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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 wavklength
associated withv ,— v flavor transitions, when these are assumed to explain the data. Such a dependence
takes the form\ “1«E" in a wide class of theoretical models, including “standard” oscillations due to neutrino
mass and mixingr(= — 1), energy-independent oscillations=0), and violations of the equivalence prin-
ciple or of Lorentz invariancen=1). We study first how the theoretical zenith distributions of sub-GeV,
multi-GeV, and upward-going muon events change for different integer values ©hen we perform a
detailed analysis of the Super-Kamiokande data by treating the energy expoagra free parameter, with
unconstrained scale factors for both the amplitude and the phasg<efv. oscillations. We find a best-fit
rangen=—0.9x0.4 at 90% C.L., which confirms the standard scenanmie {- 1) as the dominant oscillation
mechanism, and strongly constrains possible concurrent exotic procaessesl(). 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 (v, ,v,) sector.[S0556-282(99)03115-X]

PACS numbes): 14.60.Pq, 04.80.Cc, 11.30.Cp, 96.40.Tv

I. INTRODUCTION v, vs). While the amplitude of possible,« v, transi-

The recent atmospheric neutrino data from the Supertions is bound to be smaJB], one cannot exclude,,«— v
Kamiokande (SK) experiment[1] can be beautifully ex- oscillations with a large amplitude with present SK data
plained through flavor oscillations generated by nonzero neu9,10]. However, based on the fact that different oscillation
trino mass and mixin§2,3] in the »,<> v, channe[4]. Such channels induce somewhat different energy-angle lepton dis-
an interpretation is consistent with all the SK data, includingtributions, there are good prospects for a significan8()
sub-GeVelike and u-like events(SGe, ) [5], multi-Gev  discrimination ofv,— v from v, < v with future SK data
e-like and u-like events(MGe,u) [6], and upward-going [17]. ) o
muon eventgUPu) [7]. A combined analysis of the 33 kTy _In this work we assume that both the penod_uﬂtyg, the
SK data sample can be found[i8]. The oscillation hypoth- existence of an OSC|IIat|pn length) and the oscillating fla-
esis has been strengthened by the lajestiminary 45 kTy ~ VO'S (¥, v,) are estap_hsh.ed, and we rather focus on the
SK data sampl¢9,10], and is also consistent with indepen- thqul aspect to be clarified: the_ dy_namlcal orgin '.QIH Ve
dent atmospheric neutrino results from the MACR] and oscnlgt'lons. The stapdard oscnlatlpn dynamics, involving a

. : - nontrivial 2X 2 neutrino mass matrix, leads to a well-known
Soudan-2[12] experiments, as well as with the finalized
: . . . energy dependence af,
upward-going muon data from the pioneering Kamiokande
experiment13]. A~ 1o E~Y(standarg. 1)

Establishingv,,«— v, oscillations generated by nonzero
mass and mixing as the “standard” interpretation requires, However, possible nonstandard neutrino interactions or
however, further data and analyses. Basically, the followingyroperties can also generdta coexist with v, v, 0scil-
three aspects should be clarifigd) the periodicity,(2) the  |ations [18,19. An incomplete list of possibilities include
flavors, and(3) the dynamics. violations of the equivalence princip(®EP) [20,21], flavor-

So far, the periodicity of the, oscillation pattern has not changing neutral currenFCNC) (see[22] and references
been experimentally observed in the neutrino enéEyor  therein, neutrino couplings to space-time torsion fief@8],
path length(L) domain, and it is unlikely to emerge from the neutrino interactions through charged scalar parti¢R4,

SK lepton distributions, largely smeared in energy or anglenonrelativistic heavy neutrind®5], and violations of Lor-
Although specific nonperiodic scenarios, such as neutrinentz invariancéVLI) [26,27] and of CPT symmetry[28]. In

decay[14], can be indirectly excluded by careful analyses ofseveral such models the energy dependenca tékes a
SK data[15,16], the direct observation of a periodic disap- power-law form[29]

pearance pattern of,’s remains an important goal for future

atmospheric and long-base-line neutrino experiments. A" 1xEM (n#—1, nonstandand (2

In addition to periodicity, one should also identify unam-
biguously the flavdis) of the oscillating partngs) of »,’s Although models with exotic dynamics for, < v oscil-
because, in principle, all oscillation channels into active orations do not survive Occam’s razor, they might survive
sterile neutrinos might be openvf v, v, v, experimental tests. Effective tests must cover the widest pos-
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sible energy range, as evident from E@b. and (2). Con- For instance, the cases=—1, 0, and 1 arise, respec-

cerning atmospheric neutrinos, pre-SK data analyses covergidely, in the presence of neutrino interactions mediated by

only about two decades in energye., the so-called con- scalar, vector, and tensor fielf32]. Specific models include

tained eventsE~0.1-10 GeV, and were compatible with

several nonstandard scenarios, in particular with the VEP _, Am?

