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A search for;M—Je oscillations was conducted by the Liquid Scintillator Neutrino Detector at the Los
Alamos Neutron Science Center usiEg from w* decay at rest. A total excess of 8%.92.4+ 6.0 events
consistent withv,p— e* n scattering was observed above the expected background. This excess corresponds to
an oscillation probability of (0.2640.067+0.045)%, which is consistent with an earlier analysis. In conjunc-
tion with other known limits on neutrino oscillations, the LSND data suggest that neutrino oscillations occur in
the 0.2—-10 e¥/c* Am? range, indicating a neutrino mass greater than 0.4c&V/
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. INTRODUCTION squaredm?—m2, in eV?/c*, L, is the distance traveled by

. duced | K d is al ¢ the neutrino in meters, arid, the neutrino energy in MeV.
A neutrino produced in a weak decay is always from a A gearch for neutrino oscillations requires knowledge of

specific family, ve, v, or v,, that is directly associated o o\ 4ring source, both with respect to the flavor composi-

with t.he gharged Iept(_)n accompanying the decay. W_hen th!ﬁ‘on and energy spectrum of the source. There are two types
neutrino is detected in a charged-current reaction, it mani-

fests its identity by transforming into the antiparticle of the of seatrcdhes. 'Lhe f'][sctj steetksd to oltt)§erve ? reduct,}gn f||n the
charged lepton that accompanied its creation. Lepton famil >;]pec ed num ehr 0 de ected neu rln_oi opa sbpeq IC iavor.
number is then conserved. However, the result is different ilcharacterizing the reduction @(aa)=1-P(ab), it can

the neutrino changes from one family to another. For exihen be explained in terms of neutrino oscillations. Such
ample, if av, changes to a,, then au* is made at the searches are termelisappearancexperiments. The second
L ‘U, L

neutrino’s creation and a@~ created at its demise, in clear Method looks for a greater than expected number of events
violation of lepton family number. Such neutrino oscillations scribed to a neutrino flavor that is either absent or very
are viewed as possible, or even likely, as the flavor eigenweakly produced at the neutrino source. These searches are
states ¢, v,, v,) need not be neutrino mass eigenstategeferred to asappearancemeasurements. The results of the
(v, vy, v3). If the neutrino flavor eigenstates are a linearsearch reported in this paper are of the latter kind. It reports
combination of the mass eigenstates, the neutrino flavor mugth excess of events ascribed to electron antineutrinos that is
change with time because the phases of the mass eigenstagggproximately five times greater than the number of such
evolve at different rates. In the case of two flavor eigenstatesvents believed to be created at the neutrino source.
(va, vp), the probability thaw, will turn into vy, is given by Neutrinos are assumed to be massless in the standard
model, so the observation of neutrino oscillations would re-
quire an extension of the current version. In addition, as
there are~100 neutrinos per ciof each neutrino family
left over from the initial expansion of the universe, neutrino
whered is the mixing angle between the mass eigenstates masses of even a few ed# would have a significant effect
andv,, Am? is the difference in neutrino eigenstate masse®n the evolving structure of the universe.
The source of neutrinos for the measurement in this report
is the interaction of the intense-(1 mA) 798 MeV proton
*Present address: New Brunswick Laboratory, Argonne, ILbeam atthe Los Alamos Neutron Science Ce(t&NSCE),
60439. which produces a large number of pions, mostly. The 7~
"Present address: University of Alabama, Tuscaloosa, AL 35487are mainly absorbed and only a small fraction decay tq
*Present address: Indiana University, Bloomington, IN 47405. which in turn are largely captured. Thus, the resulting neu-

|:'(ab)=sin2(2¢9)sin2(1.27Amzﬁ , (1.1
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FIG. 1. The layout of the LSND detector and the A6 beam stop area.

trino source is dominantly due ter"—u*v, and u* Il. NEUTRINO BEAM, DETECTOR, AND DATA

"

—e’ Ve;u decays, most of which decay at réB¥AR). Such COLLECTION

a source has a paucity of,, and so measurement of the A. Proton beam and targets
reactionvep— e n, which has a large and well known cross  The LSND experimen{9] was designed to search for
section, provides a sensitive way to searchifpi- v, oscil- 5, .3 oscillations fromu ™ DAR with high sensitivity. A

e and the 2.2 MeVy fr+om the reactiomp—dy. In addi- | ANSCE accelerator is an intense source of low energy neu-
tion, the ve flux from 7~ and ™ decay-in-flight(DIF) is  tinos produced with a proton current of 1 mA at 798 MeV
very small, which allows a search fof, — v, oscillations via  \inetic energy. For the 1993-1995 running period the pro-
the measurement of electrons above the Michel electron en%’uction target consisted of a 30 cm long water tatgétcm
point from the reactioneC—e"N. in 1993 followed by a water-cooled Cu beam dump, while

The Liquid Scintillation Neutrino DetectofLSND) ex- for the 1996—1998 runnin . .
: . - g period the production target was
periment took data over six calendar yedi993-1998 reconfigured with the water target replaced by a close-

During this period the LANSCE accelerator operated for 17 o4 high-Z target. The muon DAR neutrino flux with the
months, delivering 28896 C of protons on the productionp > 19 ge

; > : : latter configuration was only 2/3 of the neutrino flux with the
target. Using partial samples of the resulting data, evidencgqina| water target, while the pion DIF neutrino flux was

for neutrino oscillations has been published  previouslyqq ceq 1o 1/2 of the original flux. The resulting DAR neu-
[1-3]. This report presents the final results on oscillationsyiy fiuxes are well understood because almost all detectable
using all the data, combining the,—ve and v,—ve  neutrinos arise fromr* or u* decay;w~ and ™~ that stop
searches into a single analysis with common selection critegre readily captured in the Fe of the shielding and Cu of the
ria, and employing a new event reconstruction that greatlyeam sto10]. The production of kaons or heavier mesons

improves the spatial resolution. An excess of events consi§é negligible at these proton energies. Tﬁ.eflux is calcu-

tent with neutrino oscillations is observed which requires —

8% 10~ i
that at least one neutrino have a mass greater thafiied to be only~8x10"" as large as the, flux in the

0.4 eVic2. 20<E,<52.8 MeV energy range, so that the observation of
Neutrino oscillations have also been employed to explair® ve €vent rate significantly above the calculated background
the observed deficit of solar neutriné] and the atmo- would be evidence for,— v, oscillations.
spheric neutrino anomaljs] by v, and v, disappearance, For the first three years of data taking, thin carbon targets
respectively. The Super Kamiokande atmospheric re§@ilts were in place in positions A1 and A2 at the experimental area
favor v,— v, and provide compelling evidence for neutrino of the LANSCE accelerator, but dominant pion production
oscillations. It is difficult to explain the solar neutrino deficit, occurred at the A6 beam stop, which accountecd&8% of
the atmospheric neutrino anomaly, and the LSND excess ahe DAR neutrino flux and-95% of the DIF neutrino flux.
events with only three flavors of neutrinos, so that a fourth,The Al, A2, and A6 targets were approximately 135 m, 110
sterile neutrino has been proposed to explain all of the daten, and 30 m, respectively, from the center of the LSND
[7]. Neutrino oscillations between active and sterile neutri-detector. A6 was essentially the only source of neutrinos for
nos could have a significant effect on the R process in type Ilthe last three years of data taking. Note that in each case
supernovag¢8]. there was a small open space downstream of the primary
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FIG. 2. The layout of the A6
beam stop, as it was configured
for the 1993-1995 data taking.

Proton
Beam

[ #o
PLAN VIEW, NEUTRINO SOURCE [ Highz materia
targets where a few percent of the pions decay in flight, C. Production Monte Carlo

producingv,, up to an energy of 300 MeV. The neutrino flux  The production Monte CarlfL0] simulates the decays of
was calculated by a prografi0] using particle production pions and muons for each of the decay and absorption reac-
data for thin targets taken at a number of proton energies angbns described above and for each of the configurations
extrapolated to the actual geometry represented. Figure |&ted in Table I. Pion production data using a number of
shows the layout of the A6 beam stop as it was configurediifferent proton energies were input, as well as information
for the 1993-1995 data taking. Table | shows the protoron the target materials. The particles were tracked through
beam statistics for each of the six years of running from 1993he specified materials and geometries. For each configura-
through 1998. tion, the flux and energy spectrum of neutrinos from each
decay channel were obtained for 25 different positions within
B. Neutrino sources the detector. For DAR neutrinos the flux is isotropic. The
. . , accumulated charge of beam protons was used to obtain the
Neutrinos arise from both pion and muon decays. The )
pion decay modes arem’—ptv,, mt—e vy, numb_er of protons on target, and for each year of running the
= - Lk _ resulting fluxes and spectra from all configurations were
—u v,,andm —e ve. Them" decay occurs both with  5qded together, weighted by the accumulated beam charges.
the pion at rest97%) and in flight(3%). The ™, however,  The program gives fluxes in terms of the number of neutri-

only decays in flight as they are totally absorbed on nucle_’hOS traversing the detector region per proton on target per
when they stop. Helium represents an anomalous case it of area.

which 77~ decay occurs occasionally, but this effect is neg-
ligible in other nuclei[11]. Muon decay modes arg™*

—et v97M and u~—e ver,. Almost all u* stop before . .
decaying and produce a normal Michel spectrumifgand Figure 3 shows the_neutrmo energy spectra frgm the larg-
— est DAR sources. The,, flux from w" DAR provides the

v,. The u™ are produced followingr™ DIF and either de- _ > o .

Cay in Orbit or are absorbed in a nuc|eu5 througﬁN neutrinos fOI‘ thevl%—> Ve OSC|”at|On ana|y§IS. The’e ﬂUX
—v,X, whereE, <90 MeV. The absorption rates are taken from w" DAR provides events used to verify the DAR neu-
from [12] and are shown in Table Il. Each of these produc-trino fluxes, as discussed later in this paper. Théux from
tion processes has been included in the flux calculation dex™ DAR is a background to the oscillation signal with an
scribed below. energy spectrum similar to that ef from u™ decay.

D. Neutrino fluxes

TABLE |. The proton beam statistics for each of the years of running, 1993 through 1998.

