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A 2.1 ktonyr exposure of data from the Irvine-Michigan-Brookhaven detector has yielded 72
atmospheric neutrino events with a vertex contained inside the fiducial volume and at least 0.95 GeV
of visible Cerenkov energy. The ratio of these two ratigBionike), . /(muenlike) « was found
to be 1.170%(sta = 0.11(sysh. The zenith angle dependence of this ratio of ratios is consistent
with being flat. The region of sf20) > 0.5 and §m? > 9.8 X 107° eV?* has been excluded
to the 90% confidence level for, — v, oscillations while the region of steg) > 0.7 and
om? > 1.5 X 1072 eV* has been excluded to the 90% confidence level ifpr— v, oscillations.

[S0031-9007(97)03604-1]

PACS numbers: 14.60.Pq, 96.40.Tv

Cosmic ray interactions in the upper atmosphere protrino events with visibl€erenkov energy above 0.95 GeV
duce a large flux of pions and, to a lesser extent, kaonand examine the possibility of a zenith angle dependence.
which subsequently produce muon and electron neutrinos. The IMB detector was an 8 kton wat€erenkov detec-
These neutrinos have been observed in underground deteor located in the Morton Salt Mine in Cleveland, Ohio,
tors with the number and distribution of electronlike andat a depth of 600 meters, which is 1570 meters of water
muonlike interactions used to search for neutrino oscillaequivalent. The detector was originally built to look for
tions. Itis convenient to use a ratio of the neutrino flavorsproton decay and ran from the summer of 1982 to 30 March
since the absolute flux errors cancel to a large extent. Th&991. It consisted of an 18 m by 17 m by 22.5 m tank of
data can be compared to the Monte Carlo prediction as purified water surrounded on all sides by 2048 photomul-

ratio of ratios, tiplier tubes (PMTs) spaced approximately 1 meter apart.
(muonlike)D In this analysis, data from IMB-3 is used, which had 20 cm

f= #@m (1) PMTs with 60 cm by 60 cm wave shifter plates attached.

(Tomr IMc Exact details of the construction, calibration, and operation

which will be equal to one if the data agrees with the pre-of the detector may be found elsewhere [7].

diction. The Irvine-Michigan-Brookhaven (IMB) Detec-  Originally a cut was applied to all events which had
tor first saw a lower than expected fraction of muonlikemore than 900 PMT hits. This was compatible with the
events in 1986 [1]. Since then, several experiments haveriginal goal of the detector, which was to observe proton
reported values of below one [2]. More recently, the decay, since it removed very high energy events and it kept
IMB detector, the Kamiokande detector, and the Soudan the amount of archived data to a level feasible for existing
detector have reportetl = 0.71 + 0.04 + 0.08 [3], f =  storage media. Unfortunately, it also removed the high-
0.80 = 0.04 = 0.02 [4], and f = 0.8170% + 0.04 [5], est energy neutrino events. Higher density data storage
respectively. In contrast, the Fréjus experiment has redevices eventually became available and so the 900 tube
portedf = 1.0 £ 0.06 [6]. The Kamiokande group has cut was removed on 28 February 1990. For this reason,
examined their neutrino sample at high energy and reporteahly data collected from then until 30 March 1991, when
a zenith angle dependenceftpd]. We present new results the detector shut down, is used in this analysis. There
in this paper based on a sample of high energy IMB neuwere 236 live days in this period. The fiducial volume
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of the detector is defined to be 2.0 m in from the PMTsame data reduction routines and then visually scanned
plane which yields a sensitive mass of 3.3 kton, giving aand hand fitted. Based on this, the efficiency of the
total exposure for the sample of 2.1 ktonyr. Any eventwhole data reduction process for events inside the fiducial
with a vertex inside the fiducial volume is said to be con-volume and with more than 1000 PES of visiklerenkov
tained even if some or all of the particles exit the detectorenergy was calculated 8s79 = 0.02. This breaks down

All events were passed through data reduction routineas 0.79 = 0.05 for », + v, charged currents().79 =
designed to remove events with less than 1000 photoele©-03 for 7, + v, charged currents, ar@80 + 0.08 for
trons (PES) of visibleCerenkov energy and events with neutral currents. 61% of the Monte Carlo events had
entering tracks. A total of 22192 events out of roughly multiple tracks, while the rest had only a single visible
55 X 10° survived these routines. The 22 192 events werdrack. The contribution due to neutral currents in the final
then visually scanned with a custom graphics display packMonte Carlo sample is 9%.
age. This scanning removed events with entering tracks Events were identified as being electronlike or muonlike
missed by the data reduction routines. Each event walsased on a likelihood functiod. This function was
scanned by two different people. To estimate the efcalculated by taking the product afdifferent factorsp;,
ficiency of the scanning process, Monte Carlo neutrincas shown in Eq. (2). Each factor is a ratio of distributions
events were randomly placed in the sample of real eventaf the measured property; based on Monte Carlo and
From this, the overall efficiency of the visual scanning wascosmic ray events. Some of the properties included were
calculated to be.98 + 0.02 for events with an interac- the length of the track, théE /dx profile, the fraction of
tion vertex inside the fiducial volume. The efficiency waslight outside theCerenkov cone, and the probability that
0.98 * 0.02 for », + v, and0.99 = 0.02 for », + 7,. a muon decay was observed [10]. Different likelihood
The initial scanning left 83 events, 72 of which were fit functions were used for single and multiple track events
with a vertex inside the fiducial volume of the detector.since some of the properties were not applicable to multiple
Out of these, 41 had multiple tracks while the other 31 hadrack events:
only a single visible track. n