hypothesis(corresponding tan=1) [30,31. An interesting A =

post-SK analysis, covering a slightly more extended energy

range[32], does not appear to discriminate significantly the E|¢|Ay

three cases=0 andn==*=1 examined. However, as ob- =

served in[15,16, a much longer “lever arm” in the energy

domain is provided by the inclusion of partially contained principle [20]) (5b)

and upward-going muon eventap to E~10° GeV), thus

providing a powerful tool to test exotic scenariéshich, Esv

indeed, appear to be disfavored in genéid]). o (n=1, violations of Lorentz invariande26])
In this work we assess quantitatively the situation for ™ 5

v, v, models with a power-law energy dependence of the (50)

oscillation length £ ~1«E™), including, as relevant subcases, sb

standard mass-mixing oscillations£ —1) and violations —=—— (n=0, violations ofcPT symmetry[ 28])

of the equivalence principle or of Lorentz invariance ( 2m

=1). We obtain two basic result§l) The 90% C.L. range (5d)

of nis determined to b@= —0.9+ 0.4, which is in striking Q5K

agreement with standard oscillations, and excludesnall Nk . .

# —1 models as dominant sourcesif v, transitions;(2) 27 (n=0, nonuniversal coupling to a

assuming then=1 case as a subleading mechanisoex-

isting with leading standard oscillationsve place stringent

upper bounds on its amplitude. Such bounds can be inter- - .

preted as upper limits to violations of special or general rela- St@ndard oscillationgEg. (523)] are S|2mply_genera_te_d by

tivity principles. nonzero neutrino masseaf“=m;—myj), Wlth a mixing
The plan of the paper is as follows. In Sec. Il we analyzeandleé [Eq. (3)] usually denoted a8y, ¢, or simply 6 (we

models with generich “*«E" behavior, and constraim  adopt the symbol) in the following, as we us# for the

through fits to SK atmosphericdata. In Sec. Ill we consider lepton zenith angle In this case, the energy exponentnis

a more complicated case with two coexisting sources fo~ —1- ) o )

oscillations, namely, neutrino masses and violations of rela- Equation(5b) refers to possible violations of the equiva-

tivity principles. We summarize our results in Sec. IV. lence principle[20], namely, to nonuniversal couplings of
neutrinos to the gravitational potentigl. The difference in

such couplings is usually denoted kyy and the mixing
angle by6s. The potential seems to be dominated by the
In this section, we first review some oscillation modelslocal superclusterg~3x 10~ ° [33]), but ambiguities in its
with A depending ork through a power law. Then, indepen- definition suggest to use the produgA v as a single, dimen-
dently of specific models, we study the phenomenology ofionless free parameter, rather thaandA y separatelysee
atmosphericv’s, and constrain the energy exponent [31,34,35 for recent discussionsThe energy exponent of

(n=—1, standard oscillationg2]) (59

(n=1, violations of equivalence

torsion field[23]). (58

Il. ANALYSIS OF MODELS WITH A~1xE"

through detailed fits to the SK data. VEP-induced oscillations in=12
Equation(5c) refers to possible violations of Lorentz in-
A. Review of models variance, namely, to asymptotic neutrino velocities different

from c [26]. The parametebv represents the speed differ-
ence in units ofc. The mixing angle is usually denoted as
0, . Since the energy exponentis the same €1) in both
p = sirt2¢ sird(mh L), 3 the VEP and VLI scenarios, such mechanls_ms_are phenom-

(Vo) gsim(m ) ® enologically equivalent through the substitutiohé|A y
where ¢ is the rotation(mixing) angle between the flavor —ov/2 and 0c— 0, [27]. ) o
basis and the basis where the Hamiltonian is diagdnas, Equation (5d) refers to possible violations of th€PT
the neutrino path length, and is the neutrino oscillation symmetry through a more general class of Lorentz-violating
length. In several cases of interestdepends on the neutrino
energyE as[29,32

Typical two-flavor Hamiltonians fow,« v oscillations
predict a flavor transition probability of the form

1An alternative, string-inspired VEP mechani$B6], leading to

AT lecE", (4) an energy exponent=—1 rather thann=1, has been recently
considered if37]. Its phenomenology would be indistinguishable
with the exponent taking integer(positive or negativeval-  from the standard case, as fargs— v, oscillations are involved.
ues. We do not consider such a VEP scenario in this work.
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perturbations[28], b being proportional to theCPT-odd Super-Kam zenith distributions of muons e =02
. . . . . for oscillations with max. amplitude, a=1  -------- 8=1.0
Hamiltonian producing energy-independemt=0) oscilla- P, = o= sin?( 8 = L/10°km - E"/1 GeV") 8-50

