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The cross section for the elastic scattering reactionne1e2→ne1e2 was measured by the Liquid Scintil-
lator Neutrino Detector using am1 decay-at-restne beam at the Los Alamos Neutron Science Center. The
standard model of electroweak physics predicts a large destructive interference between the charge current and
neutral current channels for this reaction. The measured cross section,snee25@10.161.1(stat)
61.0(syst)#3Ene

(MeV)310245 cm2, agrees well with standard model expectations. The measured value of
the interference parameter,I 521.0160.13(stat)60.12(syst), is in good agreement with the standard model
expectation ofI SM521.09. Limits are placed on neutrino flavor-changing neutral currents. An upper limit on

the muon-neutrino magnetic moment of 6.8310210mBohr is obtained using thenm andn̄m fluxes fromp1 and
m1 decay.
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I. INTRODUCTION

Neutrino-electron elastic scattering is a simple, pur
leptonic weak process that can provide precise tests of
standard model~SM! of electroweak interactions. Measur
ments of the reactionsnm1e2→nm1e2 and n̄m1e2→ n̄m
1e2 have been used to determine the vector and axial ve
electron-Z couplings,gV andgA @1–3#. These reactions pro
ceed solely via the neutral current~NC! channel. In contrast
the reactionne1e2→ne1e2 proceeds via both the charge
current~CC! and neutral current channels. This reaction is
interest primarily because it is one of the few reactions
which the SM predicts a large destructive interference
tween these two channels. In this paper, we report a m
surement of this reaction that is in good agreement with
SM and with the previous measurement@4#.

The differential cross sections fornm scattering on elec-
trons can be written

dsnm

dy
5s0@gL

21gR
2~12y!2# ~1!

for En@me , wheres05GF
2s/4p, s52meEn , y5Ee /En , gL

5gV1gA andgR5gV2gA . In the SM,gV52 1
2 12 sin2 uW

andgA52 1
2 . The total cross section is then
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snm5s0S gL
21

gR
2

3 D . ~2!

For n̄m scattering on electronsgL andgR are interchanged so
that

sn̄m5s0S gR
21

gL
2

3 D . ~3!

For scattering ofne on electrons the presence of the C
diagram results in a differential cross section of

dsne

dy
5s0@~gL12!21gR

2~12y!2# ~4!

and a total cross section

sne5s0F ~gL12!21
gR

2

3 G . ~5!

To make explicit the interference of the NC and CC, w
rewrite this as

sne5sCC1s I1sNC, ~6!

where sCC54s0 , sNC5s0(gL
21gR

2/3) and s I52Is0. In
the SM I 52gL52214 sin2 uW and sNC5s0(124 sin2 uW
116

3 sin4 uW). Assuming sin2 uW50.23, we getI 521.1. Thus
there is a substantial negative interference between the
and CC terms. Including radiation correction@5# and retain-
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ing terms in the mass of the electron in the cross sec
formula, we obtainI SM521.09 andsNC50.37s0.

The measured value of the interference term can be u
to set limits on neutrino flavor-changing neutral curre
~FCNC! @6#. Such currents would not be detectable in ne
trino experiments which measure a pure NC process s
the flavor of the outgoing neutrino is not observed. The
terference term, however, depends on the interference o
CC with the flavor conserving part of the NC.

Neutrino-electron elastic scattering can also be used
measure certain intrinsic electromagnetic properties of
neutrino. Neutrinos with magnetic moments will scatter el
tromagnetically on electrons. For electrons with recoil e
ergy greater thanT, the cross section for single-photon e
change dipole scattering is given by

sEM~En!5 f 2pr 0
2@T/En2 ln~T/En!21#, ~7!

where r 0 is the classical electron radius (r 052.82310213

cm! andf is the ratio of the neutrino magnetic moment to t
electron Bohr magneton. The present experiment can se
per limits on both thene magnetic moment and thenm mag-
netic moment because it observes scattering ofnm andn̄m as
well as ne on electrons. However, only the upper limit o
tained on thenm magnetic moment is competitive with pre
vious laboratory limits@1,4#.

We also place limits on anomalous contributions to
Lorentz and Dirac structure of the scattering amplitu
which would be manifested as changes in the electrom
netic form factors@7# and, in particular, as an effectiv
neutrino charge radius@8#. The weak NC coupling,gV ,
would shift to gV12d where d5(A2pa/3GF)^r 2&
5(2.3931030 cm22)^r 2& and ^r 2& is the effective mean
squared charge radius of the neutrino. As defined,^r 2& is
gauge dependent and not necessarily positive. It provid
procedure, however, for parametrizing certain not-stand
contributions to neutrino scattering. Our measurement ofgV
in elastic scattering provides a limit on internal electroma
netic structure at the level of 10216 cm.

