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Evidence for Oscillation of Atmospheric Neutrinos
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We present an analysis of atmospheric neutrino data from a 33.0 kton yr (535-day) exposure of the
Super-Kamiokande detector. The data exhibit a zenith angle dependent deficit of muon neutrinos which
is inconsistent with expectations based on calculations of the atmospheric neutrino flux. Experimental
biases and uncertainties in the prediction of neutrino fluxes and cross sections are unable to explain our
observation. The data are consistent, however, with two-flayor », oscillations with SiA26 >
0.82 and5 X 107* < Am? < 6 X 1073 eV? at 90% confidence level. [S0031-9007(98)06975-0]

PACS numbers: 14.60.Pq, 96.40.Tv
Atmospheric neutrinos are produced as decay productsf electron and muon neutrinos is dominated by the pro-

in hadronic showers resulting from collisions of cosmiccessesr™ — u* + v, followed by u™ — ™ + 7, +
rays with nuclei in the upper atmosphere. Productiorv, (and their charge conjugates) giving an expected ratio
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(= vu/v.) of the flux of v, + 7, to the flux ofr, + 7, v, < vy, Wherev, may ber, or a new, noninteracting

of about 2. Thev, /v, ratio has been calculated in detail “sterile” neutrino, is consistent with the observed flavor
with an uncertainty of less than 5% over a broad range ofatios and zenith angle distributions over the entire energy
energies from 0.1 to 10 GeV [1,2]. region.

The v, /v, flux ratio is measured in deep underground Super-Kamiokande is a 50 kton water Cherenkov detec-
experiments by observing final state leptons produced vitor instrumented with 11 146 photomultiplier tubes (PMTSs)
charged-current interactions of neutrinos on nucleir  facing an inner 22.5 kton fiducial volume of ultrapure wa-
N — | + X. The flavor of the final state lepton is used toter. Interaction kinematics are reconstructed using the time
identify the flavor of the incoming neutrino. and charge of each PMT signal. The inner volume is sur-

The measurements are reported Ras= (u/e)pata/ rounded by a-2 m thick outer detector instrumented with
(m/e)mc, where u and e are the number of muon- 1885 outward-facing PMTs. The outer detector is used to
like (u-like) and electronlike(e-like) events observed veto entering particles and to tag exiting tracks.
in the detector for both data and Monte Carlo simu- Super-Kamiokande has collected a total of 4353 fully
lations. This ratio largely cancels experimental and theoeontained (FC) events and 301 partially contained (PC)
retical uncertainties, especially the uncertainty in theevents in a 33.0 ktonyr exposure. FC events deposit all
absolute flux. R = 1 is expected if the physics in the of their Cherenkov light in the inner detector while PC
Monte Carlo simulation accurately models the dataevents have exiting tracks which deposit some Cherenkov
Measurements of significantly small values Bf have light in the outer detector. For this analysis, the neutrino
been reported by the deep underground water Cherenkadnteraction vertex was required to have been reconstructed
detectors Kamiokande [3,4], IMB [5], and recently by within the 22.5 kton fiducial volume, defined to b€ m
Super-Kamiokande [6,7]. Although measurementskof from the PMT wall.
by early iron-calorimeter experiments Fréjus [8] and NU- FC events were separated into those with a single visible
SEX [9] with smaller data samples were consistent withCherenkov ring and those with multiple Cherenkov rings.
expectations, the Soudan-2 iron-calorimeter experimerfor the analysis of FC events, only single-ring events were
has reported observation of a small valueRof10]. used. Single-ring events were identifiedcagke or u-like

Neutrino oscillations have been suggested to explaifbased on a likelihood analysis of light detected around
measurements of small values Bf For a two-neutrino the Cherenkov cone. The FC events were separated into
oscillation hypothesis, the probability for a neutrino pro-“sub-GEV” (E,is < 1330 MeV) and “multi-GeV”(E,;; >
duced in flavor state to be observed in flavor stateafter 1330 MeV) samples, wherg,;; is defined to be the energy
traveling a distancé through a vacuum is of an electron that would produce the observed amount