tions. It is interesting to notice that the most general Hamil-
tonian considered i128] encompasses the three scenarios 15
with n=—1, 0, and 1. See ald®8] for the theory and tests
of CPT and Lorentz-violating extensions of the standard y
model. Mo
Finally, Eq.(5€) refers to possible nonuniversal couplings %5
(Ak=#0) of neutrinos to a space-time torsion field of strength o T
Q [23], which also produce energy-independent oscillations. o3 cos® 1-1 cos® 1-1 cos® 0
In principle, several oscillation mechanisms with different s p————— — ] [ L/E
n’s might occur at the same time, with corresponding com-
plications in the analysis. In the next two subsections, how-& '}
ever, we consider only one mechanism at a time. We wiIIM°05 .
discuss the interesting case of coexisting —1 plus n ’
=+1 oscillations in Sec. Ill. o
Aremark is in order. Not all “exotic” models fov,— v, -
transitions can be parametrized as in E(@.and (4). An
important exception is represented by FCNC-induced oscil-
lations(see[22] and references theregirin fact, although the o
FCNC oscillation phase is energy independent(Q), it is 05 E*
proportional to the column density of electrons rather than to
L. Therefore, FCNC-induced oscillations deserve a separat ok
analysis[22,15 and will be considered in a future work. 4
However, some features of time=0 case also apply qualita- |
tively to the FCNC case. wo o { 4 fh
Finally, we note in passing that the analysis of nonstand-t e i
ard energy dependences foroscillations has some corre-  o5F
spondence in the neutral kaon system, where the roleisf
played by the effectivi°—K° mass differencésee[39] and T cos® -1 cos® -1 cosd 0
references therejn

sub-GeV u multi-GeV w up-going u
T e L/E?

n=-2

n=1

FIG. 1. Expected zenith distributions of &GMGu, and UR
_ _ events in Super-Kamiokande for maximal mixing=€1) and for
B. Model-independent analysis representative values ¢f: dotted line,3=0.2; dashed lineg=1;

In this section we do not commit ourselves to any specific©lid line, 8=5. In each bin, the muon ratgs are normalized to
model, and rather analyze the phenomenology of Xhé the expectationg., in the absence of oscillations. The 45 kTy SK

«E" dependence in the most general way. We assume thgtalta(dots with statistical error barsare superposed to guide the
L . eye. From top to bottom, the energy exponartbkes the values
the v, < v, oscillation probability takes the form

n=-2,-1,0, and 1.

L E"
P(V'U}—)VT):C!Sinz(B ) (6) GeV partially containedMG PC), and upward through-
10°km GeV" going (UP) muon events are roughly distributed in the ranges
0.1-3 GeV, 1-10 GeV, 1-%0GeV, and 10-1DGeV, re-
where « is an overall scale factor @a=<1) for the oscil-  spectively, thus covering about four decadeg&in
lation amplitude,B is an unconstrained scale factor for the  Figure 1 shows the expected zenith distributions ouSG
oscillation phase, and is a free exponentnot necessarily MGu (FC+PC), and UR: events in Super-Kamiokande for
equal to—1, 0, or 1. The units in Eq(6) have been conve- maximal mixing (@=1) and for three representative values
niently chosen on the basis of the current Super-Kamiokandef 3: dotted line,3=0.2; dashed lineB=1; solid line, B
data, which suggest an oscillation length@§10®> km) for ~ =5. In each bin, the muon ratgs are normalized to the
neutrino energies ofo(1 GeV). The standard oscillation expectationg.q in the absence of oscillations, so that devia-
case is recovered by taking=—1, a=sir’2y, and B8 tions from the no-oscillation caseu(u,=1) are immedi-
=1.27Am?/(10 3 eV?). ately recognizable. Since we are considering puge- v,
Equation(6) is used to calculate the observable rates ofoscillations €/e;=1 always, the electron rates are not
sub-GeV, multi-GeV, and upward through-going muonshown. The effect of taking<<1 can be approximately de-
events in SK as a function of the lepton zenith angjlesing  scribed by reducing proportionally the amount of muon dis-
the same detailed and accurate approach as in €], to  appearance in each subfigure. The theoretical expectations
which we refer the reader for technical details. Here we justre affected by relatively large and strongly correlated uncer-
remind the reader that the parent neutrino distributions fotainties(not shown, mainly related to the overall normaliza-
sub-GeV(SG), multi-GeV fully containedMG FC), multi-  tion of the atmospheric neutrino flup8]. The 45 kTy SK
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data[9,10] (dots with statistical error barsire superposed to SG+MG analysis in[32] could not significantly distinguish
guide the eye, although no fit to the data is implied by thisthe three cases=—1, 0, and 1. The inclusion of YPdata
figure. extends the range up ®~10° GeV, and provides a very
In Fig. 1, from top to bottom, the energy exponeriekes  important tool to probe the energy dependenca ¢15].
the valuesn=-2, —1, 0, and 1, corresponding to a depen- In conclusion, from the examination and the comparison
dence of the kind./E?, L/E, L, andL -E for the oscillation  of the oscillated muon distributions at different valuesnof
phase. Such four cases are described in the following. shown in Fig. 1, the case= —1 emerges as a good descrip-
Case L/E2 This case i=—2) does not correspond to tion of the SK data at all energies, while for~= —1 the
any known model, and is used only to extend the study to g@atterns of muon suppression at lo{8G), intermediate
power-law energy dependence faster than in the standai®1G), and high(UP) energies appear to be in conflict with
case =—1). The muons appear to be significantly sup-the data.
pressed at the lowe$8G) energies, the more the larggr
An excessive suppression of SG muons is avoided only by
keepingB=<1. On the other hand, such values@®fare too
low to produce a Significant Suppression of MG muons, The qua”tative Understanding of the muon distributions at
which rather prefel3=5. Therefore, one expects a “com- different values oh (previous subsectiorcan be improved
promise” between underestimated gGate and overesti- DY performing quantitative fits to the 45 kTy preliminary SK
mated MGu rates for in the range~1-5. URu events are ~ data[9,10.. We use ay” approach that, as described[Bi,
basically unsuppressed, due to their high energy. Reducing takes into account several sources of correlation among the

would be of no help in reducing the conflict between SG andfystematics affecting the theoretical predictions. Even's
MG muon expectations. do not participate in oscillations in the scenarios considered

