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Results onv, — v, Neutrino Oscillations from the LSND Experiment
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A search forv, — », oscillations has been conducted with the LSND apparatus usjnigom 7 *
decay in flight. Two analyses observe a total of 40 beam-on high-energy (60—200 MeV) electron events
consistent with thes, C — ¢~ X inclusive reaction. This number is significantly above 2hed + 2.1
events expected from the, contamination in the beam and the beam-off background. If interpreted
as an oscillation signal, the observed oscillation probability2af + 1.0 = 0.5) X 1073 is consistent
with the previously reporte@, — 7. oscillation evidence from LSND. [S0031-9007(98)06970-1]

PACS numbers: 14.60.Pq, 13.15.+g

In this Letter we describe the results of a search fowhile the flux fromu™ — ¢* v, 7, DIF is suppressed by
v, — v, oscillations using av, flux from 7+ decay the longeru lifetime and the kinematics of the three-body
in flight (DIF). The data were taken with the Liquid decay. The neutrino flux calculations are described in de-
Scintillator Neutrino Detector (LSND) at the Los Alamos tail in Ref. [2] and yield a systematic error of 15% for the
Meson Physics Facility (LAMPF). The result of a searchv, DIF flux, confirmed by our measurement of the well
for 7, — 7, oscillations, using @&, flux from u* decay understoodr, '2C — p~ >N, exclusive reaction [3].
at rest (DAR), has already been reported in Ref. [1],The data discussed here correspond to 14 772 Coulombs
where an excess of events was interpreted as evidence fof protons on target (POT) during the years 1993 (1787
neutrino oscillations. The analysis presented here uses@), 1994 (5904 C), and 1995 (7081 C). The beam duty
different component of the neutrino beam, a differentfactor—defined as the ratio of data collected with beam
detection process, and has different backgrounds anmh to that with beam off—has a weighted average of 0.07.
systematics from the previous DAR result, providing a The LSND apparatus [4], consists of a steel tank filled
consistency check on the existence of neutrino oscillationavith 167 metric tons of liquid scintillator and viewed

The primary source of DIFy, for this experiment by 1220 uniformly space®’ Hamamatsu photomultiplier
is the A6 water target of the LAMPF 800 MeV proton tubes (PMT). The scintillator medium consists of mineral
linear accelerator. Approximately 3.4% of the®™  oil (CH,) with a small admixture (0.031/¢) of butyl-
produced in the 30-cm-long target decay in flight beforePBD. This allows the detection of botGerenkov and
reaching the water-cooled copper beam stop, situatedotropic scintillation light, so that the on-line reconstruc-
1.5 m downstream. The generated flux is illustrated  tion software provides robust particle identification (PID)
in Fig. 1(a), as calculated at the center of the detector, 3fbr electrons, along with the event vertex and direction.
m away from the beam stop. Two upstream thin carboThe electronics and data acquisition (DAQ) systems were
targets, Al and A2, located at 135 and 110 m from thedesigned to detect and record related events separated in
detector center, respectively, provide additional small contime. Despite 2.0 k¢cn? shielding above the detector
tributions to thev, flux—also shown in Fig. 1(a). The tunnel, there remains a large background to the oscillation
main beam-related backgrounds (BRB) to thg — v,  search due to cosmic rays. This background is highly sup-
search come from the intrinsig, component of the beam, pressed by a veto shield [5], which provides both passive
shown in Figs. 1(b) and 1(c). The flux from* — ¢*v,  and active shielding. The veto system is viewed by 292
DIF is suppressed by the branching ratioldf3 X 1074,  uniformly spaced” EMI PMTs.

1774 0031-900798/81(9)/1774(4)$15.00 © 1998 The American Physical Society



VOLUME 81, NUMBER 9 PHYSICAL REVIEW LETTERS 31 AGusT 1998

eliminate cosmic-ray muons not vetoed by the DAQ.
These cuts have an overall efficiency 624 = 2.7)%
for electrons in the DIF energy range.

The event reconstruction and PID techniques used in the
DIF analysis were developed to utilize fully the capabilities
of the LSND apparatus. The basis for the reconstruction

0 _F " - 'y, (DIF) is a simple single track event model, parametrized by the
0oF I track starting position and time, direction, and energy. For
0 50 100 150 200 250 300 any given event, the expected photon intensities and arrival

v, energy (MeV) times are calculated from these parameters at all PMTs. A

likelihood function that relates th@easured®MT charge

and time values to theredictedvalues is used to determine
the best possible event parameters and also provides PID.
Two analyses were performed, sharing basic goals, but
differing in approach and parametrizations [8].