Year CharggC) Protons (K 10%) A6 target Active targets
1993 1787 1.12 water Al, A2, A6
1994 5904 3.69 water Al, A2, A6
1995 7081 4.42 water Al, A2, A6
1996 3789 2.37 high-Z metal A6 & partial A2
1997 7181 4.48 high-Z metal A6 only
1998 3154 1.97 high-Z metal A6 only
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TABLE Il. The p~ absorption rates for materials in the target
area[12].

10%/cm?/MeV
S
Q
T

Material z wu~ Absorption rate fzs™1)
H 1 0.00042-0.00002
Be 4 0.0074-0.0005
C 6 0.0388-0.0005
O 8 0.1026-0.0006

Al 13 0.7054-0.0013 5 o

25 50 75 100 125 150 175 200 225 250

Fe 26 4.41%0.024 MeV
Cu 29 5.676:0.037
Zn 30 5.834:0.039
Mo 42 9.61+0.15
Ta 73 12.86:0.13
Pb 82 13.45%0.18
U 92 12.60:0.04

Figure 4 shows the neutrino energy spectra from various
DIF sources averaged over the detector. Theflux from ol ;
7" DIF provides neutrinos for the,— v, oscillation analy- 2 50 75 100 125 150 175 200 225 250
sis. Thev, flux from u™ and#" DIF is a background for the
DIF oscillation analysis. Thee™ DIF flux is suppressed due FIG. 4. The decay-in-flight neutrino fluxes averaged over the
to the long muon lifetime, while ther™ DIF flux is sup-  detector.
pressed due to the smal™ —e™ v, branching ratio of 1.2

X107%. ) ) the detector was 30 m from the A6 neutrino source. On the
Calculations ofu” DAR fluxes are uncertain at the 7% jngide surface of the tank, 1220 8-inch Hamamatsu photo-
Ievel,owhlleqr— DIF fluxes andu™ DAR fluxes are uncertain y,neq(PMTs) covered 25% of the area with photocathode.
to 15%[9]. Neutrino fluxes for different years are shown in 1,5 130y was filled with 167 metric tons of liquid scintillator
Table lil. consisting of mineral oil and 0.031 g/l of b-PBD. This low
scintillator concentration allows the detection of both
Cerenkov light and scintillation light and yields an attenua-
The LSND detectof9] consisted of an approximately cy- tion length of more than 20 m for wavelengths greater than
lindrical tank 8.3 m long by 5.7 m in diameter. The center 0f400 nm[13]. A typical 45 MeV electron created in the de-
tector produced a total of-1500 photoelectrons, of which
3 v, (+20) ~ 280 photoelectrons were in thee@nkov cone. PMT time
and pulse-height signals were used to reconstruct the track

6
= with an average rms position resolution fLl4 cm, an an-
4t / gular resolution of~12°, and an energy resolution of7%
3

2

E. Detector

7

102 /cm?/MeV
<l

at the Michel endpoint of 52.8 MeV. Thee@nkov cone for

E relativistic particles and the time distribution of the light,
which is broader for nonrelativistic particlg€8], gave excel-
lent separation between electrons and particles below

0 10 20 30 40 50 60 Cerenkov threshold.

-
T

Mev Cosmic rays were attenuated by roughly 2 kg#cai
s 42 ] overburden. The cosmic ray trigger rate was then reduced
% i ] from around 10 kHz to an acceptable level of roughly 50 Hz
S 35f Ve by an active veto shield. The veto shield enclosed the detec-
ﬁé 3k tor on all sides except the bottom, as shown in Fig. 1 by the
25t heavy black line surrounding the detector. The main veto
gl vg(xo00) shield[14] consisted of a 15 cm layer of liquid scintillator in
151 an external tank and 15 cm of lead shot in an internal tank.
o; ] Following the 1993 running, additional counters were placed
'0 4 over the crack between the endcap veto and the barrel region
0 0 20 30 40 50 Mego veto system, and below the veto shield along the sides. That

reduced cosmic-ray background entering through veto shield

FIG. 3. The decay-at-rest neutrino fluxes averaged over the degaps and the bottom support structure. The combination of
tector. active and passive shielding tagged cosmic-ray muons that
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TABLE Ill. Average neutrino fluxes in LSND. Both decay at réBYAR) and decay in fligh{DIF) are
shown inv/cn?. The v, andv, DIF fluxes are above: production threshold.

Source Type 1993-1995 Flux 1996-1998 Flux Total Flux
u' DAR v, and v, 7.38x10% 5.18x< 10'3 1.26x 10"
u~ DAR v, and, 5.96x 10 4.87x 101 1.08x 10
=" DIF v, 1.37x 10" 8.26x 10" 2.20< 10"
w~ DIF v, 1.45x 10 1.11x 104 2.56x 101
«* DIF Ve 5.56x 10° 5.01x 10° 1.06x 10°
wt DIF Ve 4.13x10° 2.44x10° 6.57x 10°

stopped in the lead shot. A veto inefficieneyl0 °> was times of 16 and 30 ms, respectively. A given primary event

achieved for incident charged particles. can have many associated past events and future events.
F. Data acquisition IIIl. NEUTRINO INTERACTIONS AND EVENT
Digitized time and pulse height of each of the 1220 de- SIMULATION

tector PMTs(and each of the 292 veto shield PMTsere
recorded when the deposited energy in the tank exceeded
threshold of 150 hit PMTs 4 MeV electron-equivalent o . .
energy with <4 veto PMT hits and with no event with5 "€ detector liquid. All four possible neutrinag,, ve, v,
veto PMT hits within the previous 15.2s. Activity in the ~ andv,, contribute to neutral-current processes over the en-
detector or veto shield during the 51,2s preceding a pri- tire energy range. Charged-current cross sections are signifi-
mary trigger was also recorded, provided there werk? Cantl_y affected by nuclear threshold effects. In the Case;pf
detector PMT hits o5 veto PMT hits. Data were recorded and v, charged-current interactions, a large amount of the
for 1 ms after the primary trigger at a reduced threshold of 21initial neutrino energy goes into the mass of the final state
PMT hits (about 0.7 MeV in order to detect the 2.2 Mey muon.
from neutron capture on free protons, which has a capture Neutrino processes that are observed in LSND are classi-
time of 186 us. The detector events were recorded withoutfied into three categories: standard model leptonic processes
reference to the beam spill, but the state of the beam wa®.g. ve— ve elastic scattering inverseB-decay processes,
recorded with the event. Approximately 94% of the recordedand semileptonic processes that leave excited or fragmented
events occurred between beam spills, which allowed an aaiuclei in the final state. Cross sections in the first category
curate measurement and subtraction of cosmic-ray backnay be calculated to high accuracy, better than 1%, provided
ground surviving the event selection criteria. that the neutrino energy is known. Cross sections for the
As most muons from muon-neutrino induced events ddnverse B-decay reactions are inferred from the measured
not satisfy the PMT trigger threshold, these muons were typif3-decay lifetimes and are accurate to the order of a few
cally past events, while the electrons from their decay wergercent(The momentum transfers are sufficiently small that
the primary events. In contrast, electrons from electronform factor dependences are well characteriz&tie cross
neutrino induced events were usually primary events. Futursections for the reactions involving nuclear excited states are
events include neutron captugs andB-decay electrons and much less certaifil5]. Models such as the continuum ran-
positrons. ldentification of neutrons was accomplisheddom phase approximatiofCRPA) [16] often require large
through the detection of the 2.2 MeY from neutron cap- corrections in order to account for ground state wave func-
ture on a free proton. Nitrogen and boron ground-statdions that are too simplistic. Fermi gas models do not reliably
B-decays occurred after the primary events with longer lifetake into account nuclear effects but can be made to produce

The neutrino interactions that occurred in LSND came
ffbm interactions on carbon, free protons, and electrons in

TABLE IV. Cross section uncertainties for the neutrino reactions with two-body final states that occur in
LSND. The cross sections for these processes are known accurately because either related measurements can
be used to constrain the matrix elements or only fundamental particles are observed. Also shown are the
corresponding neutrino flux constraints.

Process o Constraint o Uncertainty Flux Constraint

ve—ve Standard model process 1% lfﬂ,,ejﬂg DAR

12C(Ve xei)lzNg.s. 12Ng.s. 5% ,LL+*> VE;I_LGJr DAR
2C(v, w7 )Ny o 1Ny o 5% 7" —v,u* DIF
p(jﬂ )N neutron decay 5% 777%7##7 DIE
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reasonable agreement in the quasielastic energy region when TABLE V. The average efficiencies for electrons in the fiducial

effective masses are employgtB,19.

volume with energies in the range 2E.<60 MeV.

We use the results of a shell model calculafidB] for the

12C(v,,e7)*°N DAR processesH,<52.8 MeV). The shell ~Criteria _ Efficiency
model calculation gives a similar energy shape but a lower Electron Reduction
cross section than the CRPA calculatidr6]. A relativistic Energy>15 MeV 1.00
Fermi gas model with an effective mass correction employed Veto Hits <4 0.98+0.01
to account for nuclear effects is used for the more energetic No Laser Tag 1.00
DIF neutrino processes. Loose Electron PID 0.960.01
Two-body neutrino interactions are known accurately Vertex >10 cm from PMTs 1.00
from either measurement or theory. Those processes are Cosmic Muon Cut 0.920.01
listed in Table IV with their associated cross section uncer- Electron Selection
tainty. They provide the main constraints on neutrino fluxes, Atpas>12 us 0.96+0.01
trigger and selection efficiencies, and other neutrino cross Atyure>8 us 0.99+0.01
sections. Table IV also lists the neutrino flux sources con- No bottom veto hit 1.00
sltrzcained 7b){2 each of these processes. For example, the —1.5<x{,<0.5 0.84+0.01
_ (ve,€ )_ Ng.s. and the+ve—> ve elastic reactions prima- 0.3<x%/9<0.65 (1993 only 0.98+0.01
rily constrain the rate o™ DAR in the target area. Of all 85 ns<t. . <210 ns 1.00
12 event .
the **N states, only the ground staj@ decays, and the best
1 112 T Atyero>30 ns 0.97+0.01
2C(VM,,LL )"Ng.s. reaction is the best measure of the D>35 cm 0.88-0.02
—v,u" DIF rate in the target area. Those reactions that N.<1 E>60 ' 100’
contain a final state”N, ¢ have nuclear matrix elements Yo '
. 9 . N,<2, E<60 1.00
directly related to well known nuclear matrix elements, so k4 Deadtime
that the cross sections may be calculated to an accuracy of a DAO & Tane D dt'ea ! 0.960.02
few percent. Theve—ve elastic reactions are standard Q & Tape Deadtime =Y.
model electroweak calculations and are known to better than Veto Deadtime 0.76.0.02
Total 0.42-0.03

a percent from the measured weak mixing angle? &ip

and the Fermi constanGg .

