PHYSICAL REVIEW C, VOLUME 64, 065501

Measurements of charged current reactions ofv, on °C

L. B. Auerbact R. L. Burman® D. O. Caldwel® E. D. Churcht J. B. Donahué,A. Fazely! G. T. Garvey,
R. M. Gunasinghd,R. Imlay® W. C. Louis® R. Majkic® A. Malik,® W. Metcalf® G. B. Mills,® V. Sandberg, D. Smith?
. Stancut* M. Sung® R. Tayloe>' G. J. VanDalert,W. Vernon? N. Wadia® D. H. White® and S. Yellirf

(The LSND Collaboration
lUniversity of California, Riverside, California 92521

2University of California, San Diego, California 92093
SUniversity of California, Santa Barbara, California 93106
“Embry Riddle Aeronautical University, Prescott, Arizona 86301
SLos Alamos National Laboratory, Los Alamos, New Mexico 87545
8Louisiana State University, Baton Rouge, Louisiana 70803
’Southern University, Baton Rouge, Louisiana 70813
8Temple University, Philadelphia, Pennsylvania 19122
(Received 22 May 2001; published 21 November 2001

Charged current reactions of on %C have been studied using.a" decay-at-rest, beam at the Los
Alamos Neutron Science Center. The cross section for the exclusive re&&gipn, ,e’)lZNg.S_Was measured
to be (8.9-0.3+0.9)x 10 %2 cn?. The observed energy dependence of the cross section and angular distri-
bution of the outgoing electron agree well with theoretical expectations. Measurements are also presented for
inclusive transitions ta*N excited statest’C(v,,e )*N* and compared with theoretical expectations. The
measured cross section, (4.8.4+0.6)x 10" %2 cn?, is somewhat lower than previous measurements and
than a continuum random phase approximation calculation. It is in better agreement with a recent shell model

calculation.
DOI: 10.1103/PhysRevC.64.065501 PACS nunierl4.60.Lm, 13.15+g, 25.30.Pt
[. INTRODUCTION and LSND[3] have measured the cross section for the ex-

clusive reaction'’C(v,,e”)*Ngy s and for the inclusive re-

In recent years neutrino interactions with nuclear targetaction 2C(v.,e”)¥N* to all other accessible®N final
have been used to detect low energy neutrines5@0  states. The'®N ground state reaction dominates the total
MeV) from many sources: solar, atmospheric, supernova exyield as it is the only allowed| & 0) transition that occurs in
plosions, reactors, and accelerators. An understanding of thhis process. The cross section for producing ¥ ground
nuclear cross sections is necessary for interpretation of thetate can be calculated to an accuracy of approximately 5%
measurements. Especially important nuclei %@ and %0 as it can be represented in terms of form facfdisthat can
because of the widespread use of oil and water detectors. be reliably extracted from other measurements. Calculation

Many calculation techniques have been used to determinef the inclusive cross section for transitions to excited states
neutrino-nuclear cross sections. Shell model techniques wordf 2N is much less straightforward. Various theoretical tech-
best at lower energies where transitions to continuum statasiques, each with their own strengths and limitations, have
are not large. At intermediate energies the continuum randorheen used to calculate the cross secf®nll]. Comparison
phase approximatio(CRPA) is frequently used, while at still with measurements may help clarify the theoretical picture.
higher energies the Fermi gas model is thought to work wellln this paper we report our final results for these processes,
Comparison of different calculations of the cross section foiincluding measurements of the angular distribution of the
a particular process can provide an indication of the uncerelectron with respect to the, direction and the energy de-
tainty involved. Experimental measurements of some crospendence of the ground state transition.
sections are, however, necessary to establish the range of Measurements also exist for two processes closely related
validity of the different calculation techniques. to v, carbon scatteringu~ capture on'’C [12] and v,

Relatively few measurements of neutrino-nucleus crosscattering on carbon using a beamigf from 7" decay in
sections exist in the energy region of the present experimentlight (DIF) [13]. Because these three processes occur at dif-
E,<52.8 MeV. The best measured nucleus is carbon foferent energieskE,, and momentum transferg), they con-
which three experiments, including the liquid scintillator strain different aspects of theoretical calculations. A good
neutrino detectoLSND) experiment, have previously re- test of a theoretical procedure is its ability to predict all three
ported resultsE225[1] at LAMPF, the KARMEN Collabo- processes. For the, carbon measuremeri,~32 MeV,
ration [2] at the ISIS facility of the Rutherford Laboratory, Q~50 MeV/c, and the inclusive cross section is dominated

by transitions to low multipoles (1,17,27). In contrast, for

the v, carbon measuremenE,~180 MeV, Q~200
*Present address: University of Alabama, Tuscaloosa, AL 35487MeV/c, and excitations occur up to 100 MeV. Tle cap-
"Present address: Indiana University, Bloomington, IN 47405. ture process, which occurs from tiSestate, is intermediate
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between these two processes wik-90 MeV/c.