The essential goal of both analyses is to select events
consistent with DIF candidate electrons, while eliminat-
ing remaining backgrounds from cosmic-ray interactions,
including neutrons and photons. The electron identifi-
cation relies primarily on the differences in the timing
FIG. 1. Calculated’, andv, DIF fluxes at the detector center characteristics of the components of light produced in the
I;?mettsh? dﬁsGhtea(;gheitstE)SO“d histograms) and from the A1A2  eyent: scintillation light, andCerenkov light, both direct

9 grams). and rescattered—Figs. 2(a) and 2(b). Furthermore, the

event likelihood fitting returns also the fraction of direct

A GEANT-based Monte Carlo (MC) is employed to Cerenk® light in the event, which provides excellent re-
simulate interactions in the LSND tank and the responsgction against neutrons—Fig. 2(c).
of the detector system. The electron simulation is cali- High energyy rays, from 7° produced by neutron
brated below 52.8 MeV using Michel electrons from theinteractions in the lead shielding of the veto system, enter
decay of stopped cosmic-ray muons and then extrapolatdtie detector fiducial volume without leaving a veto signal.
into the DIF energy range. The MC data set used to calThe charged particles resulting from their interactions in
culate electron selection efficiencies in the DIF analysidhe liquid point predominantly into the detector volume
(DIF-MC) uses the calculated, flux, 100% », — v,  and are difficult to distinguish from electrons from the
transmutation, and the, C — ¢~ X cross section calcu- v»,C — e~ X reaction on the basis of electron PID alone.
lated in the CRPA model [6,7]. The backwards projected track length to the edge of

Candidate events far, — v, oscillation from the DIF  the detector volumeS is used to remove these events,
v, flux consist of a single, isolated electron (from theconcentrated at low values 6f—Fig. 2(d). Events with
v, C — ¢~ X reaction) in the energy range 60—200 MeV.any veto hits in time with the event, and along the
The lower limit is chosen to be well above the end point ofbackward extrapolation of the track, are also rejected.
the Michel electron spectrum (52.8 MeV) to avoid back- Finally, the electron events in the final DIF sample
grounds induced by cosmic-ray muons and beam-relategke required to have cdéds < 0.8, where 6, is the
v, andv, events. The upper limit of 200 MeV is the en- angle between the reconstructed direction and the incident
ergy above which the beam-off background rates increasaeutrino beam. This greatly reduces the BRB from the
and the expected signal becomes much attenuated. Therward-peakedv, e elastic scattering, while retaining a
analysis relies solely on electron PID in an energy regiménigh efficiency for the DIF signal.
for which no control sample is available. After applying all of the respective selection criteria,

A preliminary selection was made to arrive at an ini- both analyses obtain a significant and consistent beam-
tial data sample. The electron PID parameters used irelated event excess. One analysis ends up with 23 beam-
the DAR analysis [1] retain high efficiency (98:1.7)%, on events and 114 beam-off events (8.0 rescaled for the
but have limited background rejection in the DIF energyduty factor), which corresponds to 15.0 excess events.
range. New PID parameters developed for this analysi¥he other analysis ends up with 25 beam-on events and
are used in the final event selection as described belov®2 beam-off events (6.4 rescaled), which corresponds to
To reduce the cosmic-ray muon related background sewt8.6 excess events. Their efficiencies are 8.4% and 13.8%,
eral cuts are made. First the veto shield is required teespectively, calculated for thé > 0 fiducial volume.
have less than four active PMTs. Second, the events must As already mentioned, the main BRBs in the DIF os-
be reconstructed within thé > 35 cm fiducial volume. cillation search come from the intrinsig, contamina-
Finally, space-time and multiplicity correlations betweention in the beam. These backgrounds are calculated using
the current event and its past/future neighboring eventthe beam MC neutrino fluxes and theC cross section

1775

0 200 400 600 0 200 400 600
v, energy (MeV) v, energy (MeV)



VOLUME 81, NUMBER 9 PHYSICAL REVIEW LETTERS 31 AGusT 1998

g 1200 | 21000 ¢ _ the two samples need not necessarily be identical. Both
£ 4000 - @ e 20 i (6) the logical AND and OR of the two samples have been

extensively studied in MC simulations and the results
are consistent with the expectations. For the final DIF
sample we elect to use the logicaR of the events.

This minimizes the sensitivity of the measurement to
uncertainties in the efficiency calculations, is less sensitive
to statistical fluctuations, and yields a larger efficiency.
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3000 F b 6o Fladse oscillation probability is given by
2000 [ 0 7:: .

1000 ¢ 05 T B P = si’ 26 sin2<1.27Am2—>, (1)
0 200 400 600 800 v
p s (cm)