The interference of the NC (Z exchange! and CC (W
exchange! terms can be studied in several other reactio
including nmN→nmm1m2N, n̄ee

2→ n̄ee
2 and e1e2

→gnn̄. Neutrino trident production,nmN→nmm1m2N,
was first clearly observed by the CHARM II experiment, b
this experiment was not sensitive enough to demonstrate
structive interference@9#. CCFR saw destructive interferenc
and was able to rule out a pureW exchange interaction@10#.
A more recent measurement by the NuTeV experiment, h
ever, could not distinguish betweenW exchange alone an
the SM @11#. Further, they note that earlier analyses of t
dent production did not consider diffractive sources. T
cross section forn̄e1e2→ n̄e1e2 was measured in a reacto
experiment and found to be in agreement with the SM
also consistent, within errors, with a CC interaction@12#.

The reactione1e2→gnn̄ has been extensively studied
the CERNe1e2 collider LEP @13#. Near theZ0, the NC
term dominates and the interference term is small. At hig
energies the interference term can contribute as much
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25%, but is also sensitive to the event selection criteria us
The LEP2 measurements agree well with the SM and h
been used to set limits on various possible new physics
cesses, but we are not aware of any explicit measuremen
the interference term.

II. THE NEUTRINO SOURCE

The data reported here were obtained between 1994
1998 by the Liquid Scintillator Neutrino Detector~LSND! at
the Los Alamos Neutron Science Center~LANSCE! using
neutrinos produced at the A6 proton beam stop. The neut
source is described in detail elsewhere@14#. In 1994 and
1995 the beam stop consisted of a 30 cm water target
rounded by steel shielding and followed by a copper be
dump. The high-intensity 798 MeV proton beam from t
linear accelerator generated a large pion flux from the wa
target. The flux ofne used for the measurements report
here arise from the decay at rest~DAR! of stoppedp1 and
m1. This decay chain yields almost equal intensities
ne , n̄m and nm with the well-determined energy spect
shown in Fig. 1.

After the 1995 run the beam stop was substantially mo
fied for accelerator production of tritium~APT! tests. The
most significant change for the analysis presented in
paper was the replacement of the water target by tung
and other materials with high atomic number. This resul
in reducedp1 production and a lower DAR neutrino flux
largely due to the change in the neutron to proton ratio in
target.

The corresponding decay chain forp2 andm2 is highly
suppressed due to three factors. First, production ofp2 is
smaller than forp1. Second,p2 which stop are absorbed b
nuclear interactions. Finally, mostm2 which stop are ab-
sorbed before they can decay. These stoppedm2 arise from
p2 which decay in flight~DIF!.

FIG. 1. Flux shape of neutrinos from pion and muon decay
rest.
1-2
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FIG. 2. Detector enclosure and target area configuration, elevation view.
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The LANSCE beam dump has been used as the neu
source for previous experiments@15–17#. A calibration ex-
periment@18# measured the rate of stoppedm1 from a low-
intensity proton beam incident on an instrumented be
stop. The rate of stoppedm1 per incident proton was mea
sured as a function of several variables and used to fine-
a beam dump simulation program@19#. The simulation pro-
gram can then be used to calculate the flux for any partic
beam dump configuration. The calibration experiment de
mined the DAR flux to67% for the proton energies an
beam stop configurations used at LANSCE. This uncerta
provides the largest source of systematic error for the c
sections presented here. The LANSCE proton beam typic
had a current of 800mA at the beam stop. For 1994 an
1995 the energy was approximately 770 MeV at the be
stop due to energy loss in upstream targets. The integr
beam current was 5904 C in 1994 and 7081 C in 1995.
calculated ratio of stoppedm1 per proton was 0.090 an
0.084 for 1994 and 1995, respectively, with the lower ra
for 1995 arising because the water target was out for 32%
the 1995 data. Upstream targets contributed 1.4% to
DAR flux in 1994 and 1995. The DARne flux averaged over
the LSND detector was then 3.0831013 cm22 for 1994 and
3.4531013 cm22 for 1995.

