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Testing violations of special and general relativity through the energy dependence ofnµ↔nt

oscillations in the Super-Kamiokande atmospheric neutrino experiment
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The atmospheric neutrino data collected by the Super-Kamiokande experiment span about four decades in
neutrino energyE, and are thus appropriate to probe the energy dependence of the oscillation wavelengthl
associated withnm↔nt flavor transitions, when these are assumed to explain the data. Such a dependence
takes the forml21}En in a wide class of theoretical models, including ‘‘standard’’ oscillations due to neutrino
mass and mixing (n521), energy-independent oscillations (n50), and violations of the equivalence prin-
ciple or of Lorentz invariance (n51). We study first how the theoretical zenith distributions of sub-GeV,
multi-GeV, and upward-going muon events change for different integer values ofn. Then we perform a
detailed analysis of the Super-Kamiokande data by treating the energy exponentn as a free parameter, with
unconstrained scale factors for both the amplitude and the phase ofnm↔nt oscillations. We find a best-fit
rangen520.960.4 at 90% C.L., which confirms the standard scenario (n521) as the dominant oscillation
mechanism, and strongly constrains possible concurrent exotic processes (nÞ21). In particular, we work out
the interesting case of leading standard oscillations plus subleading terms induced by violations of special or
general relativity principles, and obtain extremely stringent upper bounds on the amplitude of such violations
in the (nm ,nt) sector.@S0556-2821~99!03115-X#

PACS number~s!: 14.60.Pq, 04.80.Cc, 11.30.Cp, 96.40.Tv
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I. INTRODUCTION

The recent atmospheric neutrino data from the Sup
Kamiokande ~SK! experiment @1# can be beautifully ex-
plained through flavor oscillations generated by nonzero n
trino mass and mixing@2,3# in thenm↔nt channel@4#. Such
an interpretation is consistent with all the SK data, includ
sub-GeVe-like and m-like events~SGe,m) @5#, multi-GeV
e-like and m-like events~MGe,m) @6#, and upward-going
muon events~UPm) @7#. A combined analysis of the 33 kT
SK data sample can be found in@8#. The oscillation hypoth-
esis has been strengthened by the latest~preliminary! 45 kTy
SK data sample@9,10#, and is also consistent with indepe
dent atmospheric neutrino results from the MACRO@11# and
Soudan-2@12# experiments, as well as with the finalize
upward-going muon data from the pioneering Kamiokan
experiment@13#.

Establishingnm↔nt oscillations generated by nonzeron
mass and mixing as the ‘‘standard’’ interpretation requir
however, further data and analyses. Basically, the follow
three aspects should be clarified:~1! the periodicity,~2! the
flavors, and~3! the dynamics.

So far, the periodicity of thenm oscillation pattern has no
been experimentally observed in the neutrino energy~E! or
path length~L! domain, and it is unlikely to emerge from th
SK lepton distributions, largely smeared in energy or ang
Although specific nonperiodic scenarios, such as neut
decay@14#, can be indirectly excluded by careful analyses
SK data@15,16#, the direct observation of a periodic disa
pearance pattern ofnm’s remains an important goal for futur
atmospheric and long-base-line neutrino experiments.

In addition to periodicity, one should also identify unam
biguously the flavor~s! of the oscillating partner~s! of nm’s
because, in principle, all oscillation channels into active
sterile neutrinos might be open (nm↔nt , nm↔ne ,
0556-2821/99/60~5!/053006~9!/$15.00 60 0530
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nm↔ns). While the amplitude of possiblenm↔ne transi-
tions is bound to be small@8#, one cannot excludenm↔ns
oscillations with a large amplitude with present SK da
@9,10#. However, based on the fact that different oscillati
channels induce somewhat different energy-angle lepton
tributions, there are good prospects for a significant (.3s)
discrimination ofnm↔nt from nm↔ns with future SK data
@17#.