Events in the LSND detector were simulated by using thejata stream that appeared in samples from previous LSND
GEANT321 code[17], which was modified to track optical analyses were labeled, and a cross-check for consistency be-

photons in addition to ionizing particles. Neutrons wereqyeen new and old samples was performed.
tracked and captured on free protons via the standard MICAP Taple v shows the electron reduction criteria and the cor-

interface toGEANT. Optical photon yields from both scintil-

responding efficiencies. First, the visible energy was required

lation and @renkov processes were generated and tracked to be greater than 15 MeV in order to elimindf® B decays

the photomultiplier tubes. A simulation of the photomulti- from cosmic rayu~ that stop and capture in the oil. Second,
plier response, analog and digital electronics, and event trighe number of associated veto hits was required to be less
ger produced event data packets, which were a good repréaan 4. Third, events with a laser calibration tag were re-
sentation of the LSND detector response to neutrino eventgected. Fourth, loose electron particle identification criteria
A large sample of Michel decays from cosmic rays was usedvere imposed. Fifth, the resulting data were subjected to a
to check the quality of simulated events. The resulting neutoose fiducial volume cut, which required that the recon-
trino event samples are then processed by the same recastructed electron vertex be inside a volume that was greater
struction and particle identification software as the beanthan 10 cm from the PMT surfaces. Finally, cosmic-ray
data. The reconstructed data are then compared to beammuon events that produced decay electrOMtichel elec-

excess data for the following analyses.

trong as the primary event were removed. In a clean sample

of cosmic-ray Michel electron events there is a correlation

IV. DATA PROCESSING AND EVENT RECONSTRUCTION

between the total number of photoelectrons at the muon time

] ] _.and the online reconstructed distance to the subsequent
A new event reconstruction that improved the positionygichel electron: as the cosmic muon becomes more ener-

resolution and the spatial correlation between #ie and
neutron-capturey in the reactionv,p—e*n was applied to

the entire 1993-1998 data sample. Different event samplegmove these events.
were made during the new data reduction, and we focus here The efficiency for electrons surviving the cuts was deter-

getic, the distance to the Michel electron grows linearly. A
two dimensional region, or graphical cut, was imposed to

on the measurement of electron events, which are relevant dined as follows. In an unbiased sample of laser-induced
the oscillation search. events with their associated accidental activities, a Monte
The electron selection was applied to thd Terabytes of Carlo (MC) electron event was inserted in place of the laser
raw LSND DLT data tapes, using a minimal set of cuts. This“primary.” This left a MC electron event in the midst of the
process achieved roughly a 40:1 reduction in data size, whilaccidental events from the real laser event. The MC electrons
maintaining an 8% 2% efficiency for electron events, inde- were generated flat in energy and uniformly throughout the
pendent of electron energy above 20 MeV. Events in this newank. Desired accidental properties of the laser event, e.g.
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veto hit count and time to activities, were preserved when th@riefly, x, and y, are the quantities minimized for the deter-

electron MC event was inserted. Electron reduction criterianination of the event position and direction, agdis the

were then applied and the efficiencies calculated. The refraction of PMT hits that occur more than 12 ns after the

moval of accidental hits in time with the laser did not sig- fitted event time. The dependence of theparameters on

nificantly affect the efficiency measurement. energy and position for Michel electrons was studied, and a
Data were reprocessed with the new event reconstructiogorrection was developed that magg, independent of en-

in order to improve the position resolution. The previousergy or position. For the 1993 data only, which had an elec-

event reqonstruction was limited due to the charge responsgonics timing problem resulting in a broadgf,, distribu-

of the 8 in. PMTs used in LSNDHamamatsu R1408For  tjon, 0.3<,2!9<0.65 was also required, whergd? is

. . . tot tot
these PMTs, the single photoelectron output charge dlstrlbLEomputed “koeX{op but with y parameters defined in refer-

tion is approximately a broad Gaussian plus an exponentigl, o117 additionally, the trigger time is required to occur
tail that extends well above the mean of the Gaussian. As thﬁetween 85 ns and 210 ns in the 500 ns trigger window in

position and angle fits weighted the hit PMTS by their charge, e 4 reject multiple events, no veto hit is allowed within

this chargg_ tail has the effect of smgaring thg reconstructegy s of the trigger time, and the reconstructed electron ver-
event positions and_angles. To ameliorate this _effect, a ey is required to be inside a volume 35 cm from the faces of
reconstruction algorithm was developed that weighted the hif,o ohotomultiplier tubes. Finally, the number of associated

PMTs by a ratio of the predicted charge to the square of th(%,S with R,>10 (R, is discussed in Sec. Vilis required to

time resolution for that predicted chargepred/af, andnot po_» (<1) for events<60 (>60) MeV in order to re-

by their measured chargQupe- (The new reconstruction act neutron-induced events, which tend to have many asso-
also has other improvements, such as the inclusion of t'mm%iatedys Neutrons fromy,p— e n scattering are too low in
. e

information in they reconstruction. This has resulted in an )

. . i . energy &5 MeV) to knock out other neutrons; however,

improvement in the position correlation between the muon. her energy neutrons>(20 MeV) typically knock out 1

and the electron from stopped muon decay and between t 9 9y ypicatly .

neutron and they from neutron capture. The mean recon- 2 MO neutrons. The event selection is identical for the

structed distance between the muon and decay electron i AR and DIF samples e>.<cept for 'th(.a assoma’gedrlterla}.
roved from 22 cm with the previous reconstruction to 14 ote that the event selection is optimized _for electrons in the

P DAR energy range; however, it was applied to the DIF en-

cm with the current reconstruction. For 2.2 Mey from T .
: . rgy range for simplicity and in order that a common selec-
neutron capture, the most likely distance was reduced fro it . :

ion criteria be used over the entire interval from

74 cm to 55 cm. As the accidentglrate is proportional to . —
the cube of this distance, the resultingreconstruction al- 20-200 MeV for oscillations from both DAR,— v, and
lows a cut on theR, parameter, as described later in Sec.DIF v, —ve.

VI, that yields a factor of two better efficiency with a factor _ N addition to the electron reduction and selection effi-
of two reduction in the rate of accidentas. ciencies, Table V also shows the efficiencies due to the data

acquisition (DAQ) and veto deadtime. The total efficiency
for electrons in the fiducial volume with energies in the range
V. PRIMARY ELECTRON SELECTION 20<E.<60 MeV is 0.42-0.03.

The primary electron selection is next applied to the re-
duced data. The goal of the selection is to reduce the cosmic-  VI. CONVENTIONAL NEUTRINO PROCESSES
ray_backg_ro_und to as low a Ie\(el as possible, while retaining The neutrino oscillation analysis consists of two steps.
a h'gh eff|c_|en_cy for neutrlno-mo_luced _el_ectr_on events. Th(.n‘l'he first step is to determine the best values for the numbers
selection criteria and corresponding efficiencies are shown in

. of events from standard neutrino processes in a way that
Table V. The energy range 2 <200 MeV is ChOSeN SO iimizes the systematic uncertainty due to the electron se-

as to accept both DAR,— ve and DIF v, — v, oscillation |action. The second step is to use those measured neutrino
candidates. We require 2(E.<60 MeV for the v,—v,  backgrounds as central values in a fit to the oscillation pa-
oscillation search and 80E,<200 MeV for thev,—v,  rameters, allowing the backgrounds to vary around the cen-
oscillation search. Below 20 MeV there are large back-tral values within their uncertainty. The first step will be
grounds from theB decay of '?B created by the capture of discussed in this section.

stopped cosmic-ray.~ on 2C. Above 200 MeV the beam- The inclusive electron data set provides a common selec-
related backgrounds from™ —e™* v, are large compared to tion for all neutrino processes important to the oscillation
any likely oscillation signal. Events with a previous activity analysis. Some of these have well-determined cross sections:
within 12 us, a future activity within 8 us, or a bottom the 12N ground state eventsye elastic events, andjp

veto counter hit are rejected in order to eliminate cosmic-raysharged-current events. These events serve to constrain the
muon events. To further minimize cosmic-ray background, seutrino fluxes and the selection efficiencies. They also pro-
tight electron particle identification is appliee; 1.5<xy,;  vide important constraints on uncertain cross sections, such
<0.5, where the allowed range is chosen by maximizing theas 1°N excited state events, where the nuclear response func-
selection efficiency divided by the square root of the beamtion is not well known.

off background with a correlated neutron. T, parameter Once the primary electron is selected, events are catego-
depends on the product of the parameters defined if®].  rized by whether or not there are associated events in the past
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TABLE VI. Event categories used to determine the number of events from standard neutrino processes.

Category Past Event Primary Event Future Event
e - Ve -

e B - Ve 12N decay

ey - Ve n capture

n e )% e(muon decay) -
uwep o e(muon decay) 12N decay
ey B - Ve accidentaly + N decay
n ey % e(muon decay) n capture
enopB - Ve -

or future of the primary. This categorization isolates most offitted correction values, central correction values, and nomi-
the important reactions. The simplest event topology has anal parameter values. The central correction value is the
electron with no correlated event in the past or future, i.eGaussian error by which each parameter was allowed to vary
inclusive electrons. Ground state events are selected hy the fit. The final fitted value for each parameter is the
searching for'’N B decay within 70 ms and 70 cm of the product of the nominal parameter value and the fitted correc-
primary electron event. Events from the procesp—e*n  tion value. The agreement between the data and the least
have a correlateg from neutron capture within 1 ms. Muon squares fit is good. The fitted DIF neutrino flux amd/ "
neutrino induced events are selected efficiently because thatio are about one sigma lower than the nominal values;
Michel electron decay of the muon satisfies the primary elechowever, the nominal values are used when estimating the
tron criteria. The additional requirement of a prior eventneutrino background to the oscillation search. TihgC
within 10 ws efficiently finds the initial neutrino interaction — w~N* cross section is lower than current theoretical pre-
muon event. The muon events can have, in addition, futurdictions[15,16| but is in agreement with our earlier measure-
events from neutron-captungs and nucleag decays. A list  ment[21].
of the various event categories is shown in Table VI. Figure 5 shows the electron armgl energy distributions

A least squares fit was designed to find the best values faand the time between the electron ang, At, for
the neutrino fluxes, efficiencies, and cross sections. It fits?C(ve,e7)*?Ng ¢ scattering events. The energy and angular
those parameters by minimizing thy@ formed from the pre- distributions for inclusive electron events are shown in Fig.
dicted number of events in various distributions compared t®, whereE, is the electron energy and, is the angle be-
the observed number of events. The distributions are choseaween the incident neutrino and outgoing electron directions.
to be sensitive to each of the parameters in question. Tabldeutrino-electron elastic scattering events are clearly visible
VIl lists the parameters adjusted in the fit, along with thenear co9,~1. Figure 7 shows the angular distribution in

TABLE VII. Parameters adjusted during the least squares fit procedure, along with the fitted correction
values, central correction values, and nominal parameter values.