The 1996–1998 data was obtained with the APT be
stop. There were no upstream targets for almost all of
data taking. The integrated beam current was 3789 C
1996, 7181 C in 1997 and 3155 C in 1998. The calcula
ratio of stoppedm1 per incident proton was 0.069, 0.06
and 0.067 respectively in 1996, 1997 and 1998. The DARne
flux average over the LSND detector was 1.3231013 cm22

for 1996, 2.7331013 cm22 for 1997 and 1.1831013 cm22

for 1998. For the full data sample used in this paper thene
flux is 11.7631013 cm22.

III. THE LSND DETECTOR

The detector is located 29.8 m downstream of the pro
beam stop at an angle of 12° to the proton beam. Figu
shows a side-view of the setup. Approximately 2000 g/c2

of shielding above the detector attenuates the hadronic c
ponent of cosmic rays to a negligible level. The detecto
also well shielded from the beam stop so that bea
11200
no

m

ne

ar
r-

ty
ss
lly

m
ed
e

of
e

e
in
d

n
2

m-
s
-

associated neutrons are attenuated to a negligible level.
closing the detector, except on the bottom, is a highly e
cient liquid scintillator veto shield which is essential
reduce contributions from the cosmic ray muon backgrou
to a low level. Reference@14# provides a detailed descriptio
of the detector, veto, and data acquisition system which
briefly review here.

The detector is an approximately cylindrical tank conta
ing 167 tons of liquid scintillator and viewed by 1220 un
formly spaced 8 in. Hamamatsu photomultiplier tub
~PMT! covering 25% of the surface inside the tank wa
When the deposited energy in the tank exceeds a thresho
approximately 4 MeV electron-equivalent energy and th
are fewer than 4 PMT hits in the veto shield, the digitiz
time and pulse height of each of these PMTs~and of each of
the 292 veto shield PMTs! are recorded. A veto, imposed fo
15.2ms following the firing of.5 veto PMTs, substantially
reduces (1023) the large number of background events ar
ing from the decay of cosmic ray muons that stop in t
detector. Activity in the detector or veto shield during th
51.2 ms preceding a primary trigger is also recorded p
vided there are.17 detector PMT hits or.5 veto PMT hits.
This activity information is used in the analysis to reje
events arising from muon decay. Data after the primary ev
are recorded for 1 ms with a threshold of 21 PMTs~approxi-
mately 0.7 MeV electron-equivalent energy!. This low
threshold is used for the detection of 2.2 MeVg from neu-
tron capture on free protons. In the present analysis this
formation is used to help identify events induced by cosm
ray neutrons. The detector operates without reference to
beam spill, but the state of the beam is recorded with
event. Approximately 94% of the data is taken betwe
beam spills. This allows an accurate measurement and
traction of cosmic ray background surviving the event sel
tion criteria.

Most triggers due to electrons from stopped muon dec
~Michel electrons! are identified by a preceding activity pro
duced by the decay muon. Occasionally, however, the m
will not satisfy the activity threshold of.17 detector PMT
hits or .5 veto PMT hits. For several LSND analyses, i
cluding the present one, it is desirable to further reduce
number of unidentified Michel electrons. Therefore, for da
1-3
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recorded after 1994 all PMT information was recorded fo
period of 6 ms ~2.7 muon lifetimes! preceding certain pri-
mary events. This ‘‘lookback’’ information was recorded f
primary events with.300 PMT hits and no activity within
the past 35ms ~20 ms! for 1995 data~1996–1998 data!. For
the present analysis this ‘‘lookback’’ information is used
further reduce the cosmic ray muon background.

The detector scintillator consists of mineral oil (CH2) in
which is dissolved a small concentration~0.031 g/l! of
b-PBD @20#. This mixture allows the separation of Cˇ erenkov
light and scintillation light and produces about 33 photoel
trons per MeV of electron energy deposited in the oil. T
combination of the two sources of light provides directi
information for relativistic particles and makes particle ide
tification ~PID! possible. Note that the oil consists almo
entirely of carbon and hydrogen. Isotopically the carbon
1.1% 13C and 98.9%12C.

The veto shield encloses the detector on all sides ex
the bottom. Additional counters were placed below the v
shield before the 1994 run to reduce cosmic ray backgro
entering through the bottom support structure. Th
counters around the bottom support structure are referre
as bottom counters. More bottom counters were added a
the 1995 run. The main veto shield@21# consists of a 15-cm
layer of liquid scintillator in an external tank and 15 cm
lead shot in an internal tank. This combination of active a
passive shielding tags cosmic ray muons that stop in the
shot. A veto inefficiency,1025 is achieved with this detec
tor for incident charged particles.