In this work we assume that both the periodicity~i.e., the
existence of an oscillation lengthl) and the oscillating fla-
vors (nm ,nt) are established, and we rather focus on
third aspect to be clarified: the dynamical origin ofnm↔nt
oscillations. The standard oscillation dynamics, involving
nontrivial 232 neutrino mass matrix, leads to a well-know
energy dependence ofl,

l21}E21~standard!. ~1!

However, possible nonstandard neutrino interactions
properties can also generate~or coexist with! nm↔nt oscil-
lations @18,19#. An incomplete list of possibilities include
violations of the equivalence principle~VEP! @20,21#, flavor-
changing neutral current~FCNC! ~see @22# and references
therein!, neutrino couplings to space-time torsion fields@23#,
neutrino interactions through charged scalar particles@24#,
nonrelativistic heavy neutrinos@25#, and violations of Lor-
entz invariance~VLI ! @26,27# and ofCPTsymmetry@28#. In
several such models the energy dependence ofl takes a
power-law form@29#

l21}En ~nÞ21, nonstandard!. ~2!

Although models with exotic dynamics fornm↔nt oscil-
lations do not survive Occam’s razor, they might survi
experimental tests. Effective tests must cover the widest p
©1999 The American Physical Society06-1
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sible energy range, as evident from Eqs.~1! and ~2!. Con-
cerning atmospheric neutrinos, pre-SK data analyses cov
only about two decades in energy~i.e., the so-called con
tained events,E;0.1–10 GeV!, and were compatible with
several nonstandard scenarios, in particular with the V
hypothesis~corresponding ton51) @30,31#. An interesting
post-SK analysis, covering a slightly more extended ene
range@32#, does not appear to discriminate significantly t
three casesn50 and n561 examined. However, as ob
served in@15,16#, a much longer ‘‘lever arm’’ in the energy
domain is provided by the inclusion of partially contain
and upward-going muon events~up to E;103 GeV!, thus
providing a powerful tool to test exotic scenarios~which,
indeed, appear to be disfavored in general@15#!.

In this work we assess quantitatively the situation
nm↔nt models with a power-law energy dependence of
oscillation length (l21}En), including, as relevant subcase
standard mass-mixing oscillations (n521) and violations
of the equivalence principle or of Lorentz invariancen
51). We obtain two basic results:~1! The 90% C.L. range
of n is determined to ben520.960.4, which is in striking
agreement with standard oscillations, and excludes an
Þ21 models as dominant sources ofnm↔nt transitions;~2!
assuming then51 case as a subleading mechanism~coex-
isting with leading standard oscillations!, we place stringent
upper bounds on its amplitude. Such bounds can be in
preted as upper limits to violations of special or general re
tivity principles.

The plan of the paper is as follows. In Sec. II we analy
models with genericl21}En behavior, and constrainn
through fits to SK atmosphericn data. In Sec. III we conside
a more complicated case with two coexisting sources
oscillations, namely, neutrino masses and violations of r
tivity principles. We summarize our results in Sec. IV.

II. ANALYSIS OF MODELS WITH l21}En

In this section, we first review some oscillation mode
with l depending onE through a power law. Then, indepen
dently of specific models, we study the phenomenology
atmospheric n ’s, and constrain the energy exponentn
through detailed fits to the SK data.

A. Review of models

Typical two-flavor Hamiltonians fornm↔nt oscillations
predict a flavor transition probability of the form

P~nm↔nt!5sin22j sin2~pl21L !, ~3!

where j is the rotation~mixing! angle between the flavo
basis and the basis where the Hamiltonian is diagonal,L is
the neutrino path length, andl is the neutrino oscillation
length. In several cases of interest,l depends on the neutrin
energyE as @29,32#

l21}En, ~4!

with the exponentn taking integer~positive or negative! val-
ues.
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For instance, the casesn521, 0, and 1 arise, respec
tively, in the presence of neutrino interactions mediated
scalar, vector, and tensor fields@32#. Specific models include

l215
Dm2

4pE
~n521, standard oscillations@2# ! ~5a!

5
EufuDg

p
~n51, violations of equivalence

principle @20# ! ~5b!

5
Edv
2p

~n51, violations of Lorentz invariance@26# !

~5c!

