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The cross section for the elastic scattering reactiphe™ — v,+e~ was measured by the Liquid Scintil-
lator Neutrino Detector using a* decay-at-rest, 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 seaﬁpe@T:[lo.]i 1.1(stat)
+1.0(syst)] X E.. (MeV) x 10" %5 cn?, agrees well with standard model expectations. The measured value of
the interference parametdrs —1.01+ 0.13(stat}= 0.12(syst), is in good agreement with the standard model
expectation of SM= —1.09. Limits are placed on neutrino flavor-changing neutral currents. An upper limit on
the muon-neutrino magnetic moment of 8.80™ 1%y, is obtained using the,, and v, fluxes fromz* and

u’ decay.
DOI: 10.1103/PhysRevD.63.112001 PACS nuni®er13.15-+g, 13.10-+q, 14.60.Lm
I. INTRODUCTION gé
o'n=0o| gL+ - @

Neutrino-electron elastic scattering is a simple, purely
leptonic weak process that can provide precise tests of th

standard mode{SM) of electroweak interactions. Measure- For v, Scattering on electrorgy. andgr are interchanged so

— that
ments of the reactions,+e”—wv,+e” andv,+e " —v,
+e~ have been used to determine the vector and axial vector _ ) QE
electronZ couplings,gy andg, [1-3]. These reactions pro- o'r=0o| Ort 3 |- 3

ceed solely via the neutral currefNC) channel. In contrast,
the reactionve+e” —ve+e  proceeds via both the charged  pqr gcattering ofy, on electrons the presence of the CC
current(CC) and neutral current channels. This reaction is Ofdiagram results in a differential cross section of

interest primarily because it is one of the few reactions for

which the SM predicts a large destructive interference be- dove

tween these two channels. In this paper, we report a mea- d_y:UO[(gL+ 2)2+g&(1-y)?] (4)
surement of this reaction that is in good agreement with the

SM and with the previous measurem¢st. and a total cross section

The differential cross sections far, scattering on elec-

trons can be written 92
oe=0y (9L+2)2+? : ®)
do?n 5 )
dy = 0oL +Or(1-Y)7] (1) To make explicit the interference of the NC and CC, we
rewrite this as
for E,>m,, whereoo=G2s/4m, s=2mE,, y=E./E,, 9, o= C+ o'+ oNC, (6)
=gy+0ga andgg=gy—9ga. In the SM,gy=—3+2 sirf 6
andg,=—3%. The total cross section is then where 0=40,, oNC=0y(gZ+g3/3) and o' =2l0y. In

the SM1=2g, =—2+4sir? 6, and o = oo(1—4 sir? 6

+%sin’ 6,). Assuming sif ,=0.23, we get =—1.1. Thus
*Present address: University of Alabama, Tuscaloosa, AL 35487there is a substantial negative interference between the NC
TPresent address: Indiana University, Bloomington, IN 47405. and CC terms. Including radiation correctifs] and retain-
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ing terms in the mass of the electron in the cross section
formula, we obtain SM=—1.09 ando™N®=0.370,,.

The measured value of the interference term can be used
to set limits on neutrino flavor-changing neutral currents
(FCNO) [6]. Such currents would not be detectable in neu- L
trino experiments which measure a pure NC process since
the flavor of the outgoing neutrino is not observed. The in-
terference term, however, depends on the interference of the
CC with the flavor conserving part of the NC.

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

Flux(v/em®/s)

oM(E,) =271 T/IE,—In(T/E,)—1], 7)

el PRI 1
wherer, is the classical electron radius o 2.82x 10713 0 10 20 30Neumn§%nergy(M~’g])
cm) andf is the ratio of the neutrino magnetic moment to the
electron Bohr magneton. The present experiment can set up- FIG. 1. Flux shape of neutrinos from pion and muon decay at
per limits on both thes, magnetic moment and thg, mag-  rest.
netic moment because it observes scattering, 0éndv,, as . - _ o
well as v, on electrons. However, only the upper limit ob- 25%, but is also sensitive to the event selection criteria used.
tained on thev, magnetic moment is competitive with pre- The LEP2 measurements agree well with the SM and have
vious laboratory limitg1,4]. been used to set limits on various possible new physics pro-