) (1.27Am2(e\VR)L(k of Cherenkov light. E,;; = 1330 MeV corresponds to
Pu_y = Si 20 S|n2< TAm (eV)L( m)>, (1)  pu ~ 1400 MeV/c.
E,(GeV) In a full-detector Monte Carlo simulation, 88% (96%) of

where E,, is the neutrino energyg is the mixing angle the sub-Ge\e-like (u-like) events weres, (v,) charged-
between the flavor eigenstates and the mass eigenstatessrent interactions and 84% (99%) of the multi-GeV
and Am? is the mass squared difference of the neutrince-like (u-like) events weres, (v,) charged-current (CC)
mass eigenstates. For detectors near the surface of theeractions. PC events were estimated to be 98%
Earth, the neutrino flight distance, and thus the oscillacharged-current interactions; hence, all PC events were
tion probability, is a function of the zenith angle of the classified asu-like, and no single-ring requirement was
neutrino direction. Vertically downward-going neutrinos made. Table | summarizes the number of observed events
travel about 15 km, while vertically upward-going neutri- for both data and Monte Carlo as well as Revalues for
nos travel about 13 000 km before interacting in the detecthe sub-GeV and multi-GeV samples. Further details of
tor. The broad energy spectrum and this range of neutrinthe detector, data selection, and event reconstruction used
flight distances make measurements of atmospheric nein this analysis are given elsewhere [6,7].
trinos sensitive to neutrino oscillations witty:? down to We have measured significantly small values pf
10~* eV2. The zenith angle dependence Bfmeasured in both the sub-GeV and multi-GeV samples. Several
by the Kamiokande experiment at high energies has beesources of systematic uncertainties in these measurements
cited as evidence for neutrino oscillations [4]. have been considered. Cosmic ray induced interactions in
We present our analysis of 33.0 kton yr (535 days) ofthe rock surrounding the detector have been suggested as a
atmospheric neutrino data from Super-Kamiokande. Irsource ofe-like contamination from neutrons, which could
addition to measurements of small valuesvdboth above produce smalR values [11], but these backgrounds have
and below~1 GeV, we observed a significant zenith anglebeen shown to be insignificant for large water Cherenkov
dependent deficit ofc-like events. While no combination detectors [12]. In particular, Super-Kamiokande has 4.7 m
of known uncertainties in the experimental measuremendf water surrounding the fiducial volume; this distance
or predictions of atmospheric neutrino fluxes is able tocorresponds to roughly 5 hadronic interaction lengths
explain our data, a two-neutrino oscillation model ofand 13 radiation lengths. Distributions of event vertices
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TABLE I. Summary of the sub-GeV, multi-GeV, and PC 1 T T T T T T T T
event samples compared with the Monte Carlo prediction based e-like
on the neutrino flux calculation of Ref. [2]. 05 1
Data Monte Carlo Y . S S =t - e

Sub-GeV i
Single-ring 2389 2622.6 05 .
e-like 1231 1049.1 §
wu-like 1158 1573.6 Sab——ndl el
Multi-ring 911 980.7 ar 1. 10 10
Total 3300 3603.3 2 w-like

R = 0.63 * 0.03 (stat) = 0.05 (syst) 05| .

FC PC
Multi-Gev
Single-ring 520 531.7 or = ]
e-like 290 236.0 usl e
u-like 230 295.7 ’
Multi-ring 533 560.1 p Ly o
Total 1053 1091.8 10" 1 10
Momentum (GeV/c)
Partially contained 301 371.6 )
Rrcipc = 0.65 = 0.05 (stat) = 0.08 (syst) FIG. 1. The (U — D)/(U + D) asymmetry as a function

of momentum for FCe-like and u-like events and PC
events. While it is not possible to assign a momentum to
a PC event, the PC sample is estimated to have a mean

exhibit no excess ok-like events close to the fiducial Neutrino energy of 15 GeVv. The Monte Carlo expecta-
boundary [6,7]. tion without neutrino oscillations is shown in the hatched