5
db

2p
~n50, violations ofCPT symmetry@28# !

~5d!

5
Qdk

2p
~n50, nonuniversal coupling to a

torsion field@23# !. ~5e!

Standard oscillations@Eq. ~5a!# are simply generated by
nonzero neutrino masses (Dm25m2

22m1
2), with a mixing

anglej @Eq. ~3!# usually denoted asu23, c, or simplyu ~we
adopt the symbolc in the following, as we useu for the
lepton zenith angle!. In this case, the energy exponent isn
521.

Equation~5b! refers to possible violations of the equiva
lence principle@20#, namely, to nonuniversal couplings o
neutrinos to the gravitational potentialf. The difference in
such couplings is usually denoted byDg and the mixing
angle byuG . The potential seems to be dominated by t
local supercluster (f;331025 @33#!, but ambiguities in its
definition suggest to use the productfDg as a single, dimen-
sionless free parameter, rather thanf andDg separately~see
@31,34,35# for recent discussions!. The energy exponent o
VEP-induced oscillations isn51.1

Equation~5c! refers to possible violations of Lorentz in
variance, namely, to asymptotic neutrino velocities differe
from c @26#. The parameterdv represents the speed diffe
ence in units ofc. The mixing angle is usually denoted a
uv . Since the energy exponentn is the same (51) in both
the VEP and VLI scenarios, such mechanisms are phen
enologically equivalent through the substitutionsufuDg
˜dv/2 anduG˜uv @27#.

Equation ~5d! refers to possible violations of theCPT
symmetry through a more general class of Lorentz-violat

1An alternative, string-inspired VEP mechanism@36#, leading to
an energy exponentn521 rather thann51, has been recently
considered in@37#. Its phenomenology would be indistinguishab
from the standard case, as far asnm↔nt oscillations are involved.
We do not consider such a VEP scenario in this work.
6-2



i
io

rd

gs
th
ns
n
m
w

wi

c

t
ra
.
-

nd
-

ifi

th

e

-
nd

n

o
on

us
fo

es

r
es

ia-

t
-
is-
tions
er-
-

K
e

TESTING VIOLATIONS OF SPECIAL AND GENERAL . . . PHYSICAL REVIEW D 60 053006
perturbations@28#, db being proportional to theCPT-odd
Hamiltonian producing energy-independent (n50) oscilla-
tions. It is interesting to notice that the most general Ham
tonian considered in@28# encompasses the three scenar
with n521, 0, and 1. See also@38# for the theory and tests
of CPT and Lorentz-violating extensions of the standa
model.

Finally, Eq.~5e! refers to possible nonuniversal couplin
(DkÞ0) of neutrinos to a space-time torsion field of streng
Q @23#, which also produce energy-independent oscillatio

In principle, several oscillation mechanisms with differe
n’s might occur at the same time, with corresponding co
plications in the analysis. In the next two subsections, ho
ever, we consider only one mechanism at a time. We
discuss the interesting case of coexistingn521 plus n
511 oscillations in Sec. III.

A remark is in order. Not all ‘‘exotic’’ models fornm↔nt
transitions can be parametrized as in Eqs.~3! and ~4!. An
important exception is represented by FCNC-induced os
lations~see@22# and references therein!. In fact, although the
FCNC oscillation phase is energy independent (n50), it is
proportional to the column density of electrons rather than
L. Therefore, FCNC-induced oscillations deserve a sepa
analysis@22,15# and will be considered in a future work
However, some features of then50 case also apply qualita
tively to the FCNC case.

Finally, we note in passing that the analysis of nonsta
ard energy dependences forn oscillations has some corre
spondence in the neutral kaon system, where the role ofl is
played by the effectiveK0–K̄0 mass difference~see@39# and
references therein!.