We also place limits on anomalous contributions to thecesses, but we are not aware of any explicit measurements of
Lorentz and Dirac structure of the scattering amplitudethe interference term.
which would be manifested as changes in the electromag-
netic form factors[7] and, in particular, as an effective Il. THE NEUTRINO SOURCE
neutrino charge radiug8]. The weak NC couplinggy,
would shift to gy+25 where 6=(\2ma/3Gg)(r?)
=(2.39x10° cm ?)(r?) and (r?) is the effective mean
squared charge radius of the neutrino. As defined) is
gauge dependent and not necessarily positive. It provides

procedure, however, for parametrizing certain not-standar 995 the beam stop consisted of a 30 cm water target sur-

pontribqtions to r_1eutrino 'scatterilng_. Our_ measuremert,of rounded by steel shielding and followed by a copper beam
in elastic scattering provides a limit on internal electromag-dum The high-intensity 798 MeV oroton beam from the
netic structure at the level of 166 cm. P 9 y b

The interference of the NCZ( exchangg and CC W linear accelerator generated a large pion flux from the water

exchangg terms can be studied in several other reactionstarget' The flux ofve used for the measurements reported
9 here arise from the decay at ré&tAR) of stoppedr* and

. . + — - — - —_ + —
including v, ,N—v,u"u N, vee —ve and e'e w*. This decay chain yields almost equal intensities of

. . . + -
—yvv. Neutrino trident productiony,N—v,u"u N, ) v, and v, with the well-determined energy spectra
was first clearly observed by the CHARM Il experiment, but gy 5wn in Fig. 1.

this experiment was not sensitive enough to demonstrate de- afer the 1995 run the beam stop was substantially modi-
structive interferencf9]. CCFR saw destructive interference fied for accelerator production of tritiurtAPT) tests. The
and was able to rule out a puvié exchange interactiofl0].  post significant change for the analysis presented in this
A more recent measurement by the NuTeV experiment, NOWsn6r was the replacement of the water target by tungsten
ever, could not distinguish betweéhl exchange alone and 54 other materials with high atomic number. This resulted
the SM[11]. Further, they note that earlier analyses of tri-iy requceds* production and a lower DAR neutrino flux,
dent production did not consider diffractive sources. Theg gely due to the change in the neutron to proton ratio in the
cross section for,+e~ — v+ €~ was measured in a reactor target.
experiment and found to be in agreement with the SM but The corresponding decay chain fer and .~ is highly
also consistent, within errors, with a CC interact{di]. suppressed due to three factors. First, productionr ofis

The reactiore™e” — yvv has been extensively studied at smaller than forr™. Secondz~ which stop are absorbed by
the CERNe"e™ collider LEP [13]. Near theZ® the NC  nuclear interactions. Finally, mogt~ which stop are ab-
term dominates and the interference term is small. At highesorbed before they can decay. These stoppedarise from
energies the interference term can contribute as much as~ which decay in flightDIF).

The data reported here were obtained between 1994 and
1998 by the Liquid Scintillator Neutrino DetectdrtSND) at
the Los Alamos Neutron Science Cent& ANSCE) using

r()ieutrinos produced at the A6 proton beam stop. The neutrino
ource is described in detail elsewhégdel]. In 1994 and
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FIG. 2. Detector enclosure and target area configuration, elevation view.

The LANSCE beam dump has been used as the neutrinassociated neutrons are attenuated to a negligible level. En-
source for previous experiment§5—17. A calibration ex-  closing the detector, except on the bottom, is a highly effi-
periment[18] measured the rate of stoppgd from a low-  cient liquid scintillator veto shield which is essential to
intensity proton beam incident on an instrumented beanfeduce contributions from the cosmic ray muon background
stop. The rate of stopped” per incident proton was mea- to a low level. Referencil4] provides a detailed description
sured as a function of several variables and used to fine-turlﬁ the detector, veto, and data acquisition system which we
a beam dump simulation progra9]. The simulation pro- priefly review here.
gram can then be used to calculate the flux for any particular The detector is an approximately cylindrical tank contain-
beam dump configuration. The calibration experiment determg 167 tons of liquid scintillator and viewed by 1220 uni-

mined the DAR flux t0£7% for the proton energies and o spaced 8 in. Hamamatsu photomultiplier tubes

bear_n stop configurations used at LANSCE. This uncertaint PMT) covering 25% of the surface inside the tank wall,
provides the largest source of systematic error for the cro

sections presented here. The LANSCE proton beam typicallx hergxtir:]ea?;poéiltl\eﬂisn;regcyzrgnt_r;e L?C;::](f ii?a? a t;:]%s?ﬁgem
had a current of 80QuA at the beam stop. For 1994 and PP y q ay