Case I/E. This is the “standard” oscillation case, which, here, we have included the SG and Mdike data in the
as well known, provides an excellent description of the Skanalysis(for a total of 30 data poin}s since they play an
data for Am?~ fewx 10~2 eV? [4,8]. Therefore, it is not |mpo_rtant role in constraining the overall normalization un-
surprising to see in Fig. 1 that, for values @fin the range ~ Certainty(see alsd8,16]). o
~1-5, all the muon data are well reproduced. Higher values Figure 2 shows the best-fit zenith distributions of muons
of 8 would suppress SG muons too much, while lower val-for the four cases considered in Fig. A< —2, —1, 0, and
ues would not produce enough suppression at higher enel), as obtained by leaving aqd,B gnconstramed. Th'e values
gies(MGu and URx samples of a, B, anqxz at the best-fit points are repqrted in the top

Case L In this case, the, survival probability is energy Part of the figure. Thé/E (n=—1) case provides an excel-
independent, and the differences in the muon suppressidant it to the data g/ Npe=20.3/28), while all the other
patterns among the SG, MG, and UP muon samples arédses do not provide a good description of at least one data
mainly due to the different angular smearing. At I1686G)  sample(SGu, MGu, or UPu). In particular, forn=—2
energies the smearing is very effective and there is little difthere is insufficient up-down asymmetry of M@ and no
ference between the three curves, while higher-energy, MGlope of UR:'s; for n=0 none of the zenith distributions is
muons are more discriminating. Values @faround unity ~ correctly reproduced; fon=1 there is a too strong and flat
(dashed curveseem to be preferred by S@G data, and  suppression of UR’s.
produce a significant-¢ 1/2) suppression below the horizon.  In Fig. 3 we present thg” curve as obtained by taking
UP muons have a different suppression pattern, which iglson as a free parameter, besidesand 5. Although non-
highly correlated with the parent neutrino direction, and fol-integer values oh may not be related to any realistic oscil-
lows closely the variations d? ,, with L (dashed and dotted lation dynamics, this exercise is useful to see how accurately
curves, until the oscillations are so fast to be unresolvedn is determined through the SK data. The result is striking:
within the bin width(solid curve. The expected UR sup-
pression appears to be larger than suggested by the data,
unlessa is taken to be nonmaximal; however, farx 1 the
relatively good description of SGMG data would be (corresponding tq?— x5, =6.25 forNpe=3). This narrow
spoiled(not shown. range for n is perfectly consistent with standardn (

Case L E. In this case, the, survival probability rapidly = —1) neutrino oscillations and inconsistent with any other
approaches the average value 1/2 as the energy increaségeger value oh.

Therefore, although SGMG data can be described rela-  Given the importance of standarg < v oscillations, we
tively well with =1 and8~0.2, the expected UPrates show in Fig. 4 the updated limits on the oscillation param-
are too low in any case. As in the previons-0 scenario, etersAm? and sif2y. We find the best fit ahm?=2.8
taking @<1 would help to reproduce the WPdata, but X102 eV? and maximal mixing. The bounds in Fig. 4 are
would worsen the description of SGVG data. No satisfac- in good agreement with the latest full data analysis from the
tory compromise can be reached. SK Collaboration10].

In all four cases, it can be seen that $& even SG In conclusion, standard oscillations\ (}«E~1) are
+MG) data alone do not discriminate strongly among thestrongly favored as thédominantmechanism for the, < v,
various scenarios, since they do not probe the full energjlavor transitions of atmospheric neutrinos in SK. Alternative
range explorable by SK. This might explain why the mechanisms of the kind ~*=<E" (with n# —1) cannotbe

C. Fits to the Super-Kamiokande data

n=—0.9+0.4 at 90% C.L. )
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A Ve LE L LE Bounds on n for unconstrained o and g8
Super-Kamiokande muon & > 100 100 051 078
distributions at best fit )Fi,* 300 356 019 0.27 L e R T g
—> 477 203 629 66.0 E 3
X - 0F a2 L E E
sub-GeV u multi-GeV w up-going u E Fo = asin”(f — . E
15 B - I ' 2 E 10° km GeV E
L/E 80 F 3
+ n=-2 E SK 45 kTy. SGe,u + MGe,u + UPu (30 data) E
#or 1t T + f “ g E
Fo _'_,LF‘—'L,L —'_,T‘ + + + + + " 1 _
05F 4 B+ ¢ 1F 1 3 E
) OF ;
) SURUENIE | SN | S X"t ;
-1 cos® 1-1 cos® 1-1 cos® 0 50F E
[ e I L/E £ E
o 40 z
MOTr R 1T [ + E E
A T f s0F n=-09+04 3
o5 E 1 1L ] at 90% CL. (Nor=3)
20F
ol e e E E
=1 cos? -1 cos? 1-1 cos? 0 E E
1.5 T T T T T T T — T L 10 ;_ _;
oo EL/E L/E L L-E
u b 1t . * + { ok I I [ !
o _,_,_l—o—'T ﬁ + + + + -2 —1 0 1
osft ! 1 Fv ¢ {1t y energy exponent n
o L 5 FIG. 3. x? function from the fit to the SK data, assuming con-
e °I°ST9 o °'°sf9 . 1_1‘ _ COS@ e tinuous values of the energy exponenand unconstrained scale
n=’1 factors for the oscillation amplitude and phase3. The standard
w 1k 1 F L { } { +_ case = —1) is very close to the best fit.
08 1F ¢ 1r ] A. Violations of relativity principles: Formalism
......... The theory and phenomenology of neutrino violations of