Parameter Fitted Correction Value  Central Correction Value  Nominal Parameter Value

Flux Parameters

Dpir 0.88+0.09 1.00-0.15 0.2 10" v/cn?
Dpar 1.01+0.05 1.06-0.07 12.6< 10" v/cn?
T 0.90+0.19 1.00-0.10 0.12
—r ratio
Cross Section Parameters
o(v,C—pu” 1AN¥) 0.68+0.23 1.06:0.25 15.%410 %% cn?
o(v,p—pu'n) 0.97+0.05 1.06-0.05 4.9<10°* cn?
o(veC—e™ Ngs) 1.01+0.05 1.06:0.05 9.210 % cn?
o(viC—e  N¥) 1.02+0.13 1.00-0.25 4.1X10° %2 cn?
o(vEC—e™ 1N) 0.93+0.28 1.00-0.30 0.5% 107 cn?
Efficiency Parameters
€, 1.00+0.06 1.00-0.07 0.93
€p 1.00+0.04 1.00-0.07 0.65
€o 1.00+0.05 1.06-0.07 0.42
€, 0.91+0.03 1.00-0.07 0.60
duty ratio 0.95-0.03 1.00-0.03 0.060
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FIG. 5. The electron ang energy distributions and the time _ 'G- 7. The anlgular d'Str't_)u“O(ItOp pIoDlanc_:I the energy dis-
between the electron ang, At, for 120(1}8,8—)12,\'913_ scattering tn_butlon (bottom plo} or r;eutrlno-ia eltz:tron elastic scattering events
events. with cos6,>0.9 and with*?C(v,,e") Ng s, events removed.

tering [23], and v, C scattering[24] will be reported else-

more detail(top plof as well as the energy dlstrlbu_t|c6bot- where and are consistent with the nominal parameter values
tom ploy for the neutrino-electron elastic scattering events,

with co0sf,>0.9 and with ?C(ve,e” )Ny events re- shown in Table VIl.
moved. Figure 8 shows the muon afcenergy distributions
and the time between the muon ang3 for VIl. THE DECAY-AT-REST OSCILLATION ANALYSIS
12C(v, ,n" )Ny . scattering events. Finally, Fig. 9 shows
the Michel electron and muon energy distributions, the time -
between the muon and electrost, and the distance be- ~ The primary oscillation search in LSND is for,— v,
tween the reconstructed electron and muon positiansfor  oscillations, where the, arise fromu™ DAR in the beam
v,C—u"N, vMC—>,u+B, and vﬂp—>,u*n inclusive scat- stop and thev, are identified through the reaction.p
tering events. Cross sections fo€ scattering based on a —e*n. This reaction allows a twofold signature of a posi-
partial data sample have been published previo[20y21]. tron with a 52 MeV endpoint and a correlated 2.2 MgV
Final cross sections fove elastic scattering22], ».C scat- from neutron capture on a free proton. There are only two
significant neutrino backgrounds with a positron/electron and

A. Signal and background reactions

2500
qt.) o Beam Excess 2 L] %am Exqgss
Tl 5 Momer 5 20 il
=0 awer U o
®200 S
100 oL
0 10 20 30 40 50 60
0 E, MeV
2
o
g 20f * ‘
0 N SN ime e D
0 25 5 75 10 125 15 175 20
E, MeV
n 60
IS
Q
w
] | 1 | 1 ] | L |
-1 -0.8-06-04-02 0 02 04 06 08 1 |
L
cost, 70
o . ) At (ms)
FIG. 6. The energy and angular distributions for inclusive elec-
tron eventsE, is the electron energy angl, is the angle between FIG. 8. The muon an@ energy distributiongelectron energy
the incident neutrino and outgoing electron directions. Neutrino-equivalent and the time between the muon and for

electron elastic scattering events are clearly seen neat,cds 12C(Vu , ,u’)lzNg_s_ scattering events.
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TABLE VIIl. The estimated number of events in the 2&,

<60 MeV energy range due to 100%(—);6 transmutation and to
the two beam-related backgrounds with neutrqns,decay at rest

in the beam stop followed by.p—e*n scattering in the detector

® Beam Excess
3 12, 125" =~
2 Clv, )N

w! W
P )0

.

e

Beam Events
N
3

Q 150 [ §5
150 P - o —
100 100 [ and 7~ decay in flight in the beam stop followed by,p—x*n
50k S scattering. Ther™ DIF background includes contributions from
0 k358 v,C—u*nX and v,C— " nX scattering, as well as a small,
. background fromm~ and u~ DIF. The events must satisfy the
20 40 60 0 20 40 60 80 100 electron selection criteria, but no correlatgdrequirement is im-
E,MeV E, MeV posed.
L] L]
3 400} i i
%500 F o Neutrino Source Reaction Number of Events
g 4+ g o _— =
§4oo il §300 N u DAR 100% v,— v, 33300+ 3300
2001 A »~ DAR vep—e’n 19.5+3.9
[ KX PR RRRERAXR I _ —
201 B 100} o " DIF vp—p'n 105+4.6
100 | 55553 SRt
o - 0
0 5 75 10 0 20 40 60 >20 MeV (0.806, and the average positron reconstruction
At (us) Ar (cm) efficiency after cutg0.42, which gives a total background

FIG. 9. The Michel electron and muon energy distributionsOf 19.5+3.9 events before any selectlon._Another possible

(electron energy equivalenthe time between the muon and elec- SOurce ofve, the direct decay ofr™ —e™ ve, is negligible,
tron, At, and the distance between the reconstructed electron pos@S @ consequence of its low branching ratio K1), the
tion and muon positionAr, for v,C—u"N, »,C—u*B, and 1/8 ratio of 7~ to " in the target, and the capture of in
;“pﬂ,u*n inclusive scattering events. the material of the beam dump._

A related background is due tq *C—e* B n scat-
tering. The cross section to tHéB ground state is calculated
to be 6.3<10 % cn? [26], and the cross section to
the''B n final state is estimated to be at least a factor of two
smaller, especially because the first four excited statédRof

a correlated neutron. The first background is fram DAR

in the beam stop followed by.,p—e"n scattering in the
detector. As mentioned earlier, this background is highly sup
pressed due to the requirements that abe produced, the
« decays in flight, and thg.~ decays at rest prior to cap- ——  Comelated Distribution ====  Uncortelated Distribution

ture. Thew, flux is calculated to be only-8x 10 * relative

to thev,, flux in the 20<E,<52.8 MeV energy range. The
second background is from™ DIF in the beam stop fol-
lowed by vup—w*n scattering in the detectofAdditional
contributions are from,C— u "nX andv,C— u ™ nX scat- 25 50 75 100 125 150 175 200 225 250
tering) This background will mimic the oscillation reaction Ar (cm)
if the u* is sufficiently low in energy that it is below the
threshold of 18 hit PMTs, corresponding B,<4 MeV.
Table VIII shows the estimated number of events in the 20
<E.<60 MeV energy range satisfying the electron selec-
tion criteria for 100%w ,— v, transmutation and for the two
beam-related backgrounds with neutrons. Uncertainties ir
the efficiency, cross section, andflux lead to systematic
errors of between 10% and 50% for the signal and back-= o1 E
grounds discussed below. Soors

o
=

PN L L L i st I S e e

(=]
=4 TTTT[TTTTTTT]

Probability/10 cm
=)
S
“h

e o
8 R

Probability/10usec
)

0 200 400 600 800 1000

The largest beam-related background with a correlatecg o.0s

neutron is due tas, produced in the beam stop by conven- §0-025 o
0 h &duk 1T

tional processes. Such events are identical to the oscillatior 25 20 35 0 45 50 55 60

candidates, and are identified via the reactigp—e™n. N, Hits
Their most important source is the DAR af " in the beam o )
FIG. 10. Distributions for correlated 2.2 MeY (solid curve$

stop. The total backg_round due to |ntr|rE4g:|n the beam is and accidentaly (dashed curvesThe top plot shows the distance
the product of neutrino flux (1.0810"v./cn?), average petween the reconstructedposition and positron positiodr, the
cross section over the entire energy range (0.7Zniddle plot shows the time interval between thand positronAt,

X 1079 cn?) [25], the number of free protons in the fidu- and the bottom plot shows the number of hit phototubes associated
cial volume (7.4 10%), the fraction of events withE  with the y, Npis.
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are stable against neutron emission. Therefore, we estimate TABLE IX. The correlated and accidentalefficiencies for dif-

that this background is:2% of the?ep—>e+n background ferentR, selections. The systematic uncertainty of these efficien-

and is negligible. Furthermore, the maximum positron en'es 1S estimated o be 7% of their values.

ergy from this background is 36.1 MeV, so that almost all of

h . below 36 MeV Correlated Accidental
the positrons are be (.)W ev. Selection v Efficiency v Efficiency
The second most important source of beam-related back-
ground events with correlated neutrons is the misidentificaR,>1 0.51 0.012
tion of v, and », charged-current interactions ags events. ~ R,>10 0.39 0.0026
R,>100 0.17 0.0002