1995 the energy was approximately 770 MeV at the beari'® fewer than 4 _PMT hits in the veto shield, the digitized
stop due to energy loss in upstream targets. The integratdfi"® @nd pulse height of each of these PMasd of each of
beam current was 5904 C in 1994 and 7081 C in 1995, Thé€ 292 veto shield PMTsre recorded. A veto, imposed for
calculated ratio of stoppeg® per proton was 0.090 and 19-2#S following the firing of>5 veto PMTs, substantially
0.084 for 1994 and 1995, respectively, with the lower ratio"®duces (10°) the large number of background events aris-
for 1995 arising because the water target was out for 329 ofg from the decay of cosmic ray muons that stop in the
the 1995 data. Upstream targets contributed 1.4% to théetector. Activity in the detector or veto shield during the
DAR flux in 1994 and 1995. The DAR, flux averaged over 51.2 us preceding a primary trigger is also recorded pro-
the LSND detector was then 3.880 cm™2 for 1994 and Vided there are>17 detector PMT hits or-5 veto PMT hits.
3.45x 10 cm™2 for 1995. This activity information is used in the analysis to reject
The 1996-1998 data was obtained with the APT beane¢vents arising from muon decay. Data after the primary event
stop. There were no upstream targets for almost all of th@re recorded for 1 ms with a threshold of 21 PM@&pproxi-
data taking. The integrated beam current was 3789 C imately 0.7 MeV electron-equivalent eneygyThis low
1996, 7181 C in 1997 and 3155 C in 1998. The calculatedhreshold is used for the detection of 2.2 MeMrom neu-
ratio of stoppedu™ per incident proton was 0.069, 0.068, tron capture on free protons. In the present analysis this in-
and 0.067 respectively in 1996, 1997 and 1998. The DAR formation is used to help identify events induced by cosmic
flux average over the LSND detector was PR3 cm 2 ray neutrons. The detector operates without reference to the
for 1996, 2.7 10" cm™2 for 1997 and 1.18 10" cm™2 beam spill, but the state of the beam is recorded with the
for 1998. For the full data sample used in this paperithe event. Approximately 94% of the data is taken between

flux is 11.76x 103 cm™2. beam spills. This allows an accurate measurement and sub-
traction of cosmic ray background surviving the event selec-
Ill. THE LSND DETECTOR tion criteria.

Most triggers due to electrons from stopped muon decays
The detector is located 29.8 m downstream of the protoriMichel electrong are identified by a preceding activity pro-
beam stop at an angle of 12° to the proton beam. Figure 8uced by the decay muon. Occasionally, however, the muon
shows a side-view of the setup. Approximately 2000 ¢/cm will not satisfy the activity threshold of17 detector PMT
of shielding above the detector attenuates the hadronic confiits or >5 veto PMT hits. For several LSND analyses, in-
ponent of cosmic rays to a negligible level. The detector iscluding the present one, it is desirable to further reduce the
also well shielded from the beam stop so that beamnumber of unidentified Michel electrons. Therefore, for data
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recorded after 1994 all PMT information was recorded for aanalysis presented in this paper. Electrons freenelastic
period of 6 us (2.7 muon lifetimey preceding certain pri- scattering are sharply peaked along the incident neutrino di-
mary events. This “lookback” information was recorded for rection, while electrons from other neutrino processes have
primary events with>300 PMT hits and no activity within  a broad angular distribution that peaks in the backward
the past 35us (20 us) for 1995 data(1996—-1998 dataFor  direction.
the present analysis this “lookback™ information is used t0  There are no tracking devices in the LSND detector.
further reduce the cosmic ray muon background. Thus, event positions must be determined solely from the
The detector scintillator consists of mineral oil (9HN  p\T information. The reconstruction process determines an

which is dissolved a small concentratid0.031 gl of = gyeng position by minimizing a functioy, which is based
b-PBD[20]. This mixture allows the separation obf@nkov on the time of each PMT hit corrected for the travel time of

light and scintillation light and produces about 33 photoelec-Iight from the assumed event position to the PMA]. The

trons per MeV of electron energy deposited in the oil. The d di | . | icall
combination of the two sources of light provides direction procedure used in several previous analyses systematically
shifted event positions away from the center of the detector

information for relativistic particles and makes particle iden- ; o
tification (PID) possible. Note that the oil consists almost and thus effectively reduced the fiducial volurf&s]. The