IV. ANALYSIS TECHNIQUES

Each event is reconstructed using the hit time and pu
height of all hit PMTs in the detector@14#. The present
analysis relies on the reconstructed energy, position, di
tion, and two PID parameters,x tot8 anda, as described late
in this section. The particle direction is determined from t
Čerenkov cone. The parametersx tot8 anda are used to dis-
tinguish electron events from events arising from interacti
of cosmic ray neutrons in the detector. Fortunately, it is p
sible to directly measure the response of the detector to e
trons and neutrons in the energy range of interest for
analysis by using copious control data samples. We also
a Monte Carlo simulation,LSNDMC @22#, to simulate events
in the detector usingGEANT.

The response of the detector to electrons was determ
from a large, essentially pure sample of electrons~and posi-
trons! from the decay of stopped cosmic raym6 in the de-
tector. The known energy spectra for electrons from mu
decay was used to determine the absolute energy calibra
including its small variation over the volume of the detect
The energy resolution was determined from the shape of
electron energy spectrum and was found to be 6.6% at
52.8 MeV end point. The position and direction resoluti
obtained from theLSNDMC simulation are 27 cm and 17°
respectively, for electrons fromne elastic scattering in the
energy region above 18 MeV. The accuracy of the direct
measurement is discussed more in Sec. VI since the mea
ment of the angular distribution of electrons is crucial for t
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analysis presented in this paper. Electrons fromne elastic
scattering are sharply peaked along the incident neutrino
rection, while electrons from other neutrino processes h
a broad angular distribution that peaks in the backw
direction.

There are no tracking devices in the LSND detect
Thus, event positions must be determined solely from
PMT information. The reconstruction process determines
event position by minimizing a functionx r which is based
on the time of each PMT hit corrected for the travel time
light from the assumed event position to the PMT@14#. The
procedure used in several previous analyses systemati
shifted event positions away from the center of the detec
and thus effectively reduced the fiducial volume@23#. The
reconstruction procedure has been analyzed in detail an
improved reconstruction procedure was developed which
duces this systematic shift and provides substantially be
position resolution. This procedure also provides resu
which agree well with positions obtained from the event lik
lihood procedure described in Ref.@24#. In the analysis pre-
sented in this paper, a fiducial cut is imposed by requir
D.35 cm, whereD is the distance between the reco
structed event position and the surface tangent to the face
the PMTs. Events near the bottom of the detector (y,
2120 cm! are also removed, as discussed in Sec. V.

The particle identification procedure is designed to se
rate particles with velocities well above Cˇ erenkov threshold
from particles below Cˇ erenkov threshold. The procedur
makes use of the four parameters defined in Ref.@14#.
Briefly, x r and xa are the quantities minimized for the de
termination of the event position and direction,x t is the frac-
tion of PMT hits that occur more than 12 ns after the fitt
event time andx tot is proportional to the product ofx r , xa
andx t .

Several previous LSND analyses@23,25,26# have used
x tot for particle identification. The distribution ofx tot for
electrons, however, has a small variation with electron
ergy and with the position of the event. Therefore, in th
paper, we used a modified variable,x tot8 , with a mean of
zero and sigma of one, independent of the electron ene
and position. We also used the variable,a, which is based on
the event likelihood procedures discussed in Ref.@24#. It is
similar to the parameterr discussed there, which is based o
the ratio of Čerenkov to scintillator light. The parametera
varies from 0 to 1 and peaks at one for electrons and at
for neutrons. The combinationxa5x tot8 110(12a) pro-
vides better separation of electrons and neutrons thanx tot8 by
itself.

Figure 3~a! shows thex tot8 distribution for electrons from
stoppingm decay and for cosmic ray neutrons with electr
equivalent energies in the 18,Ee,50 MeV range. Neutrons
after thermalizing, undergo a capture reaction,n1p→d
1g. The 2.2 MeVg’s are used to select a clean sample
neutron events. For a neutronEe is the equivalent electron
energy corresponding to the observed total charge. Fig
3~b! shows thexa distribution for the same events. In th
present analysis we eliminate most cosmic ray neutron ba
ground by requiringxa,4.0. We note that a modest partic
1-4
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identification requirement was imposed in the initial da
processing that created the samples analyzed here. The e
of this requirement is also included in the analysis.