B. Model-independent analysis

In this section we do not commit ourselves to any spec
model, and rather analyze the phenomenology of thel21

}En dependence in the most general way. We assume
the nm↔nt oscillation probability takes the form

P~nm↔nt!5a sin2S b
L

103 km

En

GeVnD , ~6!

wherea is an overall scale factor (0<a<1) for the oscil-
lation amplitude,b is an unconstrained scale factor for th
oscillation phase, andn is a free exponent~not necessarily
equal to21, 0, or 1!. The units in Eq.~6! have been conve
niently chosen on the basis of the current Super-Kamioka
data, which suggest an oscillation length ofO(103 km) for
neutrino energies ofO(1 GeV). The standard oscillatio
case is recovered by takingn521, a5sin22c, and b
51.27Dm2/(1023 eV2).

Equation~6! is used to calculate the observable rates
sub-GeV, multi-GeV, and upward through-going mu
events in SK as a function of the lepton zenith angleu, using
the same detailed and accurate approach as in Refs.@8,16#, to
which we refer the reader for technical details. Here we j
remind the reader that the parent neutrino distributions
sub-GeV~SG!, multi-GeV fully contained~MG FC!, multi-
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GeV partially contained~MG PC!, and upward through-
going~UP! muon events are roughly distributed in the rang
0.1–3 GeV, 1 –10 GeV, 1 –102 GeV, and 10–103 GeV, re-
spectively, thus covering about four decades inE.

Figure 1 shows the expected zenith distributions of SGm,
MGm ~FC1PC!, and UPm events in Super-Kamiokande fo
maximal mixing (a51) and for three representative valu
of b: dotted line,b50.2; dashed line,b51; solid line, b
55. In each bin, the muon ratesm are normalized to the
expectationsm0 in the absence of oscillations, so that dev
tions from the no-oscillation case (m/m051) are immedi-
ately recognizable. Since we are considering purenm↔nt
oscillations (e/e051 always!, the electron rates are no
shown. The effect of takinga,1 can be approximately de
scribed by reducing proportionally the amount of muon d
appearance in each subfigure. The theoretical expecta
are affected by relatively large and strongly correlated unc
tainties~not shown!, mainly related to the overall normaliza
tion of the atmospheric neutrino flux@8#. The 45 kTy SK

FIG. 1. Expected zenith distributions of SGm, MGm, and UPm
events in Super-Kamiokande for maximal mixing (a51) and for
representative values ofb: dotted line,b50.2; dashed line,b51;
solid line, b55. In each bin, the muon ratesm are normalized to
the expectationsm0 in the absence of oscillations. The 45 kTy S
data ~dots with statistical error bars! are superposed to guide th
eye. From top to bottom, the energy exponentn takes the values
n522, 21, 0, and 1.
6-3
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data@9,10# ~dots with statistical error bars! are superposed to
guide the eye, although no fit to the data is implied by t
figure.

In Fig. 1, from top to bottom, the energy exponentn takes
the valuesn522, 21, 0, and 1, corresponding to a depe
dence of the kindL/E2, L/E, L, andL•E for the oscillation
phase. Such four cases are described in the following.

Case L/E2. This case (n522) does not correspond t
any known model, and is used only to extend the study t
power-law energy dependence faster than in the stan
case (n521). The muons appear to be significantly su
pressed at the lowest~SG! energies, the more the largerb.
An excessive suppression of SG muons is avoided only
keepingb&1. On the other hand, such values ofb are too
low to produce a significant suppression of MG muo
which rather preferb*5. Therefore, one expects a ‘‘com
promise’’ between underestimated SGm rate and overesti-
mated MGm rates forb in the range;1 –5. UPm events are
basically unsuppressed, due to their high energy. Reducina
would be of no help in reducing the conflict between SG a
MG muon expectations.

Case L/E. This is the ‘‘standard’’ oscillation case, which
as well known, provides an excellent description of the
data for Dm2; few31023 eV2 @4,8#. Therefore, it is not
surprising to see in Fig. 1 that, for values ofb in the range
;1 –5, all the muon data are well reproduced. Higher val
of b would suppress SG muons too much, while lower v
ues would not produce enough suppression at higher e
gies ~MGm and UPm samples!.

