the suppression due to
proportional to the product of the neutrino energy and pathygcillations in a particular bin, one has to perform the inte-
length, whereas for the standard flavor oscillations, it is thegra|
ratio of the same quantities that matters. Equati@s(3),

0.5

Psurv

1/N dN/dx

1/N dN/dx

1/N dN/dx

1/N dN/dx

(5), (7), and (9) are the disappearance probabilities for the dNP
four mechanisms that we will confront with the experimental N}’Sc(sin2 260,Am?)= f dxd—XJ[l— POs{x,sir? 26,Am?)].
data. (10)

Comparing the survival probability with the/E, distri-
butions it is easy to gain a qualitative understanding of the
It is interesting to discuss how the usual flavor oscillationseffects produced. FoAm?=3x10"2 eV?, neutrinos with
can successfully reproduce the pattern of suppression meg/E,<10? km/GeV have a survival probability close to
sured for the different event samples. The events detected umity and do not oscillate, while for neutrinos with/E,
one particular bin are produced by neutrinos with a predict=10° km/GeV, averaging over the rapid oscillations, the
able distribution ofE, and pathlength., and therefore of survival probability becomes one half for maximal mixing.
L/E,, the significant quantity in flavor oscillations. In the We recall that horizontal neutrinos travel an average path
top panel of Fig. 4 we show as a function bfE,, the length of=600 km. Taking into account thie/E, distribu-
survival probability corresponding to maximal mixing and tions of the different set of events, one can see that all zenith
Am?=3.2x10"3 eV? (our best-fit point Also shown with  angle bins of the muon sub-GeV events are somewhat sup-
a dashed line is the survival probability for neutrino decaypressed because even vertically downward going muons can

IV. FLAVOR OSCILLATIONS

that we will discuss in the next section. be produced by upgoing neutrinos.

In the second panel we show theéE, distributions of For multi-GeV events, with the tighter correlation be-
sub-GeVyu-like events in the five zenith angle bins used bytween the neutrino and muon directions, the two up-going
the SK Collaboration: cog,e[—1,—0.6], [-0.6,-0.2], bins are suppressed by the “average” facte0.5, the two

[-0.2,+0.2], [0.2,0.6, and[0.6,1.0 (corresponding to the down-going bins are left unchanged, and the horizontal
thick solid, thick dashed, thin dot-dashed, thin dashed, andhuons have an intermediate suppression. The up-going stop-
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ping muons are always suppressed by a factdr2, except 1O pror BERBEE T T
for the bin nearest to the horizontal.

For the up-going passing muons the larger average energ
and, therefore, smallér/E, explains the smaller suppression
and its pattern, varying from nearly unity for the horizontal
bin to a maximum of-0.65 for the vertical one.

surv

a

1/N dN/dx

V. EXOTIC MODELS

A. Neutrino decay

Fitting the sub-GeV and multi-GeV data of the Super-
Kamiokande with the pure neutrino decay modkbat ne-
glects mixing given in Eq. (3), we find a minimumy?
=71 for a valuer,/m,=8900 km/GeV (with «=1.07).
Considering also the possibility of nontrivial mixindeq.
(5)], the minimum x? becomes 39 for r,/m,
=15850 km/GeV and c89=0.87 (with a=1.17). This is
in good agreement with the results [df4]. The authors of
this reference have as a best fit point,/m,
=12800 km/GeV, with the same ¢®9=0.87. The curve
describing the decay probability for our best fit is shown as x
the dashed line in the top panel of Fig. 4. >

-
>

1/N dN/dx

1/N dN/dx

ut pass

Considering pure neutrino decay improves significantly
the quality of the fit with respect to the “standard model”
(that givesy?=234 for 19 DOF However, the fit remains 0.0 1 PRI A e

. - - s 0 1 2 3 4 5 6
very poor. Inclusion of mixing results in a much better fit,
albeit still worse than the valug?~25 of thev < v, flavor x = Logo[L#E (km GeV)]
oscillation f',t to the same set of data. We note, howeve_r, that FIG. 5. Distributions inLE,, for the different event classes con-
the value sifi26=0.45 (that corresponds to c08=0.87) i gigered. In the top panel we show the survival probabify,
excluded at 90% C.L. foAm*=0.4 eV by the results of —,) for our best fit to the sub-GeV and multi-GeV data.
accelerator experimenf&3] on v,, disappearance.