The measuremeritl3] of the inclusive cross section for
12C(v, ,w")'*N* several years ago by LSND attracted sub-
stantial interest because a CRPA calculafi6hpredicted a
cross section almost twice as large as that observed. An im-
proved calculation by the same grolip] together with an
improved calculation of the neutrino energy spectrum and
flux has reduced but not eliminated the discrepancy with the
measured cross section. Recent calculations using the shell
model[8,9] are in better agreement with the measured cross
section.

Hayes and Townef9] calculated a cross section of 4.1
X 10 * cn? for the process?C(v.,e )*?N* using the - - . .
same shell model procedure that provided the best agreement 0 10 %eumﬁg Enefgoy (ngg)
with data for the reaction®C(v,,u~)**N*. This is lower
than both the earligfi6] and the more receti7’] CRPA cal- FIG. 1. Flux shape of neutrinos from pion and muon decay at
culations by Kolbeetal. of 6.3x10°%2 cn? and 5.5 rest
X 10 2 cn?, respectively. Thus measurements of this cross L 1
section can provide a useful test of the relative merits of théource used for our measurement (v, u) PN [13].
different theoretical techniques that have been used. In the analysis of the reactiotfC(v.,e)*?N* presented in

Sec. VIl below we correct for a small background arising
from u™ produced by high energy, andv,, .
Il. THE NEUTRINO SOURCE The LANSCE beam dump has been used as the neutrino

The data reported here were obtained between 1994 arj@urce for previous experimenfts5—-17. A calibration ex-
1997 at the Los Alamos Neutron Science Cefte’NSCE) ~ Periment[18] measured the rate of stoppgd from a low-
using neutrinos produced at the5 proton beam stop. We intensity proton beam mudent_on an instrumented beam
chose to exclude data obtained in 1998 from this analysi§top- The rate of stopped” per incident proton was mea-
because only electrons with reconstructed energies abowdired as a funct_|0n of_several variables anql used_ to fine tune
20.4 MeV were fully processed for that year's data. Since? beam dump simulation prograh9]. The simulation pro-
this analysis is dominated by systematics we decided to limi@ram can then be used to calculate the flux for any particular
our analysis to the 1994—1997 data that has a uniform effipé@m dump configuration. The calibration experiment deter-
ciency above 18 MeV. The neutrino source is described ifhined the DAR flux to=7% for the proton energies and
detail elsewherg14]. In 1994 and 1995 the beam stop con- bam stop configurations used at LANSCE. This uncertainty
sisted of a 30-cm water target surrounded by steel shieldingrovides the largest source of systematic error for the cross
and followed by a copper beam dump. The high-intensitySections presented here. The LANSCE proton beam typically
798 MeV proton beam from the linear accelerator generatefi2d a current of 80@.A at the beam stop during the 1994 —

a large pion flux from the water target. The flux af used 1995 running period and 10Q0A for 1996—-1997. For 1994
for the measurements reported here arise from the decay afd 1995 the energy was approximately 770 MeV at the

rest(DAR) of stoppeds™, andu ™. This decay chain yields Peam stop due to energy loss in upstream targets, while it
almost equal intensities of,, ;M and v, with the well- was approximately 800 MeV in 1996 and 1997. The water

determined energy spectra shown in Fig. 1. target was out for 32% of the 1995 data. Upstream targets

After the 1995 run the beam stop was substantially modi—Comr'bUte(j 1.4% to the DAR flux in 1994 and 1995. The

fied for accelerator production of tritiurPAPT) tests. The DAR ve flux averaged over the LSND detector was 3.08

I ; -7 < 10" cm™? for 1994 and 3.4% 10* cm™? for 1995.
most significant change for the analysis presented in thig* . .
paper was the replacement of the water target by tungsten The 1996-1998 data were obtained with the APT beam

and other materials with high atomic number. This resultecP©P- Th_ere were no u_pstream targets for almost all of the
in reduced=" production and a lower DAR neutrino flux, data taking for this period. The DAR, flux averaged over

3 a2
largely due to the change in the neutron-to-proton ratio in théhe LSND detector was 1.3210" cm 2 for 1996 and_
targety g P 2.73x 10" cm 2 for 1997. For the full data sample used in

: ; ; 3 a2
The corresponding decay chain for and ™ is highly ~ thiS paper thev flux is 10.58< 10 cm™2.
suppressed due to three factors. First, productionrofis
smaller than forr*. Second,~ that stop are absorbed by

nuclear interactions. Finally, mogt™ that stop are absorbed The detector is located 29.8 m downstream of the proton
before _they can decay. These stoppedarise fromz ™~ that  peam stop at an angle of 12° to the proton beam. Figure 2
decay in flight. L shows a side view of the setup. Approximately 2000 dg/cm
Afew percent of ther™ () produced at the beam dump of shielding above the detector attenuates the hadronic com-
decay in flight tov,(v,) with energies up to 300 MeV. ponent of cosmic rays to a negligible level. The detector is
Those v, above muon production threshold provide thealso well shielded from the beam stop so that beam associ-