Case L. In this case, thenm survival probability is energy
independent, and the differences in the muon suppres
patterns among the SG, MG, and UP muon samples
mainly due to the different angular smearing. At low~SG!
energies the smearing is very effective and there is little
ference between the three curves, while higher-energy,
muons are more discriminating. Values ofb around unity
~dashed curve! seem to be preferred by SG1MG data, and
produce a significant (;1/2) suppression below the horizo
UP muons have a different suppression pattern, which
highly correlated with the parent neutrino direction, and f
lows closely the variations ofPmm with L ~dashed and dotted
curves!, until the oscillations are so fast to be unresolv
within the bin width~solid curve!. The expected UPm sup-
pression appears to be larger than suggested by the
unlessa is taken to be nonmaximal; however, fora,1 the
relatively good description of SG1MG data would be
spoiled~not shown!.

Case L•E. In this case, thenm survival probability rapidly
approaches the average value 1/2 as the energy incre
Therefore, although SG1MG data can be described rela
tively well with a51 andb;0.2, the expected UPm rates
are too low in any case. As in the previousn50 scenario,
taking a,1 would help to reproduce the UPm data, but
would worsen the description of SG1MG data. No satisfac-
tory compromise can be reached.

In all four cases, it can be seen that SG~or even SG
1MG! data alone do not discriminate strongly among
various scenarios, since they do not probe the full ene
range explorable by SK. This might explain why th
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SG1MG analysis in@32# could not significantly distinguish
the three casesn521, 0, and 1. The inclusion of UPm data
extends the range up toE;103 GeV, and provides a very
important tool to probe the energy dependence ofl @15#.

In conclusion, from the examination and the comparis
of the oscillated muon distributions at different values ofn
shown in Fig. 1, the casen521 emerges as a good descri
tion of the SK data at all energies, while fornÞ21 the
patterns of muon suppression at low~SG!, intermediate
~MG!, and high~UP! energies appear to be in conflict wit
the data.

C. Fits to the Super-Kamiokande data

The qualitative understanding of the muon distributions
different values ofn ~previous subsection! can be improved
by performing quantitative fits to the 45 kTy preliminary S
data@9,10#. We use ax2 approach that, as described in@8#,
takes into account several sources of correlation among
systematics affecting the theoretical predictions. Even ifne’s
do not participate in oscillations in the scenarios conside
here, we have included the SG and MGe-like data in the
analysis~for a total of 30 data points!, since they play an
important role in constraining the overall normalization u
certainty~see also@8,16#!.

Figure 2 shows the best-fit zenith distributions of muo
for the four cases considered in Fig. 1 (n522, 21, 0, and
1!, as obtained by leavinga andb unconstrained. The value
of a, b, andx2 at the best-fit points are reported in the to
part of the figure. TheL/E (n521) case provides an exce
lent fit to the data (xmin

2 /NDF520.3/28), while all the other
cases do not provide a good description of at least one
sample ~SGm, MGm, or UPm). In particular, for n522
there is insufficient up-down asymmetry of MGm ’s and no
slope of UPm ’s; for n50 none of the zenith distributions i
correctly reproduced; forn51 there is a too strong and fla
suppression of UPm ’s.

In Fig. 3 we present thex2 curve as obtained by taking
alson as a free parameter, besidesa andb. Although non-
integer values ofn may not be related to any realistic osc
lation dynamics, this exercise is useful to see how accura
n is determined through the SK data. The result is strikin

n520.960.4 at 90% C.L. ~7!

~corresponding tox22xmin
2 56.25 forNDF53). This narrow

range for n is perfectly consistent with standard (n
521) neutrino oscillations and inconsistent with any oth
integer value ofn.

Given the importance of standardnm↔nt oscillations, we
show in Fig. 4 the updated limits on the oscillation para
eters Dm2 and sin22c. We find the best fit atDm252.8
31023 eV2 and maximal mixing. The bounds in Fig. 4 a
in good agreement with the latest full data analysis from
SK Collaboration@10#.