Monte Carlo events corresponding to a 29.1 kton yr ex- L= l_[ Pi(x;). 2)
posure were generated in the total volume of the detec- i=1

tor. Both charged and neutral current interactions were A total of 47 data events were identified as muonlike
generated fow,, v,, 7,, andv, events. Only 17% of while 25 were identified as electronlike. In the Monte
these events had more than 1000 PES of visitdeenkov  Carlo sample a total of 57% of the events were identified
energy. The atmospheric neutrino fluxes for the simulags muonlike while the rest were identified as electronlike.
tion were based on a table by Agravetlal. [8] extend-  The accuracy of the single track likelihood function
ing from 0.8 to 100 GeV. As a comparison, the fluxeswas calculated a$.90 + 0.03, while the accuracy of
calculated by Hondat al. [9] were also used, with the re- the multiple track likelihood function was calculated as
sults presented in Table 1. The median neutrino energy fop.78 + 0.04. The combined accuracy for all events was
all the generated events was 1.6 GeV. The median newglculated a.85 + 0.03.

trino energy for events surviving all cuts was 4.0 GeV. For A number of systematic errors for the rati, + v,)/
neutrino-nucleon interactions a model was used which in(,—,e + »,) have been estimated for this analysis. The un-
cluded quasielastic scattering and single and multiple piogertainty due to the atmospheric fluxes in the energy range
production. This model successfully reproduces the feaof this analysis is 5% [11]. The uncertainty due to the
tures of the neutrino events observed in IMB [1]. Trackingdata reduction process based on the Monte Carlo sample
of particles through the detector was accomplished with gyas estimated as less than 1%. The uncertainty due to the
custom simulation package, except for hadronic interacmultiple pion production cross section was estimated as
tions which were handled b5LUKA. 5%, and the uncertainty due to the flavor misidentification

The Monte Carlo events, once generated, were treategk the events was estimated as 8%. Adding all these errors
the same as the data events. They were passed through {Aequadrature gives a total systematic error of 10%.

Using Eg. (1), the ratio of ratios is
TABLE I. A summary of the data and Monte Carlo events
showing the number of electron and muonlike events. The f = 1159 (stay + 0.11(sysh. 3
column BGS refers to Monte Carlo events generated with the
fluxes from [8], while the HKKM column refers to events Tpjg gitfers from the previous value of 0.71 obtained by the
generated with the fluxes from [9]. . . . ’
contained event analysis by IMB [3]. It is worth noting,

Data BGS HKKM  however, that this value is not inconsistent with the high-
Electronlike o5 31.2 o9  est momentun(=1200 MeV/c) events from that analy-
Muonlike 47 41.9 40.4  Sis which gives a value closer to 0.9. Figure 1 shows

the zenith angle distribution gf. Also shown are results

Total 2 31 %98 from Kamiokande [4]. Ax? test was used to check for
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FIG. 1. The zenith anglécos¢) distribution of the ratio of FIG. 2. The zenith angle distribution for electronlike (a) and
ratios (mulglt‘;ike)Dma/(mutg:;ke)MC' The filled circles are from Muonlike (b) events for the data (filled circles) and the Monte

this analysis while the open squares are taken from Kamiokandg@rlo (histogram).

[4]. Upward going events are on the left side, and the error bars

are statistical only. limits. Results from Kamiokande [4] are also shown. lItis
] ) ... worthwhile to note that this analysis differs from previous

and fthe angular distributi_on from this analysis. The Uncerseparating out fully and partially contained events [4], or
tainties of the two experiments were added in quadratureyp, rejecting multiple ring events [2].

These probabilities are based on statistical uncertainties yye wish to thank Morton International, Inc. for hosting
only. The probability that this result is a statistical fluctua-p;g experiment in their Fairport mine, and T. Stanev
tion of the Kamiokande angular distribution is 5%. Based
on shape alone, the probability is 23%. Figure 2 shows
the zenith angle distribution for electronlike and muonlike Vp = Ve Vp = Vr
events for the data and the Monte Carlo showing the over- 1 ! :
all agreement between the two.

This result excludes some of the parameter space for
neutrino oscillations o, — v,. The probability for this
oscillation is given as

T T T 1777
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Py, = Si(26) siﬁ<m>,
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where 6 is the mixing angle between the statésy? is
the difference of the squared neutrino masdess the _2
distance from the neutrino creation point (km), afg

is the energy of the neutrino (GeV). For underground
detectors, the distand® varies from roughly the height
of the atmosphere (10 km) to the diameter of the earth N
(13000 km). Our results are not of sufficient accuracy to

; ; : Mot o5 PN R N
decide for or against neutrino oscillations but have been 1005 04 06 08 1 'C02 04 06 08 1

used to exclude regions of the parameter spaces, for sin?(26) sin?(26)

v, andv, — v, to the 90% confidence level. Fef, —

v, the excluded region is sit2) > 0.5 and ém?> >  FIG. 3. The parameter space regions fgr— v, andv, —

9.8 X 103 eV2. while for ». — . the excluded region ’r oscﬂlaporys excluded to the 90%. confidence Ievel. by this
is sirt(20) > 0& dSm? >"1 5 ><T 10-2 eV2. Fi 3 work (solid lines). The allowed regions for the Kamiokande
IS SI ) -/ andom o ev-. Figure _multi-GeV (dashed lines) and sub-GeV (dotted lines) sets [4]
shows the two excluded regions. The shape of the zenithre also indicated. The sub-GeV set is similar to earlier IMB

angular distribution of was not used in determining these sub-GeV results.
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