Because of the energy needed to produge auch ajﬂ or
v, must arise from ar that decays in flight. In the tank the

v, interacts by eitherv,p—u"n or (less ofted »,C  a positron and a recoil neutron. For2&,<60 MeV, 0.1
—utnX, followed by u*—e"vov,. The v, interacts by 0.1 events are estimated. The reactiops ’C—e " nX
v,C— " nX. There are four possible reasons for the misi-and ve 13c e nX are negligible £0.1 events over the
dentification. First, the muon can be missed becausgithe 20<E,<60 energy range and cannot occur fdf,
lifetime is >12 us or the deposited energy is below the 18>20 MeV and E.>36 MeV, respectively. Other back-
phototube threshold for activity triggers. The latter can occugrounds, — for — example v,C—wv,nyX with E,
either because the muon is too low in energy or is produced 20 MeV, ».C—e pX followed by **C(p,n) *N, and
behind the phototube surfaces. The detector Monte Carlg.C—# X followed by n capture, are also negligible.
simulation is used to show that this threshold corresponds to TNe total background due to pion and muon DIF is 10.5
a u kinetic energyT,, of approximately 3 MeV. The back- +4.6 events before any selection. It has a detected energy

ground rate froms_p— u* 1 is written as the product of the spectrum which is very close to that for positrons fraeti
® decay.

total »,, flux above threshold (2.5610" v,/ 4%”‘2)’ the av- A final source of background is neutrons from the target
erage flux-weighted cross section (%.90 cn?) [25],  that find their way into the detector tank. However, a strin-
the fraction of u™ having T,<3 MeV or 7,>12 uS  gent limit on beam neutron background relative to the cos-
(0.0258, the numbe_r of freg protons in the fiducial vo_Iume mic neutron background has been set by looking for a
(7.4x10%), the positron efficiency0.42, and the fraction  peam-on minus beam-off excess of neutron events that pass
of events withE>20 MeV (0.818, for a background of 8.2 neytron PID criteria in the 40—180 MeV electron equivalent
events. Similar estimates for the backgrounds frepC range[2]. No excess has been observed, which implies that
—utnX and v,C—u nX [27] add 0.4 and 1.4 events, the beam-related neutron background is less than 1% of the
respectively, for a total of 10:04.6 events. It is estimated total beam-unrelated background and is negligible.

[27] that about 80% of theTMC—m*X and 6% of the The number of events expected for 100_9{p—> Ve trans-
v,C— u~ X scattering events will have a recoil neutron.  muytation fOIIowed_byVep—>e*n scattering(plus a small
Second, au above the hit threshold can be missed if & contribution from v.C—e*Bn scattering is 333003300

lprotmé)t_ deca_y tcle caus?d tr?_ehmuc:rr: and _e!zctrgp té) be COI'events, where the systematic error arises from uncertainties
ected In a singie event which IS then misidentiied asan j, the neytrino flux7%) ande™ efficiency(7%). This num-
This effect is considerably suppressed by the electron selec-

tion and the requirement that the reconstructed time be con-

; . ; ) ® 10°F
sistent with the triggered event time. The detector Monte S o ‘
Carlo simulation shows that this misidentification only oc- i 0 Accidental s
curs foru™ decays within 100 ns, decreases with, and is S8

almost zero above 10 MeV. Using the Monte Carlo misiden- * BoanExcess

tification probabilities, a calculation similar to that above im-
plies a background of 0:20.1 events.

Third, the ™ can be lost because it is produced behind
the PMT surface and the electron radiates a hattiat re-
constructs within the fiducial volume. A background of 0.2
+0.1 events is estimated from the Monte Carlo simulation.

Fourth, a muon can be missed by trigger inefficiency. Af-
ter 1994, we acquired for many online positron triggers com-
plete digitization information for all veto and detector PMTs
over the 6 us interval prior to the positron. Analysis of
these data, discussed below, shows the trigger inefficiency
for low-energy muons to be negligible.

There are additional backgrounds from produced by FIG. 11. TheR, distribution for »,.C—e Ny exclusive
u- —e v,veandm —e v DIF. Thesev, can interact on events, where thdly s B decays. The distribution is consistent
eitherC or a free proton to yield the oscillation signature of with a pure accidentay shape.
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and Vﬂp—>,u,+ n inclusive scattering events. . . s
20 20 30 40 50

Nhils
ber of events is the product of neutrino flux (1.26 o o

X 10* v/cn?), the average cross sectif2b] over the entire FEG' 13 Thf individual 7 d's"'b“t.'ons from vuC
energy range (0.9610°%° cn?), the average positron re- —# N: »,C—u"B, andv,p—u"n scattering for events with
construction efficiency0.42, the fraction of events witle ~ "»~ 1 (Ieft sid9 andR,<1 (right side. The top plots show the

=20 MeV (0.894, and the number of free protons in the distance b_etweenthe reconstruct;;edosf[mn and positron position,
. . Ar, the middle plots show the time interval between theand
fiducial volume (7.4 10°).

positron,At, and the bottom plots show the number of hit photo-

tubes associated with thg Npits -
B. The positron criteria

and accidentaly (dashed curves To determineR,, the
product of probabilities for the correlated distributions is
formed and divided by the product of probabilities for the
uncorrelated distributions. The accidentalefficiencies are
measured from the laser-induced calibration events, while
the correlatedy efficiencies are determined from the Monte
Correlated 2.2 MeVy from neutron capture are distin- Carlo simulation of the experiment. Similar results for the
guished from accidentay from radioactivity by use of the correlatedy efficiencies are obtained from the cosmic-ray
likelihood ratio, R,,, which is defined to be the likelihood neutron events, whose high energy gives them a slightly
that thewy is correlated divided by the likelihood that thes  broader position distribution. The efficiencies for different
accidentalR, depends on three quantities: the number of hitR,, selections are shown in Table IX. The systematic uncer-
PMTs associated with the (the multiplicity is proportional tainty of these efficiencies is estimated to h& % of their
to the y energy, the distance between the reconstrucied values. Note that with the new reconstruction, the correlated
position and positron position, and the time interval betweeny efficiency has increased while the accidengagfficiency
the y and positron(neutrons have a capture time in mineral has decreased. F&,> 10, the correlated and accidental ef-
oil of 186 wus, while the accidenta) are uniform in tim¢.  ficiencies are 0.39 and 0.003, respectively. For the previous
Figure 10 shows these distributions, which are obtained fromeconstructioni2] the R‘;'d> 30 cut gave correlated and acci-
fits to the data, for both correlated 2.2 Me)M(solid curve$  dental efficiencies of 0.23 and 0.006, respectively.

The positron/electron selection criteiaSND is insensi-
tive to the sign of the chargedor this primary oscillation
search is described in detail in Sec. V.

C. The correlated 2.2 MeV v criteria

TABLE X. Numbers of beam-on events that satisfy the selection criteria for the primaryv, oscil-
lation search withR,>1, R,>10, andR,>100. Also shown are the beam-off background, the estimated
neutrino background, the excess of events that is consistent with neutrino oscillations, and the probability that
the excess is due to a statistical fluctuation.

Selection Beam-On Events Beam-Off Background Background Event Excess Probability

R,>1 205 106.82.5 39.2£3.1 59.0-14.5+3.1 7.8<10°°©
R,>10 86 36.915 16.9-2.3 32.2:9.4+23 1.1x10*
R,>100 27 8.3:0.7 54-1.0 13.3-r52+1.0 1.8<10°3
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with a correlated neutron. Subtracting the neutrino back-
Accidental ys ground fromu~ DAR followed by v.p—e*n scattering

3

107k R Cormerdi (19.5+3.9 events and =~ DIF followed by v,p—u*n
scattering (10.54.6 events[28] leads to a total excess of
87.9+22.4+6.0 events, as shown in Table XI. This excess
corresponds to an oscillation probability of (0.26@.067
+0.045)%, where the first error is statistical and the second
error is the systematic error arising from uncertainties in the
backgrounds, neutrino flu§%), e* efficiency (7%), and y
efficiency (7%). Note that our previously published result
[2], based on the 1993-1995 data sample, was (00312
+0.05)%. Table XII shows the effect on the fitted oscillation
probability of tightening some of the selection criteria.

A clean sample of oscillation candidate events can be ob-
tained by requirindR,>10, where as shown in Table X, the
beam on-off excess is 49t19.4 events while the estimated

FIG. 14. TheR, distribution for events that satisfy the selection neutrino background is only 16:2.3 events. Figure 15
criteria for the primary;p“q;e oscillation search. shows the indiViduaI}/ distributions for events with 2@Ee

<60 MeV and withR,>1 (left sidg and R,<1 (right

As checks of the likelihood distributions, Fig. 11 showsside. The top plots show the distance between the recon-
the R, distributions forv,C—e~Ng s exclusive eventf20], ~ structedy position and positron positionir, the middle
where theNy s B decays. By definition, the.C—e N ¢ plots show the time interval between tyeand posnronAt, _
reaction has no recoil neutron, so that Ry distribution ~ and the bottom plots show the number of hit PMTs associ-
should be consistent with a purely accidengatlistribution. ~ ated with they, Np;s. Figure 16 displays the energy distri-
A fit to the R,, distribution finds that the fraction of events bution of events wittR,>10. The shaded regions show the
with a correlated y, f., is f.=—0.004-0.007 ((> combination of neutrino background plus neutrino oscilla-
=4.6/9 DOF). Figure 12 shows tR, distribution for the tions at I(_)wAmz. Th_e data agree well with the oscillation
Samp|e of Mi events arising from the reactiongﬂc hypOthESIS. As mentioned in Sec. I, the 1993-1995 data runs
—uX, V,LC—>M+X, and V,Lp—nlﬁn- Correlatedy are employegI a EO hcm watelr target, while the_ 1996f—ﬁ998 data
expected for~14% of these eventR27]. A fit to the R, runs used a high-Z metal target. A comparison of the energy

distribution givesf.=0.129+0.013 ((2=8.2/9 DOF), in distributions of the two data samples is displayed in Fig. 17,

agreement with expectations. Figure 13 shows the distribuVhich shows that the data samples are consistent within sta-

tions of Ar, At, andN; for events withR,>1 (left side tistics. P .
andR,<1 (right sidg. The top plots showythe distance be- R i'gu;i dlgesi?\’f&t)heMg\’? gﬁg'zﬁgn fcr);ne\:ae?stscr\:\ggln
tween the reconstructegposition and positron positiodr, b? it fi larly ¢l ' ith (?y d 9 tino back-
the middle plots show the time interval between thend ecause 1t 1S particularly ciean wi _re uced neu rln_o ac
positron, At, and the bottom plots show the number of hit 9round, so that thessp—e”n reaction should dominate,
PMTs associated with the, Npi.. while they requirement is relaxed to increase the statistics.
is the angle between the incident neutrino and outgoing pos-
itron directions. The shaded region in Fig. 18 shows the ex-
pected distribution from a combination of neutrino back-
Table X shows the statistics for events that satisfy theyround plus neutrino oscillations. THeos#,)=0.04+0.12,
selection criteria for the primary,— v, oscillation search. in agreement with the expectation ©0.12.
An excess of events is observed over that expected from Figures 19 D>10 cm) and 20 D>35 cm) show the
beam-off and neutrino background that is consistent wittspatial distributions for events witiR,>10 and 26<E,
neutrino oscillations. A fit to the R, distribution, as shown <60 MeV, where z is along the axis of the taténd ap-
in Fig. 14, givesf,=0.0567+0.0108 (*>=10.7/9 DOF), proximately along the beam directipry is vertical, and x is
which leads to a beam on-off excess of 11722.4 events transverse. The shaded regions in Figs. 19 and 20 show the