-t cos® 11T cosd 11 cos® O the equivalence principlg20] have been investigated in a
FIG. 2. Best fits to the zenith distributions of muons in SK for Onumber of papers, including studies of the soladeficit
the four cases considered in Fig. b<—2, —1, 0, and 1, as  [30,31,34,35,40—450f the atmospherie anomaly{29-32,
obtained through &? analysis of all the datay-like and e-like
event$ with unconstrainedr and 8. The values ofr, 8, andy? at
the best-fit points are reported in the top part of the figure.

Standard v,— v, oscillations

) ) ) SK 45 kTy: SGe,u + MGe,u + UPx (30 dota)
the dominant source of the muon disappearance in SK. In
90% C.L. (Nor=2)

particular, violations of special or general relativity prin- [ — 997 oL
ciples (VLI or VEP, leading tox "1xE) cannot explain the 102k T i
bulk of SK atmospheria’ data. Therefore, ih# —1 oscil- ! ]
lations occur in nature, they can only be subleading pro- ]
cesses with small amplitude, coexisting with leading, large- Am? [
amplitude n=-1 standard oscillations. Such results |
generalize and refine previous indications that SK data could (evz) |
disfavor some exotic mode[45]. !

IlI. CONSTRAINTS ON VIOLATIONS
OF RELATIVITY PRINCIPLES

In this section we consider a more complicated case, char- | |
acterized by leadingn=—1 oscillations plus subleading il T TN P
= +1 oscillations, possibly generated by violations of rela- 0.5 0.6 0.7 0.8 0.9 1
tivity principles (VEP or VLI). We show that the fit to the sin? 29
SK data is not improved with respect to the case of standard
v, < v, transitions. As a consequence, we derive upper FIG. 4. Updated bounds on the neutrino mass-mixing param-
bounds on such violations. A brief review of the theoreticaleters for standard,,— v, oscillations, as derived by our global
formalism precedes the phenomenological analysis. analysis of all the Super-Kamiokande atmospheric neutrino data.
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of oscillation searches at short base I[d€] and long base B. Constraints from Super-Kamiokande data
line [29,31,47 accelerator facilities, and of double beta de-

cay[48]. Given the phenomenological equivalence of viola-giangare- VEP oscillation scenario, let us derive some quali-
tions of Lorentz invariancg26] and of the equivalence prin- a4ive hounds on the magnitude of possible VEP terms. Ac-
ciple [27], neutrino oscillation searches can be generallycording to the conclusions of Sec. II, we expect that the
interpreted as tests of fundamental principles of both SpeCi%econd(VEP) term on the right hand of Eq$9a) and (9b)

and general relativity, with a sensitivity at levels below ¢p5ui1d be typically much smaller than the fifstandard
10?°(see, e.g.28,31)). Here we focus on the case of VEP- 1o/ namely

or VLI-induced oscillations coexisting with standard oscilla-
tions. Mixed scenarios of this kind have been considered, |¢|Ay E AMm?2  GeV
e.g., in[21,28,31,42 but to our knowledge, they have not 5.07 G V<1.27 7 E (10
been discussed on the basis of Super-Kamiokande atmo- 10 € 10" eVv
sphericv observations so far. ) 5 . >
In the presence of several concurrent processes leading to ©F €duivalently(for Am*~ fewx 10" eV)
v+ v, oscillations, the global HamiltoniaH is the sum of GeVi2
several 22 matrices H,, which can be diagonalized |¢|Ay<1021(i) _ (11)
through separate rotatiofwith anglesé,,) of the flavor basis E
(vu,v;). As far as models of the kind “«<E" are con- .
Hamiltonian, is related to the oscillation lengththrough ~ 9er in the highest-energy SK data sampléPy events.

equations of the forni28] Since the parent neutrino energy spectrum .for/MPis
peaked around F0GeV, the sensitivity to VEP-induced 0s-

cillations is expected to reach levels {10 2% in the pa-

Before performing a detailed fit to the SK data in the

—1gj = i i7n . .
mATsIn2g = 2 c, sin2¢, E" e, (8a) rameter| ¢|Ay (or, equivalently, in the parameteiv/2 for
the VLI case. Of course, such sensitivity depends somewhat
on 6.
7\~ lcos2t= D, c,cos2%, E", (8b) In order to get some insight into thg; dependence of the
n

expected constraints, let us consider the extreme valges

- : =0 and 6g=m/4, and take Am? sirf2y) at their best-fit
where the coefficients,, parametrize the strength of each values (2.8 10-3 eV2.1). We also fixe 7= 1 for simplicity.