entirely of carbon and hydrogen. Isotopically the carbon isreconstruction procedure has been analyzed in detall _and an
1.1% 3C and 98.9%'%C. improved reconstruction procedure was developed which re-
The veto shield encloses the detector on all sides exceffuces this systematic shift and provides substantially better
the bottom. Additional counters were placed below the vetd0sition resolution. This procedure also provides results
shield before the 1994 run to reduce cosmic ray backgroun@hich agree well with positions obtained from the event like-
entering through the bottom support structure. Thesdihood procedure described in R¢24]. In the analysis pre-
counters around the bottom support structure are referred @£nted in this paper, a fiducial cut is imposed by requiring
as bottom counters. More bottom counters were added afté?>35 c¢m, whereD is the distance between the recon-
the 1995 run. The main veto shidla1] consists of a 15-cm  Structed event position and the surface tangent to the faces of
layer of liquid scintillator in an external tank and 15 cm of the PMTs. Events near the bottom of the detectp(
lead shot in an internal tank. This combination of active and—120 cn) are also removed, as discussed in Sec. V.
passive shielding tags cosmic ray muons that stop in the lead The particle identification procedure is designed to sepa-
shot. A veto inefficiency< 10~ is achieved with this detec- ate particles with velgcities well abovee@nkov threshold
tor for incident charged particles. from particles below @renkov threshold. The procedure
makes use of the four parameters defined in Ra&#].
Briefly, x, and x, are the quantities minimized for the de-
IV. ANALYSIS TECHNIQUES termination of the event position and directign,is the frac-
Each event is reconstructed using the hit time and pulséon of PMT hits that occur more than 12 ns after the fitted

height of all hit PMTs in the detectofl4]. The present €venttime and is proportional to the product of;, xa
analysis relies on the reconstructed energy, position, direc@nd Xt - )

tion, and two PID parameters/,, ande, as described later ~ Several previous LSND analys¢®3,25,2§ have used

in this section. The particle direction is determined from theXtot fOr particle identification. The distribution ofo, for
Cerenkov cone. The parametey, and « are used to dis- electrons, however, has a small variation with electron en-

tinguish electron events from events arising from interactions’'9Y and with ;he posg.']f.)n dOf th_ebev’ent. 'I_'P;]erefore, n ]Eh's
of cosmic ray neutrons in the detector. Fortunately, it is posP2Per, we used a modified variablgy,, with a mean o

sible to directly measure the response of the detector to ele€€"® and sigma of one, independent of the electron energy
trons and neutrons in the energy range of interest for thi€"d position. We also used the variahie which is based on
analysis by using copious control data samples. We also udB® event likelihood procedures discussed in [R24]. It is
a Monte Carlo simulation,sNnomc [22], to simulate events Similar to the parametgr discussed there, which is based on
in the detector USINGEANT. the_ ratio of @&renkov to scintillator light. The parameter
The response of the detector to electrons was determinefies from 0 to 1 and peaks at one for electrons and at 0.3
from a large, essentially pure sample of electréarsd posi- for neutrons. The combinatiof = x{oi+10(1~ ) pro-
trons from the decay of stopped cosmic ray" in the de-  Vides better separation of electrons and neutrons itarby
tector. The known energy spectra for electrons from muoritself.
decay was used to determine the absolute energy calibration, Figure 3a) shows they,, distribution for electrons from
including its small variation over the volume of the detector.stoppingu decay and for cosmic ray neutrons with electron
The energy resolution was determined from the shape of thequivalent energies in the 48,<50 MeV range. Neutrons,
electron energy spectrum and was found to be 6.6% at thafter thermalizing, undergo a capture reaction p—d
52.8 MeV end point. The position and direction resolution+y. The 2.2 MeV+y's are used to select a clean sample of
obtained from the.sNDMC simulation are 27 cm and 17°, neutron events. For a neutrddy, is the equivalent electron
respectively, for electrons frome elastic scattering in the energy corresponding to the observed total charge. Figure
energy region above 18 MeV. The accuracy of the directiorB(b) shows they, distribution for the same events. In the
measurement is discussed more in Sec. VI since the measungresent analysis we eliminate most cosmic ray neutron back-
ment of the angular distribution of electrons is crucial for theground by requiringy,<<4.0. We note that a modest particle
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FIG. 3. Particle identification parametes x;,, and(b) x, for FIG. 4. They distribution of inclusive electron&) for beam-on
electrons and neutrons. In the present analysis we regyire4.0  events and for beam-off events corrected by the duty ratioss
as indicated by the arrow i(b). hatchedl, and (b) beam-excess events compared with Monte Carlo

expectationgsolid line).
identification requirement was imposed in the initial data

processing that created the samples analyzed here. The effelg&(v e )N, . 12C(v, e ) I2N* 13C(v, e ) 13X and ve
e g.s.» e 1 e

of this requirement is also included in the analysis. lasti tterina. We distinauish transitions o the around
Beam-off data taken between beam spills play a cruciaf 2Stc _scatlering. We distinguish transitions 1o the grou