Events

® Beam Excess

D. Neutrino oscillation results

TABLE XI. The number of excess events in the<2B.,<60 MeV energy range, together with the

corresponding oscillation probability if the excess is due7,];ea7€ oscillations. Also shown are the results
from the analysis of the 1993-1995 data sanjgle

Analysis Excess Events Oscillation Probability
Present Analysi$1993—-1998 87.9+22.4+6.0 (0.264+0.067+0.045)%
Previous Analysig1993-1995 51.0232+8.0 (0.31x0.12+0.05)%

112007-13



A. AGUILAR et al. PHYSICAL REVIEW D 64 112007

TABLE XII. The oscillation probabilities obtained with various selections. B3€0.5 selection was used
in the previous analysi2]. The nominal values are shown in Table XI.

Selection Oscillation Probability

Nominal (0.264-0.067+0.045)%

Nominah At,asc>20 us (0.220+0.064+0.045) %
NominaH Veto Hits<2 (0.303+0.074+0.045)%
Nominah —1.5< x{,;<0 (0.304+0.077+0.045)%
Nominak-D>50 cm&Y>—-50 cm (0.252-0.0710.045)%
Nominak-D>75 cm (0.222-0.074=0.045)%
NominaHY>—120 cm (0.23%:0.061+0.045)%
Nominah At,,s>15.2 us&Y>—120 cm (0.193:0.055+0.045)%
Nominak S>0.5 (0.293-0.069+ 0.045)%

expected distributions from a combination of neutrino back-=4.9/8 DOF) or highAm? (x?=5.8/8 DOF).
ground plus neutrino oscillations. Figure 21 shows scatter
plots of the x-y and y-z spatial distributions for events with
R,>10, 20<E,<60 MeV, andD>35 cm. Figures 22 and -
23 show they,,, and veto hit distributions for events with A variety of tests of thev,— v, oscillation hypothesis
R,>10 and 28<E,<60 MeV. The solid histogram in the have been performed. One test of the oscillation hypothesis
veto hit figure shows the distribution fromC—e"Nys IS to check whether there is an excess of events with more
scattering. Finally, Fig. 24 shows the,/E, distribution for ~ than one correlateg. If the excess of events is indeed due to
events withR,>10 and 26<E.<60 MeV, whereL, is the  the reactionw,p—e*n, then there should be no excess with
distance travelled by the neutrino in meters @hdis the  more than one correlategbecause the recailis too low in
neutrino energy in MeV determined from the measured posenergy <5 MeV) to knock out additional neutrons. If, on
itron energy and angle with respect to the neutrino beam. Theéhe other hand, the excess involves higher energy neutrons
data agree well with the expectation from neutrino back{>20 MeV) from cosmic rays or the beam, then one would
ground plus neutrino oscillations at lowAm? (x>  expect a large excess with1l correlatedy, as observed in

the beam-off cosmic ray data. However, as shown in Table

E. Tests of thew,— v, oscillation hypothesis

‘g" 40F e j"é’; XIll, the excess of events with more than one correlagad
@ 30 F + P o 40 F approximately zero for both the full 20E,<60 MeV en-
Saof _+_ & ergy region and the lower background<3g.<60 MeV en-
3 i Q20 . — +
Rk ergy region, as expected for the reac —e’n,.
10F mrfEX +,] ted for th tieup
0 R S 0 ‘ ‘ Another test of the oscillation hypothesis is to check the
0 5 700 150 200 0 50 100 150 200 “event lookback” for events that satisfy the oscillation crite-
Ar, (cm) Ar, (cm)
] @
% g0l gdof 35
ué' + ué' 20 § ® Beam Excess
5L + 3 030 ,+
@Q 10k s @ 10 g BB pl,—v,.e)n
0 % 0E §25 o T pivee’)n
other
a0l
2 g 1
o [ 15
Lﬁ 30 u>.‘|1 |
52 5 10 |
[43] 10 [43]
o
ol | 1 " 1 | L 1 |
FIG. 15. The individualy distributions for events that satisfy 20 25 30 B35 40 45 50 55 60
the selection criteria for the primany, — v oscillation search with E_MeV
R,>1 (left sidg andR,<1 (right sidg. The top plots show the
distance between the reconstructedosition and positron position, FIG. 16. The energy distribution of the 1993-1998 data sample

Ar, the middle plots show the time interval between theand  for events withR,>10. The shaded region shows the expected
positron,At, and the bottom plots show the number of hit photo- distribution from a combination of neutrino background plus neu-
tubes associated with thg Npis- trino oscillations at lowAm?.
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*g 16 ® Beam Excess (Eo 30 g(evam’Eng)?
N ;g: B p(v,~v,6n L%’ gg%f*)ﬂ
w 1 p et g 20}
% 70 2 A other g 10 E
8F B Q s
4 S hm 0 PR e
4 -250 -200 -150 -100 -50 0 50 100 150 200 250
2 X (cm)
2
0 | S 30}
55 60 @ o2 f
E_MeV g
- e e g 10 L
- Q 1 X
§ 12 ¢ 0 E—— I ! I | | | |
W 10 F -250 -200 -150 -100 -50 0 50 100 150 200 250
E 8¢t Y (cm)
3 @
I} 6 — S 30 F
4 W gk 4
2 E
2% s s 10
0 1 1 T L L m 0
20 25 30 35 40 45 50 55 60 400 -300 200 -100 0 100 200 300 400
E,MeV Z(cm)
FIG. 17. The energy distribution of the 1993-19@6p ploY FIG. 19. The spatial distributions for events with>10, 20

and 1996-1998bottom plo} data samples for events witR, <E.<60 MeV, andD>10 cm. The shaded region shows the ex-
>10. The shaded region shows the expected distribution from @ected distribution from a combination of neutrino background plus
combination of neutrino background plus neutrino oscillations atneutrino oscillations at lowA m?.
low Am?.

. Both major backgrounds with a correlated neutron arise
ria in order to ensure that th&Mp—>,u,+n background is initially from =~ DIF. Therefore, a final test of the oscilla-

calculated correctly. T_he “event Io'okback" was insta]led tion hypothesis is to check whether tﬁg flux from +~ DIF

prior to the 1995 running and consisted of an extra triggefs correct. However, this has already been tested by the fit to

%2?; faﬂn?m all hit td(;tect(l))r PI'(VITS mdthe '?Z Ilnter\t/ﬁl bleg' it Ry distribution, discussed above, of,C— "X, v,C
primary event. Ainy background Just below ne I—>,qu, and?,ip—gu*n inclusive eventg21]. For these

muon threshold will clearly show up, especially in the hit _ 5
range with>11 lookback hits, where the probability of hav- reactions, correlatet are expected for-14% of the events

ing an accidental lookback is only 5.6%. However, as showh27], due mainly to thev,, fiUX- Afit to the R, distribution

in Table XIV, the excess of primary events with,=0 or ~ gives f=0.12620.013 (\"=8.2/9 DOF), in agreement
R,>10 is consistent with the accidental lookback probabil-With expectation. Figure 25 shows the time to the previous
ity. Thus, this “event lookback” check provides additional €vent for R,>10 electron events prior to applying the
assurance that thgﬂp—uﬁn background calculation of Atyase>12 us selection. The top graph in the figure shows

10.5 events is not underestimated.

‘g 30 F ® Beam Excess
g2 20f W20 f
q>) ® Beam Excess %
W 17.5F o ]
= B P, ~v,€")n
§ 151 P, 6N
125 EEF  other %
g 20
10 -1 £
R
7o) ! ® 0 e e L
5E -250 -200 -150 -100 -50 0 50 100 150 200 250
Y (cm)
2
L% 30F
2
g 0
I 1 I 1 1 1 1 1 I r_qﬁ 10 BB :’,::,0.00 2 ;
-1 -0.8-0.6-04-0.2 0 0204 0.6 0.8 1 0 w . . i i . .
-400 -300 -200 -100 0 100 200 300 400
coso, Z (cm)
FIG. 18. The cog, distribution for events witlR,>1 and 36 FIG. 20. The spatial distributions for events with,>10, 20

<E<60 MeV. The shaded region shows the expected distribution< E,<60 MeV, andD>35 cm. The shaded region shows the ex-
from a combination of neutrino background plus neutrino oscilla-pected distribution from a combination of neutrino background plus
tions at lowAm?. neutrino oscillations at lovAm?.
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1500 L -150 FIG. 23. The veto hit distribution for events wifR,>10 and

oo 1000 100 200 o000 a0 20<E.<60 MeV. The data agree well with the distribution from
Beam-Off X(om) Beam-Off Z(em) veC—e~ Ny ¢ scattering(shaded histogramwhere the reaction is
identified by theNgy s 8 decay.
FIG. 21. The scatter plots of they andy-z spatial distributions
for events with R,>10, 20<E,<60 MeV, and D>35 cm. VIII. THE DECAY-IN-FLIGHT OSCILLATION ANALYSIS

Beam-on and beam-off events are shown separately. The ratio of the : " o )
dot area in beam-off plots, to the dot area in the beam-on plots, iaaThe high energy,s from - decay-in-flight are a poten

X o : | source ofv,— v, Oscillation events. The contamination
equal to the duty ratio. This gives the appropriate scale for thef f tM dard . I at the | | of 0.1%
beam-off subtraction. Ol veS Trom Standard sources Is small, a e level o1 U.1%.