Beam-off data taken between beam spills play a cru
role in the analysis of this experiment. Most event select
criteria are designed to reduce the cosmic ray backgro
while retaining high acceptance for the neutrino process
interest. Cosmic ray background which remains after all
lection criteria have been applied is well measured with
beam-off data and subtracted using the duty ratio, the rati
beam-on time to beam-off time. The subtraction was p
formed separately for each year’s data using the meas
duty ratio for that year. The ratio averaged over the data
sample was 0.0632. Beam-on and beam-off data have
compared to determine if there are any differences other
those arising from neutrino interactions. Any differences
small and the 1.1% uncertainty in the duty ratio introduce
negligible effect in the present analysis.

The beam-off subtraction procedure is illustrated in Fig
for the y distribution of the sample of inclusive electro
events discussed in the next section. Figure 4~a! shows they
distribution for beam-on events and for beam-off events c
rected by the duty ratio. The beam-off background is larg
at low y due to the absence of a veto below the detec
Figure 4~b! compares they distribution of the beam-exces
events with that expected from neutrino processes.
agreement is excellent.

V. INCLUSIVE ELECTRON SAMPLE

Beam-associated electrons below 52 MeV in LSN
arise from four major neutrino processe

FIG. 3. Particle identification parameters~a! x tot8 and~b! xa for
electrons and neutrons. In the present analysis we requirexa,4.0
as indicated by the arrow in~b!.
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12C(ne ,e2)12Ng.s. ,
12C(ne ,e2)12N* ,13C(ne ,e2)13X and ne

elastic scattering. We distinguish transitions to the grou
states (12Ng.s.) and excited states (12N* ) of nitrogen because
the ground state has a clear signature from itsb-decay. In
this section we describe the selection criteria used to obta
clean sample of inclusive electron events arising from n
trino interactions in the detector. The next section descri
how the angular distribution of these electrons is used
obtain ane elastic sample and, in addition, to determine t
background due to other neutrino processes remaining in
sample.

The selection criteria and corresponding efficiencies
electrons fromne elastic scattering are shown in Table I.
lower limit on the electron energy of 18.0 MeV eliminate
the large cosmic ray background from12Bb-decay as well as
most 15.1 MeV gamma rays from the NC excitation of ca
bon. The12B nuclei arise from the absorption of stoppedm2

on 12C nuclei in the detector. The requirementy.2120 cm
removes a small region at the bottom of the detector
which the cosmic ray background is relatively high,
shown in Fig. 4~a!. The reconstructed electron position
also required to be a distanceD.35 cm from the surface
tangent to the faces of the PMTs. There are 2.7231031 elec-
trons within this fiducial volume. We show in the ne
section that we are able to make a good measuremen
the direction for electrons within this fiducial volume. Th
fiducial volume efficiency, defined to be the ratio of the nu
ber of events reconstructed within the fiducial volume to
actual number within this volume, was determined to
0.91860.055. This efficiency is less than one because th

FIG. 4. They distribution of inclusive electrons~a! for beam-on
events and for beam-off events corrected by the duty ratio~cross
hatched!, and~b! beam-excess events compared with Monte Ca
expectations~solid line!.
1-5
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is a systematic shift of reconstructed event positions aw
from the center of the detector as discussed in Sec. IV.

Several selection criteria are designed to further re
cosmic ray induced events. Events with more than three v
PMT hits or any bottom counter coincidence during the 5
ns event window are eliminated. The past activity cut is
signed to reject most electron events arising from cosmic
muons which stop in the detector and decay. This ba
ground has a time dependence given by the 2.2ms muon
lifetime. The past activity selection criteria reject all even

FIG. 5. Distribution of the distance between reconstructed p
tions of e2 and e1 for beam-excess events in th
12C(ne ,e2)12Ng.s. sample compared with Monte Carlo expect
tions ~solid line!. The calculated accidental contribution is show
by the dashed line.

TABLE I. The electron selection criteria and corresponding
ficiencies for the reactionne1e→ne1e.

Quantity Criteria Efficiency

Fiducial volume D.35 cm, 0.91860.055
y.2120 cm

Electron energy 18,Ee,50 MeV 0.44260.010
Particle ID xa,4 0.94060.018
In-time veto ,4 PMTs 0.98860.010
Past activity See text 0.63560.012
Future activity Dt f.8.8 ms 0.99160.003
Future beta See Text 0.99760.003
Lookback likelihood 0.99460.004
DAQ and tape dead time – 0.95860.010
Direction cosu.0.9 0.83260.020

Total 0.18760.014
11200
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with activity within the past 20ms with .5 veto PMT hits or
.17 detector PMT hits. We also reject any event with a p
activity within 51 ms with .5 veto PMT hits and.500
detector PMT hits. A small~0.5%! loss of efficiency arises
from a cut~made during initial data processing! on past ac-
tivities that are spatially correlated with the primary eve
within 30 ms of the primary event and have>4 veto PMT
hits.