b . region with statistical and systematic errors added in quadra-
The prediction of the ratio of the,, flux to the v, tyre. The dashed line foru-like is the expectation for
flux is dominated by the well-understood decay chain ofy, — », oscillations with (si?26 = 1.0, Am? = 2.2 X
mesons and contributes less than 5% of the uncertainty itD* eV?).
R. Different neutrino flux models vary by abotit20% in
the prediction of absolute rates, but the ratio is robust [13].
Uncertainties inR due to a difference in cross sections (U — D)/(U + D) where U is the number of upward-
for v, and v, have been studied [14]; however, lepton going events—1 < cos® < —0.2) and D is the num-
universality prevents any significant difference in crossber of downward-going eveni®.2 < cos® < 1). The
sections at energies much above the muon mass and thasymmetry is expected to be near zero independent of the
errors in cross sections could not produce a small value dfux model forE, > 1 GeV, above which effects due to
R in the multi-GeV energy range. Particle identification the Earth’s magnetic field on cosmic rays are small. Based
was estimated to be 98% efficient for bothu-like and  on a comparison of results from our full Monte Carlo simu-
e-like events based on Monte Carlo studies. Particldation using different flux models [1,2] as inputs, treat-
identification was also tested in Super-Kamiokande omment of geomagnetic effects results in an uncertainty of
Michel electrons and stopping cosmic-ray muons and theoughly +£0.02 in the expected asymmetry eflike and
u-like and e-like events used in this analysis are clearly w-like sub-GeV events and less thau®.01 for multi-GeV
separated [6]. The particle identification programs inevents. Studies of decay electrons from stopping muons
use have also been tested using beams of electrons asldow at most a-0.6% up-down difference in Cherenkov
muons incident on a water Cherenkov detector at KEKight detection [17].
[15]. The data have been analyzed independently by Figure 1 showsA as a function of momentum for
two groups, making the possibility of significant biases inboth e-like and w-like events. In the present data, the
data selection or event reconstruction algorithms remotasymmetric as a function of momentum tolike events is
[6,7]. Other explanations for the small valueR®fsuch as consistent with expectations, while thelike asymmetry
contributions from nucleon decays [16], can be discounteat low momentum is consistent with zero but significantly
as they would not contribute to the zenith angle effectdleviates form expectations at higher momentum. The
described below. average angle between the final state lepton direction and
We estimate the probability that the obseryete ratios  the incoming neutrino direction &5° at p = 400 MeV/c
could be due to statistical fluctuation is less than 0.001%nd20° at1.5 GeV/c. Atthe lower momentain Fig. 1, the
for sub-GeVR and less than 1% for multi-GeX. possible asymmetry of the neutrino flux is largely washed
The u-like data exhibit a strong asymmetry in zenith out. We have found no detector bias differentiatintike
angle(®) while no significant asymmetry is observed in and u-like events that could explain an asymmetry in
the e-like data [7]. The asymmetry is defined ds=  u-like events but not ire-like events [7].
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Considering multi-GeV(FC + PC) muons alone, the
measured asymmetryy = —0.296 = 0.048 = 0.01 de-
viates from zero by more than 6 standard deviations.

We have examined the hypotheses of two-flavgr—
v, and v, < v, oscillation models using > com-

parison of data and Monte Carlo, allowing all important
Monte Carlo parameters to vary weighted by their expecteg,

uncertainties.

The data were binned by particle type, momentum, ancg_

cos®. A y?is defined as
x* = Z (Npata — Nmc)’/o? + Z ei/oi. (2
cos®,p J
where the sum is over five bins equally spaced in@@nd

seven momentum bins for bothlike events andu-like
plus PC events (70 bins total). The statistical erwsr,

TABLE Il. Summary of Monte Carlo fit parameters. Best-
fit values for v, — v, (Am* =22 X 107° eV?, sit26 =

1.0) and estimated uncertainties are given. (*) The overall
normalization(a) was estimated to have a 25% uncertainty but
was fitted as a free parameter.