Unfortunately, the cosmic-ray backgrounds are large, with
the result that the fluctuations in the beam-on, beam-off sub-
that the beam excess events are in agreement with our e¥action are comparable to the expected signal. Prior to 1996,
pectations for thes,p—u*n and **C(v,,u")'B* chan- it was realized that the 1996—1998 data would not support a
nels. With the same data on a smaller vertical scale, the bostand alone, decay-in-flight analysis due to the larger beam-
tom graph shows events with accidental past activities, irPff backgrounds that are inherent in running with a heavy

agreement with expectations from random cosmic ray backiarget. However, the analysis presented here is extended up
grounds. to an electron energy of 200 MeV because the decay-in-flight

data constrain the region2 e\?, especially around 6 €V
The above analysis is applied to data in the energy range

3] L
§ 40 r ® Beam Excess o
I o %)
Uél 3 PE,=Y,€0n % 17.5F ® Beam Excess
Saof PE,eIn i
Q [ other g 15 B PO, VeeIn
o —
[ | Ry
201 T Q 125 Ak
| B other
[ 10F 4
10 (:M
0 5t ——
25F =5
-10
I T RS E T R R 0
-2 -1.5 -1 -0.5 0 0.5 1 ‘ ; i

| |
Xpid 0.4 06 08 1 1.2 1.4
L/E, (meters/MeV)
FIG. 22. The particle identificationy,,, distribution for events
with R,>10, 20<E.<60 MeV, andD>35 cm. The shaded re- FIG. 24. TheL,/E, distribution for events withR,>10 and
gion shows the expected distribution from a combination of neu20<E.<60 MeV, whereL, is the distance traveled by the neu-
trino background plus neutrino oscillations at ldwn?. Oscillation  trino in meters ancE, is the neutrino energy in MeV. The data
candidate events are required to satisfy the requiremeht5 agree well with the expectation from neutrino background and neu-
< X{0:<0.5. trino oscillations at lonAm?.
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TABLE XIIl. Number of beam on-off excess events that satisfy

on-oit € g 175 o Boam Excess
the selection criteria for the primany, — v, oscillation search with o 1950 %f;"('v”‘fl’.’)vz,\,-
1 associatedy and with >1 associatedy. (An associatedy is £ ;(273 EER otrer
defined to haveR,>10) The excess of events with 1 correlated & 75
v is approximately zero, which is what is expected for the reaction 50E
Vep*}e+n. 23 1 1 1 1 L 1 L L
Energy Selection 1 Associated >1 Associatedy ¢ 2 WLl a b F‘,’gst:f (ujo
20<E(<60 MeV 49.1+9.4 —2.8+2.4 ‘;cf 12 e oo S
—V,.e7)n
36<E,<60 MeV 28.3-6.6 ~3.0-17 g i
g 8 other
o
60<E.<200 MeV, with the additional requirement that 2
there be no associated This sample is only sensitive to 0
v,,— Ve OsCillations, and results in a beam on-off excess of 0 5 10 15 20 25 30 35 40 45 50
14.7+12.2 events. The signal expected for 100%to v, Past At (us)

transmutation is estimated to be 7800 events, anduhe FIG. 25. This figure shows the time to the previous event for

+ + + + . .
background fromu™ —e v, ve, m —E€ Ve, andve—ve R,>10 electron events prior to applying the,,>12 us selec-
is estimated to be 6:61.7 events, resulting in a total eXcess tion. In the upper graph the beam excess events are in agreement

of 8.1+12.2+1.7 events or an oscillation probability of th our expectations fow,,p—u*n and C(v, ,u")1%B* pro-
(0.10=0.16+0.04)%, as shown in Table XV. This result is cesses. With the same data on a smaller vertical scale, the bottom
lower than but consistent with our higher precision analysisgraph shows events with accidental past activities, in agreement
of the 1993-1995 data saml&]. That analysis determined with expectations from random cosmic ray backgrounds and beam
the selection criteria by maximizing the acceptance dividedelated backgrounds. Note that most of the oscillation candidate
by the square root of the beam-off background, which proevents have no past activity, and therefore do not appear in these
duced much less beam-off background overall. It gave a totajraphs.

excess of 18.1 6.6+ 4.0 oscillation events, corresponding to

an oscillation probability of (0.260.10+0.05)%. Due to  higher energy events is 3.42 times higher in the present
changes in the neutrino production target, the 1996—-1998nalysis, while the number of expected events for 109%
data sample had reduced DIF flux and higher beam-off back=. ,, transmutation is only 1.16 times higher. The previous
ground compared to the 19931995 data. Based on our DARnalysis observed a 2.6 sigma excess, compared to the 0.6
oscillation result and assuming that is conserved in the sigma excess of the present analysis.

lepton sector, we would expect the DIF oscillation probabil-

ity to be ~0.26% at highAm? [where (1.22am?L,/E,)

>1] and ~0.05% at lowAm? [where (1.2Am?L,/E,) IX. THE NEUTRINO OSCILLATION FIT

<1]. A. Introduction

The 0.16% statistical error on the oscillation probability o _ _ 2 ) likeli
in the present analysis is larger than the 0.10% statistical V& describe in this section the (Sk¢,Anr) likelihood
error of the previous analysis. That is because the preseff) fitter. The fitter is applied to beam-on events in the final
analysis uses the electron selection criterion developed fdiScillation sample and calculates a likelihood in - the
the DAR region below 60 MeV, which is less effective in (sin? 26,An?) plane in order to extract the favored oscillation
removing the background to electron events in the DIF reParameters. The fit is similar to that performed in Reg].
gion above 60 MeV. When compared to the previously pub- The £ product in the (sifi26,An¥) plane is formed over
lished DIF analysis, the beam-off background for thesdhe individual beam-on events that pass the oscillation cuts.

This three-dimensional contour is sliced to arrive finally at

TABLE XIV. Number of beam on-off excess events that satisfy h€ LSND allowed oscillation region. The beam-related
the selection criteria for the primany, — v oscillation search with backg_roqn_ds are determined from MC event Samples.for
36<E,<60 MeV and with>11 “lookback” hits in the 0—3 s each individual background contribution. The MC contains

e

and 3-6 us intervals. Results are shown for events wWRh=0 the trigger simulation and generally very well reproduces the

and for events wittR,>10. The number of excess events in eacht@nk response to all particles of interest. Agreement between
3 pus interval is consistent with the probability of having an acci- the data and MC is excellent. The fit is over the entire elec-

dental lookback in the time interval. tron energy range 20E.,<200 MeV. Therefore, DIF oscil-
lations and DIF backgrounds in addition to the usual DAR
Events Expected Due  processes are considered.

R, Selection 0-3us 3-6 us to Accidentals
B. Formalism
R,=0 11.5-6.3 7.8t5.9 10.8:2.2
R,>10 1714 05-1.0 1604 Each beam-on event is characterized by four variables:

the electron energ\g., the electron reconstructed distance
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TABLE XV. The number of excess events in the<6B,<200 MeV energy range, together with the
corresponding oscillation probability if the excess is due fe- v, oscillations. Also shown are the results
from the higher precision analysis of the 1993—-1995 data saffiple

Analysis Excess Events Oscillation Probability
Present Analysi$1993—-1998 8.1+12.2+1.7 (0.10:0.160.04)%
Previous Analysig1993-199% 18.1+6.6+4.0 (0.26+0.10+0.05)%

along the tank axisz, the reconstructed direction cosine the

electron makes with the neutrino, c@is and the likelihood J dE.dR,d(cos#,)dz q(E,R,,c0s0,,2)=1 (9.9

ratio that the event has a correlated 2.2 MgVR,,. Each of

the neutrino-induced background processes is simulated, arfidr each contributioni. Together, these requirements ensure

the simulation is compared to real events in the detectoithat every observed beam-on event has a probability of oc-
Accidentaly events are used with real neutrino processes t@urrence equal to 1.

simulate accidental events. Beam-off events are used as a

background contribution after scaling by the measured time- C. Background variation

dependent duty factor. The duty factor for this analysis was

determined by using the entire raw event sample to measure
the ratio of beam-on time to beam-off time. The raw event2'® "ot perfectly known. The background variation is per-

sample consists mostly of beta-decay events and is, to a go& rmed by calculating the above likelihood at each point in

approximation, unbiased by beam-related events. The dufge (sdi(rjfza,Amz)h ;t))lanke mané/ times, \;]al;yinlg(; overdthe ?.X'
factor for each run was determined by dividing the numbeP€Cctedo for each background. For each background configu-

of raw events when the beam-on bit was set by the number ]at|(|)(n, theg ;]S V‘_’e'gf?t.ed with ? Glausgllzn gactl?r for gach
raw events where it was not set. This resulted in a duty facto ackground that is off its central value. The background con-
for each run that was used to weight the beam-off events t gurations are varied so that the beam-unrelated background

determine the beam-unrelated subtraction for the final evefBYB) varies independently and the beam-related back-
sample. grounds(BRBs) are locked together. Different background

For every point in the (sfr26,An?) plane, oscillation sig- varymg procedures give very similar results.
nal events are generated to complete the description of
sources expected in the beam-on sample. There are 5697 D. The expression for the likelihood
beam-on events in the data sample, and a likelihood is cal- Finally, the likelihood can be expressed as
culated for each one based on the valuegkgf z, cosé,
and Ry' 5 5 Npeamon
Formally, each neutrino beam-on evenis assigned a ﬁzf DNpgeXP(— (Npga— Npgd.exp) 720°) Hl pi |,
probability p;(E.,z,cos6,,R,) equal to a sum of probabili- o
ties gi(Ee,z,co0s6,,R,) from the backgrounds plus oscilla- (9.9
tions. It then remains to add tfeg with expected fractional where thef DNy 44 represents, schematically, the background
contributionsr; and take the product over all the beam-onvariation described above.
events. The likelihood is thus

It is necessary to allow for the fact that the backgrounds

E. The input

Nbeamon
=< H pj), (9.2 The q; for each of the background and signal processes
=1 are all generated from the MC, except for the BUB,
which is generated from the beam-off data events. There are
where separate MC runs for each of the above BRB processes.
Some of these backgrounds are grouped togeHyguropri-
Pj(Eej,R,;,c080,;,2;) ately weighteglinto a few commory;s for easier bookkeep-

Neontributions ing., as indicated in Table XVI. This is don_e for backgrounds
_ 2 GQi(Eoi,R,; ,COSO,;,Z)r;. (9.2) which do not need to be separately varied. Several small,
i1 el Ty beam-related backgrounds, DlFe— ve elastic scattering

and7*—e" v, DAR followed by v.C—e~N scattering, are

Additionally, two normalization requirements must hold: ~ contained in their DAR and DIF counterparts.