Muons which are misidentified as electrons are remo
by requiring that there be no future activity consistent with
Michel electron. Any event with a future activity with fewe
than 4 veto PMT hits and more than 50 detector PMT h
within 8.8 ms is rejected.

Electrons from the reaction12C(ne ,e2)12Ng.s. can be

TABLE II. Criteria to selecte1 from Ng.s. beta decay and cor
responding efficiencies for the reaction12C(ne ,e2)12Ng.s. .

Quantity Criteria Efficiency

b decay time 52ms,t,60 ms 0.97460.002
Spatial correlation Dr ,0.7 m 0.99260.008
PMT threshold .100 for 1994, 0.86060.011

.75 after 1994
Fiducial volume D.0 cm 0.98660.010
Trigger veto .15.1ms 0.76060.010
Intime veto ,4 PMTs 0.98860.010
DAQ dead time 0.97760.010

Total 0.60160.015

i-
FIG. 6. The distribution of time between the primary and t

veto signal for beam-off events rejected using the ‘‘lookback’’ i
formation compared with a curve corresponding to the muon l
time.

-
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identified by the positron from theb-decay of the12Ng.s. .
Figure 5 shows the distance between the reconstructed
tron and positron positions. Table II shows theb selection
criteria and corresponding efficiencies. Reference@25# dis-
cusses in detail the measurement of the reac
12C(ne ,e2)12Ng.s. . For the nee analysis we reject event
with an identifiedb.

Cosmic ray muons which fire,6 veto PMTs (1023 prob-
ability! and stop in the iron walls of the detector will no
register as past activities. Some of the decay electrons
radiate photons which will enter the detector and be rec
structed as electrons within the fiducial volume. In previo
analyses we simply relied on the beam-off subtraction p
cedure to remove this background. Here we use the ‘‘lo
back’’ information described in Sec. III to reject events fro
this source. This results in slightly smaller statistical errors
the final beam-excess sample.

For primary events with.300 PMT hits and no activity
within the past 35ms ~20 ms! for 1995 data~1996–1998
data!, we recorded all PMT information for the 6ms interval
preceding the event. Muons with,6 veto PMT hits will
appear in this ‘‘lookback’’ interval as a cluster of veto PM
hits spatially correlated with the primary event. The distrib
tion of time between the veto signals and the primary ev
should be consistent with the muon lifetime, and the dis
butions of veto PMT hits and veto pulse height should
consistent with that measured for muons producing,6 veto
PMT hits. We developed a likelihood procedure based
these distributions which allowed us to reduce the beam
background by 15% with only a 0.6% loss of efficiency f

FIG. 7. Thexa distribution of the beam-excess inclusive ele
tron sample. The histogram shows thexa distribution of Michel
electrons weighted and normalized to the same area.
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neutrino events@27#. Figure 6 shows the time between th
veto signal and the primary for rejected events.

The acceptances for the past activity, the future activ
the ‘‘lookback’’ and the in-time veto cuts are obtained b
applying these cuts to a large sample of random events
gered with the laser used for detector calibration. These la
events are spread uniformly through the run and thus ave
over the small variation in run conditions. The acceptan
for the 15.1ms trigger veto is included in the past activit
efficiency.

A sample of Michel electrons was analyzed to obtain
acceptance of electrons for the PID cut. Figure 7 compa
the xa distribution of the inclusive electron sample with
weighted Michel electron sample. The agreement is ex
lent. To eliminate any energy dependence, the Michel e
trons are given weights as a function of energy so that
weighted spectrum agrees with the energy spectrum ofnee
elastic scattering. The acceptance, however, is very inse
tive to the assumed energy spectrum. The beam-excess
tribution shown in Fig. 7 is obtained by subtracting th
beam-off distribution from the beam-on distribution as d
cussed in Sec. III.