oscillation mechanism. In general, only one of the complex]_ .
phase factore” can be rotated away, the others being ' Nen Py takes a simple form
physically observabl¢28,31]. For any given choice of the
parameters 4, ,&,,7,), one has to derive the values bf 1 sinz(A\/m) 0c=0,
and¢ from the previous equations, and insert them in @4. Pu= 1+ x2 ' (12)
to get the flavor transition probability. . _

In the specific case of standafEP (h=-1@®n SIFTA(L+X)], Oc=ml4
=+1) oscillations, Eqs(8a) and (8hb), can be rewritten as
[31]

where A=3.56L/E, x=1.42E2|¢|A y/10~ 2%, and the units
are [E]=GeV and[L]=10°km. The standard caseP}
Am?2 |b|Ay . =sirfA) is recovered f(_)rx=0. In the URL event sgmple,
7\~ Lsin2¢=|1.27——sin2y+5.07 E sin26; €', where the VEP effect is larger, the value A&fis typically
E 102 small (=0.6), and one can easily check numericdfiyom
(93 Eq. (12)] that the differenceP,,— Pf}ﬁ grows more rapidly
with x for 6= /4 than for65=0. Therefore, we expect a

Am? |plAy higher sensitivity tox (i.e., to|$|Ay) at larger6g. More-

. N e, y gerég. More
mAtcosz=1.27 E cos2y+5.07 10" 2L E cose, over, at small values of botA andx it turns out thatP, .
9  —P59<0 (>0) for 65=0 (6= m/4), so that the muon

rates should be legsnore suppressed than in the standard
where the following units have been useflAm?] oscillation case.
=102 eV? [L]=[N]=10 km, and[E]=GeV. The same Figure 5 illustrates quantitatively the previous consider-
equations formally apply to violations of Lorentz invariance, ations, by showing the VEP effe@dded to best-fit standard
modulo the replacementsp|A y— év/2 and 65— 6, [27]. oscillations on the SK muon distributions for two represen-
Notice that the oscillation phase\ "L, to be inserted in tative cases(i) 65=0 and|¢|Ay=1.5x10 2* (solid line)
Eq. (3), is proportional to the geometric average of the rightand (i) 6= /4 and|¢|Ay=2.0x10 2 (dotted ling. We
hand sides of the above equations, so it will contain, besideanticipate that such values are close to the border of the
the standard termo(E 1) and the VEP term«E), also an parameter region excluded by SK. The standard oscillation
energy-independent interference term. The oscillation amplieurves (¢|Ay=0) are also shown for referendeashed
tude sirf2¢ also acquires a nontrivial dependence on the neulines); they are identical to the best fit curves for standard
trino energy through Eq9). oscillations 6=—1) in Fig. 2. As expected from the pre-
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Iol &y sin®20, Standard v, — v, oscillations at best fit
Standard v,—> v, oscillations at best fit —s ----- 0 0 : . gt o
+ violations of the equivalence principle —= 7. Fr + violation of relativity prmCIple(S)
. Violationof FTT T T[T rrr[rrr i rr[rrrrrrrrprrrr T 117] Violation of
. . Equivalence [0 7] Lorentz
sub-GeV u multi-GeV u up-going u Hieime SK 45 KTy SGe.u + MGe.u + UPu (30 data) T invariance
1.5 T T T T T T T T r 7
[ ] lpl Ay | 90% C.L. (Nor=2) 1 6v
---------- 99% C.L. 2
=24 | " -24
10 E = 10
_ Excluded N
0 N A B S L .
=1 cos® 1=1 cos® 1-1 cos?d 0 R
FIG. 5. Effect of subleading oscillations induced by violations |
of the equivalence principle on the muon distributions in Super- 152°L 110%°
Kamiokande. Standard mass-mixing oscillation parameters are E
taken at their best fit, and the complex pheaskis taken equal to 1. - R
Dashed line: no VEP. Solid line: VEP willp| A y=1.5X 10" ?* and L T~ T ]
6s=0. Dotted line: VEP with ¢|A y=2x10"2% and 65= w/4. T~ T |
ceding discussion, the VEP effect is manifest at high ener- =261\, v 058
gies (UPu sample, and the expected deficit of WPs is 0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1
more pronounced fofs= /4 than for6;=0. sin? 2% .
The next step is to perform g2 analysis of the standard v
+VEP scenario. We take for the momenArt?, sinf26) FIG. 6. Bounds on the parameters that characterize violations of