2 H * H
role in the analysis of this experiment. Most event selectior‘?’tatest N?js.)tatndheXC|ted|state§?ﬂV t) of rfntroggn becaulse
criteria are designed to reduce the cosmic ray backgroun e ground state has a clear signature fromgisecay. In

while retaining high acceptance for the neutrino process 0} is section we describe the selection criteria used to obtain a

interest. Cosmic ray background which remains after all seS/€2n sample of inclusive electron events arising from neu-

lection criteria have been applied is well measured with thj;ino interactions in the detector. The next section describes

beam-off data and subtracted using the duty ratio, the ratio of°"" the angular distribution of these electrons is used to

beam-on time to beam-off time. The subtraction was per_obtain ave elastic sample and, in addition, to determine the

formed separately for each years data using the measuré?fwkgro“nd due to other neutrino processes remaining in that
duty ratio for that year. The ratio averaged over the data fuIPample' . o . L
sample was 0.0632. Beam-on and beam-off data have been The selection criteria and corresponding efficiencies for

compared to determine if there are any differences other th %Iectrci'ns';‘romiﬁ elalstlct: scattering arfe138hgwl\z1 |\r/1 T?blg l'tA
those arising from neutrino interactions. Any differences ar ower limit on the electron energy o : eV elimnates

small and the 1.1% uncertainty in the duty ratio introduces éhe large cosmic ray background fro]r?B,B-deca){ as well as
negligible effect in the present analysis. most 15.1 MeV gamma rays from the NC excitation of car-

12 A ;
The beam-off subtraction procedure is illustrated in Fig. 4bonl.2CThe B nuclei arise from the absorption of stopped
for the y distribution of the sample of inclusive electron on nuclei in the detector. The requiremgnt —120 cm

events discussed in the next section. Figu@ ghows they ~ '€MOVes a small region at the bottom of the detector for
distribution for beam-on events and for beam-off events corVhich the cosmic ray background is relatively high, as
rected by the duty ratio. The beam-off background is largestWn in Fig. 4&). The reconstructed electron position is
at low y due to the absence of a veto below the detectord!SO réquired to be a distang@>35 cm from thgﬂsurfaee
Figure 4b) compares the distribution of the beam-excess t@ngent to the faces of the PMTs. There are X I2™ elec-

events with that expected from neutrino processes. Thions within this fiducial volume. We show in the next
agreement is excellent. section that we are able to make a good measurement of

the direction for electrons within this fiducial volume. The
fiducial volume efficiency, defined to be the ratio of the num-
ber of events reconstructed within the fiducial volume to the
Beam-associated electrons below 52 MeV in LSNDactual number within this volume, was determined to be
arise  from  four major neutrino  processes: 0.918+0.055. This efficiency is less than one because there

V. INCLUSIVE ELECTRON SAMPLE
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TABLE I. The electron selection criteria and corresponding ef-

ficiencies for the reactiom,+e— v +e.
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TABLE Il. Criteria to selecte* from Ngy.s. beta decay and cor-

responding efficiencies for the reactiofC(ve,e )Ny .

Quantity Criteria Efficiency Quantity Criteria Efficiency

Fiducial volume D>35cm, 0.9180.055 BB decay time 52us<t<60 ms 0.9740.002
y>—120 cm Spatial correlation Ar<0.7m 0.992-0.008

Electron energy 18 E.<50 MeV  0.442-0.010 PMT threshold >100 for 1994, 0.866:0.011

Particle 1D Xo<4 0.940+-0.018 >75 after 1994

In-time veto <4 PMTs 0.98&0.010 Fiducial volume D>0 cm 0.986:£0.010

Past activity See text 0.6350.012 Trigger veto >15.1pus 0.760-0.010

Future activity At;>8.8 us 0.991-0.003 Intime veto <4 PMTs 0.9880.010

Future beta See Text 0.98D.003 DAQ dead time 0.9720.010

Lookback likelihood 0.994 0.004

DAQ and tape dead time - 095010 'o®@ 0.601-0.015

Direction c0s6>0.9 0.832:0.020

Total 0.187-0.014 with activity within the past 2Qus with >5 veto PMT hits or

>17 detector PMT hits. We also reject any event with a past
activity within 51 us with >5 veto PMT hits and>500