It is simple to have a qualitative understanding of the ) .
values ofr,/m, that provide the best fits tp the sub-GeV and The reason for_the poog” can q_ualltatlvely be under.-
multi-GeV data. One needs to suppress by a factors the stqod looking at Fig. 5. This figure is the equivalent qf F_|g.
up-going multi-GeV muons that have(L/E,)=1C*5 4 in t_he sense t_hat the fou_r lower pan_els s_how the distribu-
km/GeV (see Fig. 4 For these values of,/m, one expects tONS In the variable that is relevant in this case, namely
a much Sma”er Suppression Of the high_energy passing Ud"EV' The diStributionS in thIS Val’iab|e fOI’ the SUb'GeV and
going muons. In fact including also the 15 data points of thenulti-GeV events have shapes similar to the corresponding
up-going muons in a new fit, the best-fit parameters ar@nes inL/E,, because the width of the distributions is
7,/m,=18840 km/GeV, cds0=0.84 anda=1.19, butthe mostly determined by the spread in pathlengttHowever,
quality of the fit is bady?=82. For pure decay the best fit the average value of tHeE, of the sub-GeV events is lower
gives xy?=140 (for r,/m,=10000 km/GeV). than the corresponding origame zenith angle birfior multi-

It is possible to discuss more complex scenarios involvingGeV events, the opposite of what happens inlthg, dis-
more neutrino states. For example, the authors of Réfl tributions, see Fig. 4. Therefore, parameters describing well
consider a situation involving two standard and one sterilehe multi-GeV events will generally produce too low a sup-
neutrino. In these more complex schemes it is possible tgression for sub-GeV events or viceversa.

obtain a satisfactory fif24]. It can be arguedas the authors of Ref25] do) that
o _ o taking into account systematic uncertainties, the model de-
B. Violation of the equivalence principle fined by Eq.(9) provides a good fit to the data, however this

Performing a fit to the sub-GeV and multi-GeV data of iS not the case if upward-going muons are included in the
the Super Kamiokande Collaboration with the disappearancicture. This should be evident looking at the lower panels in
probability given by Eq(9) and with maximal mixing §;  Fig. 5. Upward-going muons are produced by high-energy
=/4), we find a minimum in thee? for a value d|¢|=4 neutrinos and the frequent oscillations do imply a suppres-
x107% km~1GeV ! (with a=1.10). They? for this fitis  sion by 50% of passingand stopping muons, with no de-

35 for 18 DOF, still a very significant improvement over the formation of the zenith angle distribution. This is in dis-
standard model case, but not as good as the flavor oscilla&greement with the corresponding data: in fact, trying to fit
tions result. The survival probability given by our best fit is all the data together we obtain similar best-fit parameters,
shown in the top panel of Fig. 5. 8|¢p|=4.5x10"* km 1GeV ! and «=1.145, but with a
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very bady?=142.7 for 32 DOFRthe contribution of passing
upward-going muon data being100).

Paurv

C. Flavor changing neutral currents

surv

In the case of neutrino transitions produced by flavor *
changing neutral currents, the rolelofE, is replaced byX, %
the column density. This has the fundamental consequencz
that there is no energy dependence of the flavor conversion:
Moreover, since air has a density much lower that the >
Earth’s, the transitions do not develop during the neutrino

—_
1

1 1 1
u-like multi-GeV

path in the atmosphere, and therefore down-going neutrino:s 2 - -
. . S / \
are unaffected. Note also that there is not a simple relatiorz -
between the zenith anglg, and the path length because of = Vs N
fluctuations in the neutrino birth position. However, due the ~ 0 = —r L s S * T L ——F—
air low density, the zenith angle, does define the column 5 ! ! ! —

density X with a negligible error: the entire down-going
hemisphere corresponds ¥=0 and to a vanishing transi-
tion probability.