VI. ELASTIC ELECTRON SAMPLE

Figure 8 shows the observed distribution in cosu for the
beam-excess inclusive electron sample, whereu is the angle
between the reconstructed electron direction and the incid
neutrino direction. The large forward peak arises fromne
elastic scattering. Figure 9 shows the expected distributi

FIG. 8. The observed cosu distribution of the beam-excess in
clusive electron sample~a! for all angles and~b! for cosu.0.8. The
solid line shows a fit to the data by the method explained in the t
The hatched histogram shows the estimated background level
neutrino reactions other thanne elastic scattering.
1-7
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FIG. 9. The expected distributions of cosu for
~a! ne2 elastic scattering,~b! 12C(ne ,e2)12Ng.s. ,

~c! 12C(ne ,e2)12N* , and ~d! 13C(ne ,e2)13X.
Straight line fits are shown in~b!, ~c! and ~d!.
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in cosu for the primary sources of electrons in the samp
ne elastic scattering,12C(ne ,e2)12Ng.s. ,

12C(ne ,e2)12N* ,
and 13C(ne ,e2)13X. These distributions have been obtain
with the LSNDMC simulation package@22# and thus include
the angular smearing due to experimental effects. Be
smearing, the expected distribution for all processes o
thanne elastic scattering varies gradually with cosu, and a
function of the formA1B cosu provides a good fit to the
distribution. As seen in Fig. 9, there is only a small deviati
from linearity after experimental smearing. Mostne elastic
events satisfy the selection criteria cosu.0.9. The back-
ground from neutrino carbon scattering under the ela
peak~cosu.0.9! is obtained by fitting the observed distribu
tion in Fig. 8 to the sum of a term with the shape expec
for ne elastic scattering shown in Fig. 9 and a backgrou
term which differs slightly from the formA1B cosu due to
the experimental smearing. From the fit we calculate a ba
ground of 5965 events with cosu.0.9. Measurements o
neC scattering, including angular distributions fo
12C(ne ,e2)12Ng.s. and 12C(ne ,e2)12N* , will be reported in
a separate paper@28#.

Figure 10 shows the observed and expected electron
ergy distributions for beam-excess events with cosu.0.9.
Figure 11 shows the observed and expected spatial dist
tions of the same events. Both figures show good agreem
with expectations. Table III provides a breakdown of t
number of events with cosu.0.9, the calculated back
grounds, the acceptance, the neutrino flux and the resu
flux-averaged cross section fornee elastic scattering. The
11200
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dominant sources of systematic error in the cross sec
are the neutrino flux~7%! discussed in Sec. II, the effectiv
fiducial volume ~6%! discussed in Sec. IV, the neutrin
background with cosu.0.9 ~3%!, particle identification
~2%!, the energy scale~2%! and the direction determinatio
~2%!.

All three types of DAR neutrinos (ne , nm , andn̄m) elas-
tically scatter off electrons in the detector, but the rate
dominated bynee

2 scattering@29#. The contribution due to
DIF nm and n̄m scattering on electrons is small, approx
mately 6 events fromnm scattering and,1 event fromn̄m
scattering. For thene electron elastic scattering analysi
events fromnm and n̄m scattering are background and th
we subtract their contributions, shown in Table III, from th
observed elastic scattering signal. Other experiments h
measured cross sections for bothnm and n̄m scattering that
are in good agreement with expectations@30#. The numbers
in Table III for nm and n̄m are obtained from the theoretica
cross sections rather than the measured ones, althoug
analysis is insensitive to this choice. We also note that
sum of the contributions fromnm and n̄m scattering depends
only weakly on the value of sin2 uW.

VII. PHYSICS RESULTS

The measured cross section, with its explicit linear ene
dependence, is
1-8
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snee25@10.161.1~stat!61.0~syst!#3Ene
~MeV!

310245 cm2. ~8!

This agrees well with the value measured by E225 at
Alamos @4#,

snee25@10.061.5~stat!60.9~syst!#3Ene
~MeV!

310245 cm2 ~9!

and with SM expectations. The effective electron-Z cou-
plings, including radiative corrections, aregV520.0397 and
gA520.5064 in the SM@31#. We then obtain, retaining
terms inme in the cross section formula@5,32,33#,

snee
SM59.33Ene

~MeV!310245 cm2. ~10!

The ne1e2→ne1e2 cross section can be separated in
its component parts: CC, NC and interference. Solving
the interference term and substituting the SM calculated
ues for NC and CC cross sections, the interference term
be written as

I 5s I /2s0

5
sexp2sCC2sNC

2s0
5

sexp24s020.37s0

2s0

5
sexp

2s0
22.18, ~11!

FIG. 10. The observed and expected~solid line! distributions of
beam-excess events with cosu.0.9. The expected distribution in
cludes the estimated contribution fromnC ~cross hatched! as well
asne elastic scattering.
11200
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where s05(2meGF
2/4p)Ene

5(4.31310245) cm2/MeV

3Ene
and becomes

I LSND521.0160.13~stat!60.12~syst!. ~12!