is a systematic shift of reconstructed event positions awa?etector PMT hits. A small0.5% loss of efficiency arises
from the center of the detector as discussed in Sec. Iv. ~ from a cut(made during initial data processingn past ac-
Several selection criteria are designed to further rejectivities that are spatially correlated with the primary event,
cosmic ray induced events. Events with more than three vetithin 30 us of the primary event and have4 veto PMT
PMT hits or any bottom counter coincidence during the 500Nits. _ L
ns event window are eliminated. The past activity cut is de- Muons which are misidentified as electrons are removed
signed to reject most electron events arising from cosmic ra&Y requiring that there be no future activity consistent with a
muons which stop in the detector and decay. This back ichel electron. Any event with a future activity with fewer
ground has a time dependence given by the 2<2muon than 4 veto PMT hits and more than 50 detector PMT hits

lifetime. The past activity selection criteria reject all eventsWithin 8.8 us is rejected. o
Electrons from the reactiot?C(ve,e )Ny can be

2
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FIG. 5. Distribution of the distance between reconstructed posi-
tions of e~ and e' for beam-excess events in the FIG. 6. The distribution of time between the primary and the
12C(ve,e’)lzNg_s_ sample compared with Monte Carlo expecta- veto signal for beam-off events rejected using the “lookback” in-
tions (solid ling). The calculated accidental contribution is shown formation compared with a curve corresponding to the muon life-
by the dashed line. time.
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FIG. 7. They, distribution of the beam-excess inclusive elec-  FIG. 8. The observed casdistribution of the beam-excess in-
tron sample. The histogram shows the distribution of Michel  clusive electron sampl) for all angles andb) for cos¢>0.8. The
electrons weighted and normalized to the same area. solid line shows a fit to the data by the method explained in the text.

The hatched histogram shows the estimated background level from
neutrino reactions other thare elastic scattering.
identified by the positron from thg-decay of the®Ng .
Figure 5 shows the distance between the reconstructed elegeutrino event§27]. Figure 6 shows the time between the
tron and positron positions. Table 1l shows tBeselection  veto signal and the primary for rejected events.
criteria and corresponding efficiencies. Referef@8] dis- The acceptances for the past activity, the future activity,
cusses in detail the measurement of the reactiothe “lookback” and the in-time veto cuts are obtained by
12C(ve,67) N, . For the vee analysis we reject events applying these cuts to a large sample of random events trig-
with an identifieds. gered with the laser u_sed for detector calibration. These laser

Cosmic ray muons which fire6 veto PMTs (103 prob- events are spread uniformly through the run and thus average

over the small variation in run conditions. The acceptance

ability) and stop in the iron walls of the detector will not the 15.1 45 tri o is included in th ¢ activit
register as past activities. Some of the decay electrons WirePf;icieicy. ps ngger veto 1s included in the past activity

radiate photons which will enter the detector and be recon- A sample of Michel electrons was analyzed to obtain the

structed as eIe.ctrons W.Ithln the fiducial volume. In p.rev'ousacceptance of electrons for the PID cut. Figure 7 compares
analyses we simply relied on the beam-off subtraction pro

. o the y, distribution of the inclusive electron sample with a
cedure to remove this background. Here we use the "lookyeighted Michel electron sample. The agreement is excel-
back™ information described in Sec. Il to reject events from ot~ To eliminate any energy dependence, the Michel elec-
this source. This results in slightly smaller statistical errors inygns are given weights as a function of energy so that the
the final beam-excess sample. . ~ weighted spectrum agrees with the energy spectrumgef

For primary events with>300 PMT hits and no activity elastic scattering. The acceptance, however, is very insensi-
within the past 35us (20 us) for 1995 data(1996-1998 tjve to the assumed energy spectrum. The beam-excess dis-
data, we recorded all PMT information for the &s interval  tribution shown in Fig. 7 is obtained by subtracting the
preceding the event. Muons witk6 veto PMT hits will  peam-off distribution from the beam-on distribution as dis-
appear in this “lookback” interval as a cluster of veto PMT cussed in Sec. Ill.
hits spatially correlated with the primary event. The distribu-
tion of time between the veto signals and the primary event VI. ELASTIC ELECTRON SAMPLE
should be consistent with the muon lifetime, and the distri-
butions of veto PMT hits and veto pulse height should be Figure 8 shows the observed distribution in éder the
consistent with that measured for muons producit@veto  beam-excess inclusive electron sample, wheig the angle
PMT hits. We developed a likelihood procedure based orbetween the reconstructed electron direction and the incident
these distributions which allowed us to reduce the beam-offieutrino direction. The large forward peak arises from
background by 15% with only a 0.6% loss of efficiency for elastic scattering. Figure 9 shows the expected distributions
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in cosé for the primary sources of electrons in the sample:dominant sources of systematic error in the cross section
ve elastic scatteringC(ve,e” )Ny, C(ve,€7)'N*,  are the neutrino flux7%) discussed in Sec. I, the effective
and 3C(v,,e7)*3X. These distributions have been obtainedfiducial volume (6%) discussed in Sec. IV, the neutrino
with the LsNDMC simulation packagé22] and thus include background with co8>0.9(3%), particle identification
the angular smearing due to experimental effects. Befor&2%), the energy scal€2%) and the direction determination
smearing, the expected distribution for all processes otheR%). o