Performing, as before, a fit to the sub-GeV and multi-GeV ~
data of the Super Kamiokande Collaboration with the disap-
pearance probability given by E¢?) and assuming scatter-
ing off down quarks and@’ =0 (that is maximal mixing, we
obtain a best-fit value= 0.4 anda=1.08 corresponding to a
minimum y?= 38. With increasing the oscillations become
more frequent, and essentially all values 0.4 give compa-
rable fits, since for these large values the oscillations can be
considered as averaged in the en_tire up-going hemisphere. FIG. 6. Distributions in co®, for the different event classes

The authors of Refl16], exploring the parameter space considered. In the two top panels we show the survival probability
(e,€') find two solutions{(a) (0.98,0.02 and(b) (0.08,0.07, P(v,—v,) of the two best-fit points as calculated ib6].
that are plotted in the upper panels of Fig. 6. The first solu-
tion corresponds to the one that we have found, considering o 04<\/4eZ+ ¢'2<0.2) and still large effective mixing
the slow variation ofy? with € in the largee region. Thex? =
found by the authors dfL6] is, however, better than whatwe  The solution(a) of [16] cannot be excluded using this
find, indeed as good as in the flavor oscillation model. consideration because its frequent oscillations do not pro-

We do find that fitting the muon data only, without con- gyce sharp features given the binning of the experimental
sidering the constraint on the normalization coming from theyata, and give a constant suppressief/ 4>+ €'2) for all
electron data, the FCNC model gives an excellent fit, indeegenith angle bins. The model has no energy dependence, and
as good or better than the flavor oscillation model. The reagnerefore this average suppression must apply to the up-
son that, in our fitting procedure, the FCNC model gives _”Ogoing passing and stopping events, as well as to the up-going
as good a fit originates from the fact that the theoreticafnylti-GeV events, that have also a rather sharp correlation
average value of the suppression for both sub-GeV angetween the neutrino and muon directions. This is in dis-
multi-GeV muon events for the best-fit parameters=8.75,  agreement with two features of the experimental dajahe
corresponding to no suppression in the down-going hemipassing muons have a suppression considerably less than
sphere and-0.5 in the opposite one. The ddi&3] for the  poth the stopping and up-going multi-GeV muoti) the
double ratio R=(u/€)paa/(#/€)mc: Rsus=0.61+0.03  shape of the zenith angle distribution of passing muons
+0.05, andR,;=0.66+0.06+0.08 indicate a larger aver- shows evidence for a deformation. More quantitatively, a fit
age suppression. The allowance of a nonperfect correlatiog a|l the data withe’=0 gives the parameter values
between the normalizations of the muons and electron data 1 4 anda=1.12, but with a totaly?= 149 (the contribu-

/N dN/dx

1/N dN/dx

cos@,

sample§ woulld certainly reduce thé value of our fit. _ tion to x? of the through going muon data being 105
The inclusion of up-going muons among the data consid-
ered, again results in evidence against this model. We recall V1. SUMMARY AND CONCLUSIONS

the fact that the passing muons are essentially collinear with

the parent neutrinos and that the experimental zenith angle The survival probabilityP(v,—v,) in the case of two
distribution does not exhibit large sharp features as thosBavor v, v, oscillations has a well-defined dependence on
predicted for example by solutiofb) of [16] (see Fig. 6.  the path length and energy of the neutrinos. In order to es-
Therefore, the relative smoothness of the passing muon datablish unambiguosly the existence of such oscillations, it is
allows us to exclude a large range of valuese() that cor- necessary to study in detail these dependences. In the analy-
respond to few oscillations in the up-going hemisphghat  sis of the events interacting in the detector, one can study a
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very wide range of path lengths (£#0.<10* km) but a diction. This is in contrast with models that predict for the
much smaller range of neutrino energies close to 1 Ga¥  Stopping/passing double ratio a value of unity (flavor
sub-GeV and multi-GeV samplesTherefore, it is not easy Cchanging neutral currentsr larger(violations of the equiva-
to obtain experimental information on the dependence of thNce principlg.

survival probability on the neutrino energy. In fact models _ The shape of the through-going upward-going muons ze-
where the combinatioh/E,, (flavor oscillationy, LE,, (vio- nith angle distribution shows the indication of a deformation,

lations of the equivalence principleand X=L (flavor although the no-distortion hypothesiwith free normaliza-

. . : tion) has a probability close to 5%. The deformation, if
c_hangmg neqt_ral currer)tgs_ the relevant variable for an 0s- reéent is aprather sr¥1ooth one, and the distribution can be
cillating transition probability, have been proposed as wablq[j ' y

luti fth data. Neutrino d i< also d dent sed to rule out modelsuch as the FCNC with smallis)
solutions of these data. Neutrino decay Is also dependent Qi produce deep and marked features in the neutrino distri-
the ratioL/E,, but with a different functional form.