Monte Carlo fit parameters Best fit Uncertainty

Overall normalization 15.8% *)

) E, spectral index 0.006 o5 = 0.05
Sub-GeVu /e ratio —6.3% o, = 8%

B Multi-GeV w/e ratio -11.8% on = 12%

p Relative norm. of PC to FC —1.8% o, = 8%

A L/E, 3.1% oy = 15%

s Sub-GeV up-down 24% o, = 24%

n.  Multi-GeV up-down -0.09% o" =27%

7

accounts for both data statistics and the weighted Monte

Carlo statistics.Npata IS the measured number of events

in each bin. Ny is the weighted sum of Monte Carlo
events:
o Lpata

NMC w.

3
LMC MC events ( )

Lpata and Lyc are the data and Monte Carlo live times.
For each Monte Carlo event, the weightis given by

w =1+ a)(E/E)°(l + 7y, cosO)

X fon(SiM20,Am? (1 + A)L/E,)

(1 = Bs/2) subGeV e-like,
1+ Bs/2) subGeV u-like,
] (= Bn/2) multi-GeV e-like ,

(1+ Bu/2(1 = £ 5) multi-GeV u-like,

0+ g2+ %) pC. 4
E! is the average neutrino energy in tle momentum bin;

For v, < v,, effects of matter on neutrino propagation
through the Earth were included following Ref. [19,20].
Because of the small number of events expected from
7 production, the effects of appearance and decay were
neglected in simulations of, < v;. A global scan was
made on &sir? 26, log Am?) grid minimizing y? with re-
spect toa, Bs, Bm, 0, p, A, 15, @andn, at each point.

The best fit tov, < », oscillations, ymy, = 65.2/
67 DOF, was obtained atsin’20 = 1.0,Am? = 2.2 X
1073 eV?) inside the physical regiofd = sir?26 = 1).
The best-fit values of the Monte Carlo parameters (sum-
marized in Table II) were all within their expected errors.
The global minimum occurred slightly outside of the physi-
cal region at (sih26 = 1.05,Am?> = 2.2 X 1073 eV?,
X = 64.8/67 DOF). The contours of the 68%, 90%,
and 99% confidence intervals are Iocatedyétn + 2.6,
5.0, and 9.6 based on the minimum inside the physical re-
gion [21]. Thee contours are shown in Fig. 2. The region
neary? minimum is rather flat and has many local minima
so that inside the 68% interval the bestitn® is not

Ey is an arbitrary reference energy (taken to be 2 GeV)well-constrained. Outside of the 99% allowed region the
15 (n,) is the up-down uncertainty of the event rate in y? increases rapidly. We obtainegd® = 135/69 DOF,

the sub-GeV (multi-GeV) energy rang¥pc is the total
number of Monte Carlo PC events; ang, is the total

number of Monte Carlo FC multi-GeV muons. The factor

when calculated at si2§ = 0, Am? = 0 (i.e., assuming
no oscillations).
For the test ofy, < v, oscillations, we obtained a

fen Weights an event accounting for the initial neutrinorelatively poor fit; X2 = 87.8/67 DOF, at (sir?26 =

fluxes (in the case of, < ».), oscillation parameters,
and L/E,. The meaning of the Monte Carlo fit para-
meters,a ande; = (B, B, 8, p, A, 15, ) and their as-
signed uncertaintiesr;, are summarized in Table Il. The
overall normalizationg, was allowed to vary freely. The
uncertainty in the Monte Carlé/E, ratio (A) was con-

0.93,Am? = 3.2 X 1073 eV?). The expected asymmetry
of the multi-GeV e-like events for the best-fitv, —
v, oscillation hypothesisA = 0.205, differs from the
measured asymmetryd = —0.036 = 0.067 = 0.02, by
3.4 standard deviations. We conclude that the— v,
hypothesis is not favored.

servatively estimated based on the uncertainty in an ab- The zenith angle distributions for the FC and PC samples
solute energy scale, uncertainty in neutrino-lepton angulagre shown in Fig. 3. The data are compared to the Monte
and energy correlations, and the uncertainty in productio€arlo expectation (no oscillations, hatched region) and the
height. The oscillation simulations used profiles of neu-best-fit expectation for,, < v, oscillations (bold line).