In conclusion, standard oscillations (l21}E21) are
strongly favored as thedominantmechanism for thenm↔nt
flavor transitions of atmospheric neutrinos in SK. Alternati
mechanisms of the kindl21}En ~with nÞ21) cannotbe
6-4
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the dominant source of the muon disappearance in SK
particular, violations of special or general relativity pri
ciples ~VLI or VEP, leading tol21}E) cannot explain the
bulk of SK atmosphericn data. Therefore, ifnÞ21 oscil-
lations occur in nature, they can only be subleading p
cesses with small amplitude, coexisting with leading, lar
amplitude n521 standard oscillations. Such resu
generalize and refine previous indications that SK data co
disfavor some exotic models@15#.

III. CONSTRAINTS ON VIOLATIONS
OF RELATIVITY PRINCIPLES

In this section we consider a more complicated case, c
acterized by leadingn521 oscillations plus subleadingn
511 oscillations, possibly generated by violations of re
tivity principles ~VEP or VLI!. We show that the fit to the
SK data is not improved with respect to the case of stand
nm↔nt transitions. As a consequence, we derive up
bounds on such violations. A brief review of the theoretic
formalism precedes the phenomenological analysis.

FIG. 2. Best fits to the zenith distributions of muons in SK f
the four cases considered in Fig. 1 (n522, 21, 0, and 1!, as
obtained through ax2 analysis of all the data (m-like and e-like
events! with unconstraineda andb. The values ofa, b, andx2 at
the best-fit points are reported in the top part of the figure.
05300
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A. Violations of relativity principles: Formalism

The theory and phenomenology of neutrino violations
the equivalence principle@20# have been investigated in
Önumber of papers, including studies of the solarn deficit
@30,31,34,35,40–45#, of the atmosphericn anomaly@29–32#,

FIG. 3. x2 function from the fit to the SK data, assuming co
tinuous values of the energy exponentn and unconstrained scal
factors for the oscillation amplitudea and phaseb. The standard
case (n521) is very close to the best fit.

FIG. 4. Updated bounds on the neutrino mass-mixing para
eters for standardnm↔nt oscillations, as derived by our globa
analysis of all the Super-Kamiokande atmospheric neutrino dat
6-5
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of oscillation searches at short base line@46# and long base
line @29,31,47# accelerator facilities, and of double beta d
cay @48#. Given the phenomenological equivalence of vio
tions of Lorentz invariance@26# and of the equivalence prin
ciple @27#, neutrino oscillation searches can be genera
interpreted as tests of fundamental principles of both spe
and general relativity, with a sensitivity at levels belo
10220 ~see, e.g.,@28,31#!. Here we focus on the case of VEP
or VLI-induced oscillations coexisting with standard oscill
tions. Mixed scenarios of this kind have been consider
e.g., in @21,28,31,42# but to our knowledge, they have no
been discussed on the basis of Super-Kamiokande a
sphericn observations so far.

In the presence of several concurrent processes leadin
nm↔nt oscillations, the global HamiltonianH is the sum of
several 232 matrices Hn , which can be diagonalized
through separate rotations~with anglesjn) of the flavor basis
(nm ,nt). As far as models of the kindl21}En are con-
cerned, the rotation anglej, which diagonalizes the tota
Hamiltonian, is related to the oscillation lengthl through
equations of the form@28#

pl21sin2j5U(
n

cn sin2jn En eihnU, ~8a!

pl21cos2j5(
n

cn cos2jn En, ~8b!

where the coefficientscn parametrize the strength of eac
oscillation mechanism. In general, only one of the comp
phase factorseihn can be rotated away, the others bei
physically observable@28,31#. For any given choice of the
parameters (cn ,jn ,hn), one has to derive the values ofl
andj from the previous equations, and insert them in Eq.~3!
to get the flavor transition probability.