X ) -G ) bution (well mapped by the nearly collinear mugns
In this study we find that flavor oscillations provide a = The MACRO Collaboration has also obtained results on
significantly better fit to the sub-GeV and multi-GeV data pward-going muon§9], which indicate the presence of an
samples than the exotic alternatives we have consideregngular deformation compatible with the presence of flavor
however with a generous allowance for systematic uncertairpscillations(although the oscillation fit, even if significantly
ties, the alternative explanations can still be considered asetter that the standard model fit is still rather po@relimi-
viable. Including the upward going muons in the fit, the al-nary results on events where upward-going muons are pro-
ternative models are essentially ruled out. duced in(and exit from the detector, and a second class of
The upward-going muons are a setwinduced events events that combines stopping upward-going muons and
corresponding to much largéf,: for passing muons the downward-going muons produced in the detector indicate a
median parent neutrino energy is approximately 100 GeVpattern of suppression that is only compatible with an oscil-
with a significant contribution of neutrinos with energy aslation probability that decreases with enefdy].
large as 1 TeV, and therefore are, in principle, a powerful Also the Kamiokande Collaboratiof27] has measured
handle to study the energy dependence of the neutrino supassing upward-going muons with results in good agreement
vival probability. If flavor oscillations(where L/E,, is the  with the Super-Kamiokande Collaboration, while the Baksan
significant variablgare the cause of the suppression of sub-Collaboration[28] has obtained results not in good agree-
GeV and multi-GeV muon events, the neutrinos producingnent. One should also note that the IMB Collaboration has
passing upward going muons must also oscillate, but with & the past measured a stopping/passing ratio for upward-
smaller suppression because of their larger energy; morepoing muons in agreement with a no-oscillation Monte Carlo
over, for the range oAm? suggested by the lower energy prediction[29] (see[30] for a critical analysis
data, one expects a moderate, but detectable deformation of In conclusion, we find that the present data on atmo-
the zenith angle distribution. Both effects are detected. spheric neutrinos allow us to determine some qualitative fea-
In the alternative exotic models we have studied heretures of the functional dependence of the disappearance
high-energy events, such as the passing upward-goingrobability for muon neutrinos. This probabilitgmeared by
muons, are suppressed much mokd () than or as much resolution effectsincreases with the path lengthproducing
(X~L) as the up-going multi-GeV events, in contrast to thethe up/down asymmetry that is the strongest evidence for
experimental evidence. physics beyond the standard model. The difference in sup-
Also in the case of neutrino decay, the upward-goingpression between the duwhulti)-GeV muon events and the
muon data are very poorly fitted by the model. Two resultshigher energy through-going muons indicates that the transi-
of the measurements of upward-going muons are criticalltion probability decreases with energy. These results are in
important to allow discrimination against exotic models andagreement with the predictions of,« v oscillations and in
in favor of usual oscillations. contrast with several alternative exotic models. If flavor os-
The stopping/passing(data/Monte Carlo calculatign cillations are indeed the mechanism for the muon neutrinos
double ratio for the SK upward-going muofts isr=0.56, disappearance, additional data with more statistics and reso-
with a combined statistical and experimental systematic errolution (in L andE,)) should allow one to study in more detail
of 0.07. The theoretical uncertainty in the relative normaliza-the oscillatory structure of the transition probability as a
tion of the two sets of data has been estimated as §26l)  function of the variableL/E,, unambiguosly determining
more conservatively the SK Collaboratif®] has used 13%. the physical phenomenon. It is natural to expect that the
Quadratically combining the more conservative estimate obscillations involve all flavors and that electron neutrinos
the theoretical uncertainty with the experimental errors, thearticipate in the oscillationgvith a reduced mixing because
resultingo, is 0.1. Therefore, the suppression for the high-of the Chooz limij. The resulting flavor conversions will
energy passing muons, is weaker than for the lower energgave a more complex dependence on the neutrino path and
stopping ones at more than four of significance, even al- energyE, ; the detection of these more subtle effects could
lowing for a rather large uncertainty in the theoretical pre-become the next challenge for the experimentalists.
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