Flux[v/(cm’s)]

Ill. THE LSND DETECTOR
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Beamistop analysis this “lookback” information is used to further
f I \ reduce the cosmic ray muon background as described in
% § Overburgen _ i Sec. V.
: : The detector scintillator consists of mineral oil (§H
in which is dissolved a small concentratigd.031 g/) of
b PBD[20]. This mixture allows the separation ok&nkov
LSND Detector Water Plug _ Electronics light and scintillation light and produces about 33 photoelec-
and Veto System Caboose trons per MeV of electron energy deposited in the oil. The
3om combination of the two sources of light provides direction
A_nformation for relativistic particles and makes particle iden-
tification (PID) possible. Note that the oil consists almost
entirely of carbon and hydrogen. Isotopically, the carbon is

ated neutrons are attenuated to a negligible level. Enclosing1% *°C and 98.9%'°C.

the detector, except on the bottom, is a highly efficient liquid  The veto shield encloses the detector on all sides except
scintillator veto shield that is essential to reduce contributh€ bottom. Additional counters were placed below the veto

tions from the cosmic ray muon background to a low level.Shield after the 1993 run to reduce cosmic ray background
Reference 14] provides a detailed description of the detec-entering through the bottom support structure. More counters

tor, veto, and data acquisition systé®AQ) that we briefly ~Were added after the 1995 run. The main veto shjatti
review here. consists of a 15 cm layer of liquid scintillator in an external

The detector is an approximately cylindrical tank contain-tank and 15 cm of lead shot in an internal tank. This combi-
ing 167 metric tons of liquid scintillator and viewed by 1220 nation of active and passive shielding tags cosmic ray muons
uniformly spaced 8-in. Hamamatsu photomultiplier tubesthat stop in the lead shot. A veto inefficiency less than®10
(PMT) covering 25% of the surface inside the tank wall. is achieved with this detector for incident charged particles.

When the deposited energy in the tank exceeds a threshold of

FIG. 2. Detector enclosure and target area configuration, elev
tion view.

approximately 4-MeV electron-equivalent energy and there IV. ANALYSIS TECHNIQUES
are fewer than four PMT hits in the veto shield, the digitized _ _ o
time and pulse height of each of these PMagd of each of Each event is reconstructed using the hit time and pulse

the 292 veto shield PMTsare recorded. A veto, imposed for height of all hit PMTs in the detect¢i4]. The present analy-
15.2 us following the firing of greater than five veto PMTs, Sis relies on the reconstructed energy, position, direction, and
substantially reduces (18) the large number of background two PID parametersy;,, and «, as described latey in this
events arising from the decay of cosmic ray muons that stogection. The particle direction is determined from thered-
in the detector. Activity in the detector or veto shield during kov cone. The paramete)s,; anda are used to distinguish
the 51.2 us preceding a primary trigger is also recorded,electron events from events arising from interactions of cos-
provided there are greater than 17 detector PMT hits omic ray neutrons in the detector. We directly measure the
greater than five veto PMT hits. This activity information is response of the detector to electrons and neutrons in the en-
used in the analysis to reject events arising from muon decagrgy range of interest for this analysis by using copious con-
Data after the primary event are recorded for 1 ms with arol data samples. We also use a GEANT Monte Carlo simu-
threshold of 21 PMTs(approximately 0.7 MeV electron- lation, LSNDMC [22] to simulate events in the detector.
equivalent energy This low threshold is used for the detec-  The response of the detector to electrons was determined
tion of 2.2 MeV y’s from neutron capture on free protons. from a large, essentially pure sample of electréarsd posi-
The processes measured in this papé@(ve,e )**Ngs and  trong from the decay of stopped cosmic ray" in the de-
2C(v,,e7)*N*, do not produce neutrons. Thus, in the tector. The known energy spectra for electrons from muon
present analysis, detection of 2.2 Meys is used to help decay was used to determine the absolute energy calibration,
determine beam-related backgrounds with associated neircluding its small variation over the volume of the detector.
trons. The detector operates without reference to the bearfhe energy resolution was determined from the shape of the
spill, but the state of the beam is recorded with the eventelectron energy spectrum and was found to be 6.6% at the
Approximately 94% of the data is taken between beam spills52.8 MeV end point.
This allows an accurate measurement and subtraction of cos- There are no tracking devices in the LSND detector. Thus,
mic ray background surviving the event selection criteria. event positions must be determined solely from the PMT
Most triggers due to electrons from stopped muon decay#iformation. The reconstruction process determines an event
(Michel electrons are identified by a preceding activity pro- position by minimizing a functiony, that is based on the
duced by the decay muon. Occasionally, however the muotime of each PMT hit corrected for the travel time of light
will not satisfy the activity threshold of greater than 17 de-from the assumed event position to the PMH]. The pro-
tector PMT hits or greater than five veto PMT hits. For sev-cedure used in several previous analyses systematically
eral LSND analyses, including the present one, it is desirablshifted event positions away from the center of the detector
to further reduce the number of unidentified Michel elec-and thus effectively reduced the fiducial volurf8]. The
trons. Therefore, for data recorded after 1994 all PMT infor-reconstruction procedure has been analyzed in detail and an
mation was recorded for a period of s (2.7 muon life- improved reconstruction procedure was developed that re-
times preceding certain primary events. For the presentluces this systematic shift and provides substantially better