In the specific case of standard1VEP (n521% n
511) oscillations, Eqs.~8a! and ~8b!, can be rewritten as
@31#

p l21 sin2j5U1.27
Dm2

E
sin2c15.07

ufuDg

10221
E sin2uG eihU ,

~9a!

p l21 cos2j51.27
Dm2

E
cos2c15.07

ufuDg

10221
E cos2uG ,

~9b!

where the following units have been used:@Dm2#
51023 eV2, @L#5@l#5103 km, and@E#5GeV. The same
equations formally apply to violations of Lorentz invarianc
modulo the replacementsufuDg˜dv/2 and uG˜uv @27#.
Notice that the oscillation phasepl21L, to be inserted in
Eq. ~3!, is proportional to the geometric average of the rig
hand sides of the above equations, so it will contain, bes
the standard term (}E21) and the VEP term (}E), also an
energy-independent interference term. The oscillation am
tude sin22j also acquires a nontrivial dependence on the n
trino energy through Eq.~9!.
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B. Constraints from Super-Kamiokande data

Before performing a detailed fit to the SK data in th
standard1VEP oscillation scenario, let us derive some qua
tative bounds on the magnitude of possible VEP terms.
cording to the conclusions of Sec. II, we expect that
second~VEP! term on the right hand of Eqs.~9a! and ~9b!
should be typically much smaller than the first~standard!
term, namely

5.07
ufuDg

10221

E

GeV
!1.27

Dm2

1023 eV2

GeV

E
~10!

or equivalently~for Dm2; few31023 eV2)

ufuDg!10221S GeV

E D 2

. ~11!

Therefore, the constraints to VEP effects should be str
ger in the highest-energy SK data sample~UPm events!.
Since the parent neutrino energy spectrum for UPm ’s is
peaked around 102 GeV, the sensitivity to VEP-induced os
cillations is expected to reach levels ofO(10225) in the pa-
rameterufuDg ~or, equivalently, in the parameterdv/2 for
the VLI case!. Of course, such sensitivity depends somew
on uG .

In order to get some insight into theuG dependence of the
expected constraints, let us consider the extreme valuesuG
50 and uG5p/4, and take (Dm2,sin22c) at their best-fit
values (2.831023 eV2,1). We also fixeih51 for simplicity.
ThenPmt takes a simple form

Pmt5H 1

11x2
sin2~AA11x2!, uG50,

sin2@A~11x!#, uG5p/4

~12!

whereA53.56L/E, x51.42E2ufuDg/10221, and the units
are @E#5GeV and @L#5103 km. The standard case (Pmt

std

5sin2A) is recovered forx50. In the UPm event sample,
where the VEP effect is larger, the value ofA is typically
small (&0.6), and one can easily check numerically@from
Eq. ~12!# that the differencePmt2Pmt

std grows more rapidly
with x for uG5p/4 than foruG50. Therefore, we expect a
higher sensitivity tox ~i.e., to ufuDg) at largeruG . More-
over, at small values of bothA and x it turns out thatPmt

2Pmt
std,0 (.0) for uG50 (uG5p/4), so that the muon

rates should be less~more! suppressed than in the standa
oscillation case.

Figure 5 illustrates quantitatively the previous consid
ations, by showing the VEP effect~added to best-fit standar
oscillations! on the SK muon distributions for two represe
tative cases:~i! uG50 and ufuDg51.5310224 ~solid line!
and ~ii ! uG5p/4 andufuDg52.0310226 ~dotted line!. We
anticipate that such values are close to the border of
parameter region excluded by SK. The standard oscilla
curves (ufuDg50) are also shown for reference~dashed
lines!; they are identical to the best fit curves for standa
oscillations (n521) in Fig. 2. As expected from the pre
6-6
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ceding discussion, the VEP effect is manifest at high en
gies ~UPm sample!, and the expected deficit of UPm ’s is
more pronounced foruG5p/4 than foruG50.

The next step is to perform ax2 analysis of the standar
1VEP scenario. We take for the moment (Dm2,sin22u)
5(2.831023 eV2, 1) andeih51, while leaving the param
eters (ufuDg,uG) free. We find an important result tha
strengthens the conclusions of Sec. II: Thex2 fit is never
improved in the presence of VEP effects, as compared w
the valuexmin

2 520.3 derived in Fig. 2 for the standard cas
Thus, not only can VEP-induced oscillations not be thelead-
ing mechanism underlying the SK observations, but a
there is no indication in favor ofsubleadingVEP oscillation
terms. As a consequence, we can place well-defined u
bounds on violations of relativity principles in the (nm ,nt)
sector.