=(2.8x10 %eV?, 1) ande'7=1, while leaving the param- special or general relativity principles, assumed to generate sub-
eters (¢|Ay,0s) free. We find an important result that leading v, v, flavor transitions concurrent with standafiéad-
strengthens the conclusions of Sec. Il: Thefit is never  ing) neutrino oscillations. Best-fit neutrino mass-mixing values are
improved in the presence of VEP effects, as compared witlissumed. See the text for further details.
the valuey?Z,;,=20.3 derived in Fig. 2 for the standard case.
Thus, not only can VEP-induced oscillations not beltwd-  for the complex phase. We have found that, in any case,
ing mechanism underlying the SK observations, but alsahe value ofy?2,, is not smaller than in the best-fit standard
there is no indication in favor afubleadingVEP oscillation  case. Therefore, standarYEP (or standare-VLI) oscilla-
terms. As a consequence, we can place well-defined uppgbns never represent a better description of the SK data, as
bounds on violations of relativity principles in the/(,v;)  compared to best-fit standard oscillations. Under the above
sector. variations, the upper bounds shown in Fig. 6 are somewhat
Figure 6 shows the 90% and 99% C.L. limitsla{Ay as  modified within factors of a few, but do not change qualita-
a function of the VEP mixing parameter &;. The same tively: they always become stronger as2gifi; increases.

limits apply to the neutrino asymptotic speed differenceThe most conservative upper boufidcluding negativeA y
dv/2, as a function of the VLI mixing parameter €, . As cases turns out to be

expected from the discussion at the beginning of this subsec-
tion, the limits obtained in Fig. 6 are roughly &f(10™2°),

and become stronger &, increases. The stringent bounds
in Fig. 6, together with the results shown in Fig. 3, represent
our main contribution to the current understanding of atmoindependently ofés. In the specific casedg= /4, the
spheric neutrino oscillations induced by violations of relativ-ahove bound can be lowered at leastt@0~2°. Analogous

ity principles in the ¢, ,v,) sector. Notice that such bounds |imits apply to the VLI parameterissv|/2 andé, . In particu-
preempt the region of VERor VLI) parameters explorable |ar,

with proposed long-base-line accelerator neutrino facilities

|pAy|<3x10 **at 90% C.L., (13

[31].2 .

Finally, we have investigated the robustness of the bounds |ov|<6Xx10 **at90% C.L. (14
shown in Fig. 6 under variations of the standard mass-mixing
parameters. We have repeated the fit by varyimg® and To our knowledge, the above limits to violations of spe-

sin’2¢ within the 90% C.L. limits shown in Fig. 4 and also cjal or general relativity principles are the strongest placed so
by taking negative values faky, as well as generic values far in the (v,,v,) sector. They are valid under an assump-
tion which is supported by the present data and appears
likely to be corroborated in the future, namely, that standard
Notice that the values of, E, andL-E probed in the Up V.« v, oscillations generated by mass and mixing repre-
sample by Super-Kamiokande are higher than in proposed longsent the dominant mechanism underlying the Super-
base-line neutrino beams. Kamiokande observations.

053006-7



G. L. FOGLI, E. LISI, A. MARRONE, AND G. SCIOSCIA PHYSICAL REVIEW 50 053006

IV. SUMMARY AND CONCLUSIONS the fractional difference of asymptoticvelocities| sv|/2 or

. _— of v couplings to gravity|¢Ay| cannot exceed the value
Among thev,, v, models with oscillation length follow ~3X 10 %*at 90% C.L. for unconstrained neutrino mixing.

Ing a power-law energy dependenqe_, standard.neutrllno OSC'the broadness of the neutrino energy range probed by Super-
lations generated by mass and mixing are unique in pro- Kamiokande is crucial to obtain such strong limits
viding a good description of the Super-Kamiokande ’

atmospheric neutrino data, and are strongly favored as the
leading mechanism fori{,,»,) flavor transitions. Addi-
tional, subleading ,« v, oscillations generated by possible ~ We thank M. Gasperini for inspiring discussions and for
violations of special or general relativity in the neutrino sec-useful comments. The work of A.M. and G.S. was supported
tor do not improve the agreement with the data, and musiy the Italian Ministero dell’Universita della Ricerca Sci-
thus have a relatively smdlbr zerg amplitude. In particular, entifica e Tecnologica.

ACKNOWLEDGMENTS

[1] Y. Totsuka, in Proceedings of the 1998 Nobel Symposium[18] Y. Grossman, Phys. Lett. B59 141 (1995.
Particle Physics and the Universe, Enkoping, Sweden, 199419] L. M. Johnson and D. W. McKay, Phys. Lett. 833 355

edited by L. Bergstrom, P. Carlson, and C. Fransgeiys. (1998.
Scr. (to be publishegd; report available at http://www- [20] M. Gasperini, Phys. Rev. B8, 2635(1988.
sk.icrr.u-tokyo.ac.jp/doc/sk/pub [21] M. Gasperini, Phys. Rev. B9, 3606(1989.

[2] B. Pontecorvo, Zh. Eksp. Toer. Fis3, 1717 (1967 [Sov. [22] M. C. Gonzales-Garcia, M. M. Guzzo, P. I. Krastev, H.
Phys. JETP26, 984 (1968]; V. Gribov and B. Pontecorvo, Nunokawa, O. L. G. Peres, V. Pleitez, J. F. W. Valle, and R.
Phys. Lett.28B, 493(1969. Zukanovich Funchal, Phys. Rev. Le#2, 3202(1999.

[3] Y. Katayama, K. Matumoto, S. Tanaka, and E. Yamada, Prog[23] V. DeSabbata and M. Gasperini, Nuovo Cimentd68, 479
Theor. Phys28, 675(1962; Z. Maki, M. Nakagawa, and S. (1981).