trino production heights calculated in Ref. [18], which ac- We also estimated the oscillation parameters consider-
count for the competing factors of production, propagationing the R measurement and the zenith angle shape sepa-
and decay of muons and mesons through the atmospherrately. The 90% confidence level allowed regions for each
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cally, final state leptons witlp ~ 100 MeV/¢ carry 65%
of the incoming neutrino energy increasing t85% at
p = 1 GeV/c. The neutrino flight distancd. is esti-
mated following Ref. [18] using the estimated neutrino
energy and the reconstructed lepton direction and flavor.
Figure 4 shows the ratio of FC data to Monte Carlo for
e-like and u-like events withp > 400 MeV as a func-
tion of L/E,, compared to the expectation fof, — v,
oscillations with our best-fit parameters. Thdike data
' show no significant variation ii./E,, while the u-like
Super-Kamiokande —>.* events show a significant deficit at larg¢E,. At large

7 L/E,, the v, have presumably undergone numerous os-

Kamiokande

10 e 68% cillations and have averaged out to roughly half the
E — 90% o
Co 999 initial rate. . .
The asymmetry of thee-like events in the present data
4 | | | | | is consistent with expectations without neutrino oscilla-
L T T T tions and two-flavow, < », oscillations are not favored.

sin®20 ' This is in agreement with recent results from the CHOOZ
FIG. 2. The 68%, 90%, and 99% confidence intervals areexperiment [22]. _The LSND experiment has reported the
shown for siR26 and Am? for v, < v, two-neutrino oscil- appearance of, in a beam ofv, produced by stopped
lations based on 33.0 kton yr of Super-Kamiokande data. Th@ions [23]. The LSND results do not contradict the
90% confidence interval obtained by the Kamiokande experipresent results if they are observing small mixing angles.
ment is also shown. With the best-fit parameters for, < v, oscillations, we
expect a total of only 15—-20 events from charged-
case overlapped at X 107% < Am? < 4 X 1073 eV?  current interactions in the data sample. Using the current
for sif 20 = 1. sample, oscillations between, andv, are indistinguish-
As a cross-check of the above analyses, we have reble from oscillations between, and a noninteracting
constructed the best estimate of the ratioE, for each  sterile neutrino.
event. The neutrino energy is estimated by applying a Figure 2 shows the Super-Kamiokande results overlaid
correction to the final state lepton momentum. Typi-with the allowed region obtained by the Kamiokande

sub-GeV multi—7(53eV

250 - 250 - 50
e-like e-like e-like e-like

200 } P<04GeVic 4 200} P>04GeVic _ 40 P<25Gevie A 60 | P>25GeVic 4

150 4 4 150} 1 30 A7 1 45} 1
e e m@; B U‘ﬁ ol s et
50 | { sof 4 1of . 15!zum $

0 1 Il 1 i 0 ' 1 L I 0 1 L 1 1 [} . L I I

200 - 300 - 100 - 125 - -
p-like p-like p-like Partially Contained

160 } p< 0.4 GeV/c 4 240F P> 0.4 GeV/c R 80} 4 100} %_ ]
120f s i T | e} 7z ] 5t oo E

//é[
8o F 120} 1 o} * | ] & ’

4w} { eof { 2} { 2sf .

o A (] 1 ' o IS 1 1 1 L i 1 1 Nl 1 1 1
-1 -06 -02 02 06 1 -1 -06 -02 02 06 1 0—1 06 02 02 06 1 0-! 06 02 02 08 1
c0se cose cose® €ose

FIG. 3. Zenith angle distributions gf-like and e-like events for sub-GeV and multi-GeV data sets. Upward-going particles
have co® < 0 and downward-going particles have &s> 0. Sub-GeV data are shown separately fox< 400 MeV/c and

p > 400 MeV/c. Multi-GeV e-like distributions are shown fgp < 2.5 andp > 2.5 GeV/c and the multi-GeVu-like are shown
separately for FC and PC events. The hatched region shows the Monte Carlo expectation for no oscillations normalized to the data
live time with statistical errors. The bold line is the best-fit expectation/fpr= », oscillations with the overall flux normalization

fitted as a free parameter.
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