Figure 6 shows the 90% and 99% C.L. limits onufuDg as
a function of the VEP mixing parameter sin22uG . The same
limits apply to the neutrino asymptotic speed differen
dv/2, as a function of the VLI mixing parameter sin22uv . As
expected from the discussion at the beginning of this sub
tion, the limits obtained in Fig. 6 are roughly ofO(10225),
and become stronger asuG increases. The stringent bound
in Fig. 6, together with the results shown in Fig. 3, repres
our main contribution to the current understanding of atm
spheric neutrino oscillations induced by violations of relat
ity principles in the (nm ,nt) sector. Notice that such bound
preempt the region of VEP~or VLI ! parameters explorabl
with proposed long-base-line accelerator neutrino facilit
@31#.2

Finally, we have investigated the robustness of the bou
shown in Fig. 6 under variations of the standard mass-mix
parameters. We have repeated the fit by varyingDm2 and
sin22c within the 90% C.L. limits shown in Fig. 4 and als
by taking negative values forDg, as well as generic value

2Notice that the values ofL, E, and L•E probed in the UPm
sample by Super-Kamiokande are higher than in proposed lo
base-line neutrino beams.

FIG. 5. Effect of subleading oscillations induced by violatio
of the equivalence principle on the muon distributions in Sup
Kamiokande. Standard mass-mixing oscillation parameters
taken at their best fit, and the complex phaseeih is taken equal to 1.
Dashed line: no VEP. Solid line: VEP withufuDg51.5310224 and
uG50. Dotted line: VEP withufuDg52310226 anduG5p/4.
05300
r-

th
.

o

er

c-

t
-
-

s

ds
g

for the complex phaseh. We have found that, in any case
the value ofxmin

2 is not smaller than in the best-fit standa
case. Therefore, standard1VEP ~or standard1VLI ! oscilla-
tions never represent a better description of the SK data
compared to best-fit standard oscillations. Under the ab
variations, the upper bounds shown in Fig. 6 are somew
modified within factors of a few, but do not change qualit
tively: they always become stronger as sin22uG increases.
The most conservative upper bound~including negativeDg
cases! turns out to be

ufDgu,3310224 at 90% C.L., ~13!

independently ofuG . In the specific caseuG5p/4, the
above bound can be lowered at least to&10225. Analogous
limits apply to the VLI parametersudvu/2 anduv . In particu-
lar,

udvu,6310224 at 90% C.L. ~14!

To our knowledge, the above limits to violations of sp
cial or general relativity principles are the strongest placed
far in the (nm ,nt) sector. They are valid under an assum
tion which is supported by the present data and appe
likely to be corroborated in the future, namely, that stand
nm↔nt oscillations generated byn mass and mixing repre
sent the dominant mechanism underlying the Sup
Kamiokande observations.

g-

-
re

FIG. 6. Bounds on the parameters that characterize violation
special or general relativity principles, assumed to generate
leading nm↔nt flavor transitions concurrent with standard~lead-
ing! neutrino oscillations. Best-fit neutrino mass-mixing values
assumed. See the text for further details.
6-7
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IV. SUMMARY AND CONCLUSIONS

Among thenm↔nt models with oscillation length follow-
ing a power-law energy dependence, standard neutrino o
lations generated byn mass and mixing are unique in pro
viding a good description of the Super-Kamiokan
atmospheric neutrino data, and are strongly favored as
leading mechanism for (nm ,nt) flavor transitions. Addi-
tional, subleadingnm↔nt oscillations generated by possib
violations of special or general relativity in the neutrino se
tor do not improve the agreement with the data, and m
thus have a relatively small~or zero! amplitude. In particular,
um
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the fractional difference of asymptoticn velocitiesudvu/2 or
of n couplings to gravityufDgu cannot exceed the valu
;3310224 at 90% C.L. for unconstrained neutrino mixing
The broadness of the neutrino energy range probed by Su
Kamiokande is crucial to obtain such strong limits.
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