Sakata,jbid. 28, 870(1962. [24] M. Fukugita and T. Yanagida, Phys. Lett. 286, 93 (1988.

[4] Super-Kamiokande Collaboration, F. Fukwgtaal,, Phys. Rev.  [25] D. V. Ahluwalia and T. Goldman, Phys. Rev. b6, 1698
Lett. 81, 1562(1998. (1997.

[5] Super-Kamiokande Collaboration, F. Fukuwetaal, Phys. Lett.  [26] S. Coleman and S. L. Glashow, Phys. Lett4®@5, 249(1997.

B 433 9(1998. [27] S. L. Glashow, A. Halprin, P. I. Krastev, C. N. Leung, and J.

[6] Super-Kamiokande Collaboration, F. Fukuetaal., Phys. Lett. Pantaleone, Phys. Rev. 15, 2433(1997.

B 436, 33(1998. [28] S. Coleman and S. L. Glashow, Phys. Rev.5B 116008

[7] Super-Kamiokande Collaboration, F. Fukugtaal., Phys. Rev. (1999.

Lett. 82, 2644(1999. [29] O.Yasuda, inProceedings of the Workshop on General Rela-

[8] G. L. Fogli, E. Lisi, A. Marrone, and G. Scioscia, Phys. Rev. D tiveity and Gravitation Tokyo, Japan, 1994, edited by K.
59, 033001(1999. Maeda, Y. Eriguchi, T. Futamase, H. Ishihara, Y. Kojima, and

[9] Super-Kamiokande Collaboration, M. Messier, WPF'99, S. YamaddTokyo University, Japan, 1994gr-qc/9403023, p.

Proceedings of the 1999 Meeting of the American Physical 510.
Society, Division of Particles and Fields, edited by K. Arisaka [30] J. Pantaleone, A. Halprin, and C. N. Leung, Phys. Rew.7D

and Z. Bern(Library of the University of California at Los 4199(1993.
Angeles, Los Angeles, 1999 Transparencies available at [31] A. Halprin, C. N. Leung, and J. Pantaleone, Phys. Re%3D
http://www.physics.ucla.edu/dpf99 5365(1996.
[10] Super-Kamiokande Collaboration, A. Habig, BPF'99 [9], [32] R. Foot, C. N. Leung, and O. Yasuda, Phys. Letd48 185
hep-ex/9903047. (1998.
[11] MACRO Collaboration, M. Ambrosicet al, Phys. Lett. B [33] I. R. Kenyon, Phys. Lett. B37, 274 (1990.
434, 451(1998. [34] J. N. Bahcall, P. I. Krastev, and C. N. Leung, Phys. Re%2D
[12] Soudan-2 Collaboration, W. W. M. Allisoet al., Phys. Lett. 1770(1995.
B 449, 137(1999. [35] J. R. Mureika, Phys. Rev. B6, 2408(1997.
[13] Kamiokande Collaboration, S. Hatakeyamial, Phys. Rev. [36] T. Damour and A. M. Polyakov, Nucl. Phy8423 532
Lett. 81, 2016(1998. (1994).
[14] V. Barger, J. G. Learned, S. Pakvasa, and T. J. Weiler, Phy437] A. Halprin and C. N. Leung, Phys. Lett. 816, 361(1998.
Rev. Lett.82, 2640(1999. [38] D. Colladay and V. A. Kostelecky, Phys. Rev. &5, 6760
[15] P. Lipari and M. Lusignoli, Phys. Rev. B0), 013003(1999. (1997); 58, 116002(1998.
[16] G. L. Fogli, E. Lisi, A. Marrone, and G. Scioscia, Phys. Rev. D [39] CPLEAR Collaboration, J. Ellis, N. E. Mavromatos, and D. V.
59, 117303(1999. Nanopoulos, hep-ex/9903005.

[17] T. Kajita, in Proceedings of the Workshop Future of Neutrino[40] A. Halprin and C. N. Leung, Phys. Rev. Le#7, 1833(1991).
Physics, Institute of Cosmic Ray Research, Tokyo, Japan(41] M. N. Butler, S. Nozawa, R. Malaney, and A. |. Boothroyd,
1999. Phys. Rev. D47, 2615(1993.

053006-8



TESTING VIOLATIONS OF SPECIAL AND GENERA . .. PHYSICAL REVIEW D 60 053006

[42] H. Minakata and H. Nunokawa, Phys. Rev5D 6625(1995. [47] K. lida, H. Minakata, and O. Yasuda, Mod. Phys. Lett.8A

[43] J. R. Mureika and R. B. Mann, Phys. Lett.388 112(1996. 1037(1993.

[44] S. W. Mansour and T. K. Kuo, hep-ph/9810510. [48] H. V. Klapdor-Kleingrothaus, H. Ba and U. Sarkar, Eur.

[45] H. Casini, J. C. D'Olivo, R. Montemayor, and L. F. Urrutia, Phys. J. A5, 3 (1999; see, however, A. Halprin and R. R.
Phys. Rev. D69, 062001(1999. Volkas, hep-ph/9904298.

[46] R. B. Mann and U. Sarkar, Phys. Rev. L&t6, 865(1996.

053006-9