than ve elastic scattering varies gradually with apsand a All three types of DAR neutrinosi(, v,, andv,) elas-
function of the formA+ B cosé provides a good fit to the tically scatter off electrons in the detector, but the rate is
distribution. As seen in Fig. 9, there is only a small deviationdominated byv.e~ scattering[29]. The contribution due to
from linearity after experimental smearing. Mast elastic  p|F 1, and v, scattering on electrons is small, approxi-
events satisfy the selection criteria @s0.9. The back- mately 6 events fromy, scattering and<1 event from;M

ground from neutrino carbon scattering under the elasti ; : : :
peak(cos#>0.9) is obtained by fitting the observed distribu- %catterlng. For theu_e electror? elastic scattering analysis,
ts fromv, and v, scattering are background and thus

tion in Fig. 8 to the sum of a term with the shape expectedVe"n ; Stdl .
for ve elastic scattering shown in Fig. 9 and a background’ve subtract their contributions, shown in Table Ill, from the

term which differs slightly from the form+ B cosé due to observed elastic scattering signal. Oth_er experiments have
the experimental smearing. From the fit we calculate a backneasured cross sections for both and v, scattering that
ground of 5&5 events with cog>0.9. Measurements of are in good agreement with expectatigB]. The numbers
veC scattering, including angular distributions for in Table Il for », and v, are obtained from the theoretical
12C(ve,e7) Ny ¢ and 12C(v,,e7)*N*, will be reported in  cross sections rather than the measured ones, although the
a separate papé28]. analysis is insensitive to this choice. We also note that the
Figure 10 shows the observed and expected electron egum of the contributions fronr, andv,, scattering depends
ergy distributions for beam-excess events with £88.9.  only weakly on the value of
Figure 11 shows the observed and expected spatial distribu-
tions of the same events. Both figures show good agreement
with expectations. Table Il provides a breakdown of the
number of events with ca$>0.9, the calculated back-
grounds, the acceptance, the neutrino flux and the resulting The measured cross section, with its explicit linear energy
flux-averaged cross section fore elastic scattering. The dependence, is

VII. PHYSICS RESULTS
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FIG. 11. The spatial distribution of the electron for beam-excess

events with co#>0.9 compared with expectatidsolid line) from

ve elastic scattering andC scattering.

FIG. 10. The observed and expectsdlid line) distributions of
beam-excess events with c#s0.9. The expected distribution in-
cludes the estimated contribution from€ (cross hatchedas well

as ve elastic scattering.
’ 9 where  oo=(2m,GZ/4m)E, =(4.31x10°%)  cnP/MeV

7, e-=[10.1=1.1(stah = 1.0(sysh] X E, (MeV) XE,_and becomes
X 10 *° cn. (8 [LSND= _ 1 01+0.13 stap + 0.1 sysb. (12
I\P;;gg{i]es well with the value measured by E225 at Losl_his compares  well with 1E225= —1.07+0.17(stat)
: +0.11(syst) andSM=—1.09.
7,0 =[10.0+ 1.5stay + 0.4 sysh] X E, (MeV) In the SM
X 104 cn? 9 16
© a5e= 00| L+4 i Oy + Esin4 Ow |- (13)

and with SM expectations. The effective electidnzou-
plings, including radiative corrections, agg= —0.0397 and . SM_ .
ga=—0.5064 in the SM[31]. We then obtain, retaining Settingo, ¢ = Texp We obtain

terms inm, in the cross section formulé,32,33, -
© . 3 TABLE lll. Events, backgrounds and efficiency for c#s0.9.

(rf"g= 9.3XE, (MeV)x 1045 cn. (10) The neutr[no flux a[1d the flux averaged cross section for the reac-
e e tion vo+e — v, +e” are also shown.