This compares well with I E225521.0760.17(stat)
60.11(syst) andI SM521.09.

In the SM

snee
SM5s0F114 sin2 uW1

16

3
sin4 uWG . ~13!

Settingsnee
SM5sexp we obtain

TABLE III. Events, backgrounds and efficiency for cosu.0.9.
The neutrino flux and the flux averaged cross section for the re
tion ne1e2→ne1e2 are also shown.

Beam-on events 434 events
Beam-off events3duty ratio 133 events

Beam-excess events 301 events
nC background 59 events
nme background 24 events

n̄me background 27 events

nee elastic 191 events
Efficiency 0.187

ne flux 11.7631013/cm2

^s& (3.1960.3560.33)
310243 cm2

FIG. 11. The spatial distribution of the electron for beam-exc
events with cosu.0.9 compared with expectation~solid line! from
ne elastic scattering andnC scattering.
1-9
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sin2 uW50.24860.051, ~14!

where the error combines the statistical and systematic
certainties. This is in good agreement with other, much m
precise measurements of sin2 uW.

Limits on the electron-neutrino charge radius were o
tained following closely the notation and procedure of Re
@4# and @34#. The measured value of sin2 uW50.24860.051
agrees well with the value predicted from high energy c
lider results, sin2 ūW. This agreement is used to place limi
on the size of the radiative correction (d5 sin2 uW

2 sin2 ūW) to the electron vector coupling constantgV5ḡV

12d with gV52 1
2 12 sin2 uW andḡV52 1

2 12 sin2 ūW. The
90% confidence level interval forgV ~based on 0.159
, sin2 uW,0.329) is measured to be20.182,gV,0.158.
The radiative correctiond to the vector coupling (ḡV5
20.04) is therefore in the range20.142,2d,0.198 at the
90% confidence level. Then using the relationd
5(A2pa/3GF)^r 2& we obtain limits on the electron
neutrino charge radius:

22.97310232,^r 2&,4.14310232 cm2. ~15!

A more general interpretation of these results is that t
place limits on certain nonstandard contributions to neutr
scattering@31#.

It is also possible to search for neutrino flavor-chang
neutral currents. If the neutrino emerging from the neu
current differs from the electron-flavor neutrino emergi
from the charge current, the two amplitudes will not a
coherently. Following Okun@35#, we introduce diagona
( f ee) and off-diagonal (f em and f et) couplings for neutral-
current mixing of neutrino flavors with 15 f ee

2 1 f em
2 1 f et

2 .
Non-zero flavor-changing couplingsf em or f et would cause
the diagonal coupling to be less than unity. Limits on
2 f ee can be obtained by comparing the measured cross
tion, sexp, for ne electron elastic scattering with the standa
model cross section,sSM. From the relation

12 f ee5
~sexp2sSM!

4s0~122 sin2 uW!
, ~16!

we obtain 12 f ee,0.32 at 90% confidence level for the a
lowed region,f ee<1. Alternatively, f em

2 1 f et
2 ,0.54 at 90%

confidence level. The E225 experiment at Los Alamos
tained similar limits@4,36#.
ys
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Limits on thene andnm magnetic moments are obtaine
by comparing the observed number of elastic events fr
ne , nm andn̄m scattering, 242, with the 229 events expect
from the standard model. At 90% confidence level there
then fewer than 55 events due to magnetic scattering. U
the ne , nm and n̄m fluxes, the experimental detection effi
ciencies and Eq.~7!, the cross section for electromagnet
scattering, we obtain

mne

2 12.4mnm

2 ,1.1310218mBohr
2 . ~17!

Thus mne
,1.131029mBohr and mnm

,6.8310210mBohr

@37#. The limit on the muon-neutrino magnetic moment
slightly more stringent than that given by previous expe
ments@1,4#.

VIII. CONCLUSIONS

We have measurednee
2→nee

2 elastic scattering with a
sample of 191622 events. The reaction is of interest prim
rily because it is one of the few reactions for which the S
predicts a large destructive interference between the CC
NC channels. The measured cross section,snee25@10.1

61.1(stat)61.0(syst)#3Ene
(MeV)310245 cm2, is in good

agreement with standard model expectations. The meas
interference term,I LSND521.0160.13(stat)60.12(syst), is
in good agreement with the SM expectation ofI SM5
21.09. Limits are placed on neutrino flavor-changing ne
tral currents and on the electron-neutrino charge radius.
nally, we obtain limits on the muon-neutrino magnetic m
ment that are slightly more stringent than those of previo
experiments.
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