FIG, 2. Timing likelihoods for (a) the entire event and (b) whered is the mixing angleAm® (eV?/c") is the d|f_fer-
the Cerenkov region only. (cerenkov-to-scintillation density €MC€ of the squares of the masses of the approprlate_ mass
ratio p. (d) Projected track-length to the tank wall intersection. eigenstates, (m) is the distance from neutrino production
(@)—(c) correspond to all (beam oh off) DIF data after the to detection, and:, (MeV) is the neutrino energy. Since
preselection and (d) after all other cuts have been applied. Alhe distance to the source is ambiguous because of the
5 aahec) contespand 10 e DIF Miresence of multple beam targets (AL A2, and A6), the
energy distribution alone is used to determine the confi-
dence levels (C.L.) in thésin? 20, Am?) parameter space.
Figure 3 shows the 95% C.L. contours that result from
calculated in the CRPA model. Theg,e elastic scatter- the fit. This result is consistent with the previous LSND
ing background from thes,, DIF flux is greatly reduced DAR result [1], shown superimposed in Fig. 3. The os-
by requiring co®, < 0.8. The last relevant background, cillation probability is(2.6 + 1.0 = 0.5) X 1073, where
m* — u*v, DIF followed by »,C — v,Cm" coherent the second error is systematic, as described below.
scattering, is calculated using the cross section in Ref. [9]. The neutrino cross sections and fluxes constitute the
Backgrounds from the,C — ™ X reaction are negligi- largest source of systematic uncertainty for the DIF
ble. The four relevant BRBs are summarized in Table lanalysis, estimated to be 10% and 15%, respectively.
The total BRBs calculated for the two analyses yield 4.5The error on the electron PID is 12% and thus the total
and 8.5 events, respectively, which thus leaves a significarslystematic error for this analysis is 22%. Although our
excess of events (10.5 and 10.1 events, respectively) abomeeasurement of,C scattering using the DARy, flux
the expectation from conventional processes. The prolagrees well with calculations [10], our measurement of the
abilities that the number of expected background eventsiclusive v, C cross section [3] is 45% below the CRPA
(12.5/14.9) fluctuate up to the observed beam-on numbersalculation [7]. Thew, flux in the »,C measurement
(23/25) are0.7 X 1072 and1.6 X 1072, respectively. is the same as for this DIF oscillation analysis, and it is
Since both analyses have low efficiencies, differenpossible that the,C cross section at these higher energies
reconstruction software, and different selection criteriaalso is below the CRPA calculation. The total number of

TABLE I. Background estimates for the, — v, oscillation search for the/ > 0 fiducial volume,9.2 X 10?2 POT, and for
electron energies between 60 and 200 MeV. These numbers are illustrative for an electron selection efficiency of 0.10, independent
of energy. The actual efficiencies in the two analyses are slightly different and energy dependent.

Process Flux (cm 2POT 1) (a), (1074 cm?) Eff. (%) Number of events
v,C — e~ X(u DIF) 3.8 X 1071 28.3 10.0 3.8
v,C — e~ X(7 DIF) 8.3 x 1071 79.2 10.0 1.6
v,C — v,Crm° 6.5 X 107! 1.6 6.0 0.3
vue — vye 6.5 X 1071 0.00136 0.5 0.1
Total background 5.8
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TABLE Il. Comparison of results for the two analyses (labeled here as A and B), their logicaland or. All errors are
statistical. BUB= beam-unrelated background.
Data set Beam on/off BUB BRB Excess Eff. (%) Osc. Prob(x107%)
A 23/114 8.0 = 0.7 45 *=09 10.5 £ 4.9 8.4 29 £ 14
B 25/92 6.4 = 0.7 85 £ 1.7 10.1 £5.3 13.8 1.7 =09
AND 8/31 22 +03 3.1 £0.6 27 %29 5.5 1.1 +12
OR 40/175 123 £ 0.9 9.6 19 18.1 £ 6.6 16.5 26 £ 1.0
beam-excess eventSxcs, is in average given by go @, to vary between 22% above to 45% below the
calculated value. Only a symmetrical 22% systematic
Nxcs = e 0 (Py, Py,—y, + D), (2)  erroris used in the oscillation probability.

We have described a search farC — ¢~ X interac-
tions for electron energie60 < E, < 200 MeV. Two
different analyses observe a number of beam-on events
significantly above the expected number from the sum
of conventional beam-related processes and cosmic-ray

wheree is the PID efficiencyg is the v,C cross section,
and®, ,,, are thev,/v, fluxes. The oscillation signal
is proportional to the same product ¢ ®,,) as the
neutrino background, sincé,, is proportional to®, .

The effect oflowering the producte o ®,, is to reduce -
the predicted BRB, which raises the observed oscillatior‘beam'Off) events. The probability that t124.9 + 2.1

signal. This effect can be seen more clearly if one extractgsumated backgrgl;nd events fluctuate into 40 obgerved
the oscillation probability?, ., from Eq. (2) above: events isl.1 X 107°. The excess events are consistent

with »,, — v, oscillations with an oscillation probability
Nxcs _ Py, Nxcs of (2.6 = 1.0 = 0.5) x 1073, Afitto the energy distribu-
= const. (3) . . . o

ecd,, D, eoc®, tion events, assuming neutrino oscillations as the source of
o _ o v,, yields the allowed region in thgir’ 26, Am?) parame-
Only by raising the producte o @,, is the oscillation o space shown in Fig. 3, consistent with the allowed re-
signal decreased. However, the Fermi gas mod€l  giqn from the DAR search reported earlier by LSND. This
cross section, which is only 10% higher than the CRPAVM — v, DIF oscillation search has completely differ-
prediction, yields a strict upper bound for the CrosSgnt packgrounds and systematic errors fromithe— 7,
section, as we discuss in Ref. [8]. In order to calculateyar oscillation search and provides additional evidence
conservative confidence regions, we allow the value ofnat poth effects are due to neutrino oscillations.
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