Thev,+e —wv.+€~ cross section can be separated into

. . . B - t 434 t
its component parts: CC, NC and interference. Solving for eam-on even's events
. . Beam-off eventx duty ratio 133 events
the interference term and substituting the SM calculated val- Beam-excess event 301 event
ues for NC and CC cross sections, the interference term can xcess events vents
be written as vC background 59 events
v, background 24 events
I=0'1209 v,e background 27 events
CcC_ _NC vee elastic 191 events
Texp— 0" " — 0O Texp— 40— 0.370 e
— =P 5 — SXP 5 0 0 Efficiency 0.187
7o 7o Ve flux 11.76x 108 cn?
o (o) (3.19+0.35+0.33)
_ eXp72'18, (11) ><10743 sz
20'0
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sir? 6,y=0.248+ 0.051, (14) Limits on thev, and v, magnetic moments are obtained
by comparing the observed number of elastic events from

where the error combines the statistical and systematic un; oy andy scattering, 242, with the 229 events expected

certainties. This is in good agreement with other, much morg o the standard model. At 90% confidence level there are
precise measurements of iy, .

then fewer than 55 events due to magnetic scattering. Using

Limits on the electron-neutrino charge radius were ob—the o v andv. fluxes. the experimental detection effi-
tained following closely the notation and procedure of Refs. e TH s ' P

[4] and[34]. The measured value of 2ifi,=0.248*0.051 ciencies and Eq(7), the cross section for electromagnetic
agrees well with the value predicted from high energy colScattering, we obtain

lider results, siAé,. This agreement is used to place limits w? +2.4u% <1.1x10 Bu3 ;.. (17)

on the size of the radiative correctiond= sir? 4y € ®

— sir’ 6y) to the electron vector coupling constagy=gy ~ Thus s, <1.1X10 °ugep, and p,,<6.8% 10" %ugonr
+26 with gy=—3+2 sirf 6y andgy=— 3+ 2 sirf 4. The  [37]. The limit on the muon-neutrino magnetic moment is
90% confidence level interval fog,, (based on 0.159 slightly more stringent than that given by previous experi-
< sir? 4,<0.329) is measured to be 0.182<g,<0.158.  ments[1,4].

The radiative correctiond to the vector coupling dy=

—0.04) is therefore in the range0.142<25<0.198 at the VIIl. CONCLUSIONS

90% confidence level. Then wusing the relatiod
=(\2mal3Gg)(r?) we obtain limits on the electron-
neutrino charge radius:

We have measured.e” — v e~ elastic scattering with a
sample of 19% 22 events. The reaction is of interest prima-
rily because it is one of the few reactions for which the SM
—2.97x 10 32<(r2)<4.14< 10 3 cnP. (15  predicts a large destructive interference between the CC and
NC channels. The measured cross SeCtlapée—=[10.l

A more general interpretation of these results is that they+1.1(staty 1.0(syst] X E, (MeV) x 10™%% cn?, is in good

place limits on certain nonstandard contributions to neutrinodgreement with standard model expectations. The measured

scattering31]. _ .__interference terml,-SNP=—1.01+ 0.13(stat)- 0.12(syst), is
It is also possible to search for neutrino flavor-changmg-n good agreement with the SM expectation b=

ne;thrz\It %lijf;rermsf'r IIntr,:ﬁ nelIJtrltr;one;l‘r1 ?/rgrmr? frt(:ir: themn(rauitr:a_l_og_ Limits are placed on neutrino flavor-changing neu-
;:u eth ﬁs 0 et etﬁc to -ravo lit eau o_”e etg dgtral currents and on the electron-neutrino charge radius. Fi-
rom fhe charge currerrs, the o ampituces witi not a nally, we obtain limits on the muon-neutrino magnetic mo-

coherently. Fqllowing Okur(35], we int_roduce diagonal ment that are slightly more stringent than those of previous
(fee) and off-diagonal ¢, andfe;) couplings for neutral- experiments

current mixing of neutrino flavors with % +f2,+ 3.
Non-zero flavor-changing couplinds,, or f., would cause
the diagonal coupling to be less than unity. Limits on 1
— fee can be obtained by comparing the measured cross sec- This work was conducted under the auspices of the U.S.
tion, oy, for ve electron elastic scattering with the standardDepartment of Energy, supported in part by funds provided
model cross sectionr>M. From the relation by the University of California for the conduct of discretion-
ary research by Los Alamos National Laboratory. This work
(16) was also supported by the National Science Foundation. We
are particularly grateful for the extra effort that was made by
these organizations to provide funds for running the accel-
we obtain 1 f,.<0.32 at 90% confidence level for the al- erator at the end of the data taking period in 1995. It is
lowed region,fe.<1. Alternatively,f§M+f§T<0.54 at 90% pleasing that a number of undergraduate students from par-
confidence level. The E225 experiment at Los Alamos obt{icipating institutions were able to contribute significantly to
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