Ncontributions F. Slicing the contour

=1 ri=1, 93 1. The Feldman-Cousins method

The Feldman-Cousins meth$80] can be applied to the
and LSND £ contour in the following way. At a particular point
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TABLE XVI. The eight contributions to the (sh26,Am?) L fit from all of the signal and background
processes. Also shown are the fitted number of events at the best fit point SR4AM)pecsit

=(0.003,1.2 e¥).
L Contribution Signal or Background Source Process Fitted Number of Events
1 ;p.";e ;epﬂ e+n 89.5
BUB 3664.6
3 DAR v, ve ’C—e Ny 1865.0
ve YC—e N*
ve ’C—e N
ve—ve
4 DIF v, v, C—u” N* 37.3
V,u.C":UiNg.s.
5 DIF v, v,p—pn 5.9
7/,_C—>/,L+B*
;#C—>,u,+ BgAs.
6 DAR v, (1~ DAR) Vep—e'n 16.7
7 v, — Ve reC—e™ N 6.1
8 DIF 7" — v, and u* — v, decay reC—e N 11.9

in the (sirf26,An?) plane, create thousands of generateddimensional Gaussian, slices of 2.3 and 4.6 units down from
data sets comprised of background and oscillations. For eadhe peak. would correspond to 90% and 99% C.L., respec-
Monte Carlo experiment computél =L ,,,—Lyc, Where tively. Figure 26 shows that the Feldman-Cousins, Bayesian,
L=logL, Lyc is L at the particular point in the and constant-slice methods all give about the same 90% re-
(sir? 26,An?) plane assumed in the Monte Carlo, dng.,is  gions. Note that for the Feldman-Cousins method the slices
the log likelihood at the values of $ig9 andAm? that maxi-  are derived from a different LSND data set. We use the
mize £. From a histogram obL for the thousands of Monte constant-slice method in this paper to denote the favored
Carlo data sets one obtains the selection that contains, feegions in the (sifi26,An?) plane.

example, 90% of the experiments. Finally, determine this
selection at many points in the (3@4,An?) plane. The re-
sulting function of sii26 and Am? corresponds to the 90% _ o
C.L. allowed LSND region. Preserving correlations in thg.,R,,cosé,,z parameter

This approach, as practiced in Ré9), required large Space over which thé fit is performed is sometimes diffi- -
amounts of CPU. Even scanning a judiciously choserfult, due to the fact that for certain backgrounds the 3600 bin
(sir?26,Am?) region is CPU intensive, and setting up and Parameter space is too large to characterize. In particular,
running the generated data sets would take many months.
Therefore, the full Feldman-Cousins method will not be fol- 102
lowed here. As shown below, using slices derived from a s
different LSND data set to determine tifecontours for this =
data set, the results obtained with the Feldman-Cousins E
method are similar to other methods. 1

G. Statistical issues and technical hurdles

---------- Feldman-Cousins
— Bayes
[] Constant Slice

2. The Bayes method

For the Bayes method one presumes a prior expectation of
the oscillation parameters from 0.01 to 100.0%&k Am?
and 0.001 to 1.0 in sfi2h. The assumption of this prior
expectation is what makes this approach Bayesian. Each bin
in the (sirf 26,An?) plane is assigned a weight, wherew 1

=X 8y- L. That is, the weight is the measure of the prob- 10

ability distribution times theC. The measur&x 8y is taken

to be 8(In sir? 26) &In An?). The 90% and 99% C.L. regions

are then determined by integrating over the {&iHAnY) 107 ‘ ‘ ,

plane. 107 107 107 2o !

3. The constant-slice method FIG. 26. Favored regions in the (34,An?) plane at 90% C.L.

The constant-slice method makes a slice at a constarmhe Feldman-Cousins, Bayesian, and constant-slice methods all
value of L. If, for example, the log likelihood were a two- give about the same result.
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PR — e TABLE XVII. A comparison of the LSND and KARMEN ex-
RO 1 periments.
> r
N; - Property LSND KARMEN
<10 E ] Proton Energy 798 MeV 800 MeV
Karmen CFR | Proton Intensity 10004A 200 uA
Bugey ] Duty Factor 6<10 2 1x10°5
1 e E Total Mass 167 t 56 t
g NOMAD Neutrino Distance 30 m 17.5m
i | Particle Identification YES NO
10 '1__ _ Energy Resolution at 50 MeV 6.6% 1.6%
-1 90% (L, L <23) y
i 99% (L, L <4.6) |
e - band from 0.2-2.0 e¥/ although a region around 7 &V
107 1072 1071 L1 also possible, but has been made less probable by the
sin” 20 — v analysis.

The KARMEN experiment also searches fioy— v, 0s-

o L= = cillations with a detector that is similar to LSND. A compari-
da“’?‘ se_lmple, 20E=<200 MeV. The_ fit .'nC|Udes PiMary,—=ve — gon of the two experiments is given in Table XVII. LSND is
oscillations and secondawy, — v, oscillations, as well as all known . . - : -

" a more massive detector, has a higher intensity neutrino

neutrino backgrounds. The inner and outer regions correspond to A o .
90% and 99% C.L. allowed regions, while the curves are 90% C.Lsource’ and has good particle identification, while KARMEN

limits from the Bugey reactor experiment, the CCFR experiment aras better energy resolution f”m,d the advqntage of a much
Fermilab, the NOMAD experiment at CERN, and the KARMEN [OWer duty factor tha_t helps eliminate cosmic-ray events. In
experiment at ISIS. addition, KARMEN is located 17.5 m from the neutrino

source, compared with 30 m for LSND. Therefore, the ex-

o S ) ) ~ periments have sensitivities that peak at different values of
R, , with its logarithmic behavior for backgrounds in which A m2. At low Am?, for example, an experiment at 30 m is
uncorrelatedys are present, is especially difficult. This prob- 2 94 times more sensitive to neutrino oscillations than an
lem was resolved for the BUB by binning the other param-experiment at 17.5 m. Note that a global analysis of the two
eters very coarsely, effectively ignoring correlations in someexperiments was performed by Eif@9] using intermediate
regions of the four-dimensional parameter space. Statisticalata sets.
problems with the MC BRB sample, in which uncorrelated The event breakdown from the E E<200 MeV four-
ys are present, were dealt with in a similar manner. Sucldimensional fit is shown in Table XVI at the best-fit point
measures were safe approximations for the fiducial volume )
of interest. (sir? 26,Am?)peserit=(0.003,1.2 eY¥).

Other technical difficulties in certain ranges®dim? were

overcome with weighting techniques. The origin of the dif- The number ofy,— v, oscillation events at the best-fit point
ficulties was always one of limited statistical samples thafs 89.5 events, which agrees well with the 8722.4+6.0
characterized the probability distribution functions for the event excess from the fit to tie, distribution. The whole
backgrounds. Another problem involved re-weighting bylow Am? region gives an almost equally good fit within 0.5
sir’(1.27Am*(L, /E,)), which required prohibitive numbers log-likelihood units. Projections ont&,,R,,z,cosd, from

of MC events and the simultaneous breaking of correlationshe four-dimensional fit at the best fit value of (2#,An")

in the four-dimensional space. However, these difficultiesare plotted in Fig. 28. The fit is relatively insensitive to the
were overcome by smearirhg,, the distance travelled by the starting values and gives good overall agreement with the
neutrino, andg,, the neutrino energy, with the Gaussian data.

widths determined from the position and energy resolutions.

FIG. 27. A (sirf 26,An?) oscillation parameter fit for the entire

H. Results X. CONCLUSIONS

A (sin?26,An?) oscillation parameter fit for the entire The final LSNDv,— v, oscillation results are presented
data sample, 20E,<200 MeV, is shown in Fig. 27. The fit for all six years of data collection, 1993-1998. The analysis
includes bothv, — v, andv,— v, oscillations, as well as all €mployed a new event reconstruction that greatly improved
known neutrino backgrounds. The inner and outer regionghe correlation of thee™ and 2.2 MeVy from the reaction
correspond to 90% and 99% C.L. allowed regions, while thev,p—e™n, thus greatly reducing the background from neu-
curves are 90% C.L. limits from the Bugey reactor experi-trino events followed by an accidental These final results
ment[31], the CCFR experiment at Fermil§B2], the NO-  are consistent with our earlier analysis of the 1993-1995
MAD experiment at CERN33], and the KARMEN experi- data samplg2]; in particular, the results from the 1993—
ment at 1SIS[34]. The most favored allowed region is the 1995 data sample, which used a water target, are consistent
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to all of the LSND neutrino processes determines the al-
lowed oscillation parameters in a two-generation model. In
conjunction with other available neutrino oscillation limits,
the LSND data suggest that neutrino flavor oscillations occur
with a Am? in the range 0.2-10 &Vc*.

In addition, using the same event selection, results are
also presented for the decay-in-flight energy region. Al-

® Bsam-on events
[__] Fitted oscillation events
et background
Cosmic ray background

S
S
=)

1750

Beam-On Events

250
e though a cle_ar eve_nt excess |_s n_ot ob_served, the _results are
E, (MeV) consistent with thev,,— v, oscillation signal and with our

higher precision analysis of the 1993—1995 data saffile
which determined the selection parameters by maximizing
the acceptance divided by the square root of the beam-off
background and which had much less beam-off background
overall.

At present, the LSND results remains the only evidence
for appearance neutrino oscillations and implies that at least
_ one neutrino has a mass greater than 0.4c&Vlhe Mini-
cos log,y (R ) BooNE experiment at Fermilal85], which is presently un-
der construction, is expected to provide a definitive test of
the LSND results, and if the neutrino oscillation results are
confirmed, will make a precision measurement of the oscil-
lation parameters.

Beam-On Events
Beam-on events

FIG. 28. TheE,, z, cosd,, and R, projections from the
4-dimensional (sih26,An?) likelihood fit. The points with error
bars are the data.

with the results from 1996-1998, which made use of a ACKNOWLEDGMENTS
high-Z target.
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