065501-3



L. B. AUERBACH et al. PHYSICAL REVIEW C 64 065501

3(b) shows they, distribution for the same events. In the
present analysis we eliminate most cosmic ray neutron back-
ground by requiringy,<<4.0. We note that a modest particle
identification requirement was imposed in the initial data
processing that created the samples analyzed here. The effect
"""" of this requirement is also included in the analysis.

X o Beam-off data taken between beam spills play a crucial
role in the analysis of this experiment. Most event selection
() criteria are designed to reduce the cosmic ray background
while retaining high acceptance for the neutrino process of
fe. 1 interest. Cosmic ray background that remains after all selec-

tion criteria have been applied is well measured with the
beam-off data and subtracted using the duty ratio, the ratio of
beam-on time to beam-off time. The subtraction was per-
formed separately for each year’s data using the measured
FIG. 3. Particle identification paramete® x,,, and(b) x, for ~ duty ratio for that year. The ratio averaged over the full data
electrons and neutrons. In the present analysis we requike4.0  sample was 0.0632. Beam-on and beam-off data have been
as indicated by the arrow ifb). compared to determine if there are any differences other than
those arising from neutrino interactions. These differences
position resolution. This procedure also provides results thadre small and the 1.1% uncertainty in the duty ratio intro-
agree well with positions obtained from the event likelihoodduces a negligible effect in the present analysis.
procedure described in R¢R4]. In the analysis presented in
this paper, a fiducial cut is imposed by requirifg
>35 cm, whereéD is the distance between the reconstructed V. ELECTRON SELECTION CRITERIA

event position and the surface tangent to the faces of In thi " d ibe th lecti iteri dt
the PMTs. Events near the bottom of the detector  'M NS Séction we describ€é the selection criteria used 1o

(y<—120 cm are also removed, as discussed in Sec. V. obtain a clean sample of inclusive electrons arising from

The particle identification procedure is designed to Separjeutrino interactions in the detector. In the next section we

rate particles with velgcities well aboveetenkov threshold present the analysis of the relatively pure sample of events

— 12 . .
from particles below €renkov threshold. The procedure ff°.”.‘ the processl.2C(ve,e ) NQ-S- which we obtain by re-
makes use of the four parameters defined in Fe#].  9uiring the detection of the positron from tigedecay of the

Briefly, x, and x, are the quantities minimized for the deter- ii’gg-s-‘ S?Ctl'?n*vu then presents the analysis of the reaction
mination of the event position and directiop, is the frac- (ve € ) N using the sample of mclusnﬁ events with-
tion of PMT hits that occur more than 12 ns after the fitted®Ut an |dent_|f|e_d positron from_th,a decay of “Ngs,

event time andy,, is proportional to the product of, , x., A lower I|_m|j[ of 18.0 MeV is mp_osed on the electron
and y; . energy to eliminate the large cosmic ray background from

Several previous LSND analysg$ 13,23 have used;qt B j decay as W?" as most 15.1-Mey rays frqm t.he
for particle identification. The distribution of,,; for elec- neutral current e?<C|tat|on of cartgon. -EH@B nucl_el_ arise
trons, however, has a small variation with electron energ);rom the absorption of stoppeg " on **C nuclei in the.
and with the position of the event. Therefore, in this paperg%ecmr'_ H;\Ie icattered _electrol?_ ‘;TO”‘ the :ceggtlé)n
we used a modified variablg,,,, with a mean of zero and \(/Vé’e t) thgls' af a Ti);lrgul\r/? V")Aelllc _ene][gy 0 '
standard deviation of 1, independent of the electron energ ezolut?oen \(/)ve iﬁ? c\)/seuZnou ér Iimeit 'Of 48W|\'/g/ 8:1 ?Q:rgé .
and positions. We also used the variahle which is based tron ener P PP
on the event likelihood procedures discussed in ). As 9y

) ) The selection criteria and corresponding efficiencies for
in [24], « comes from a separate event reconstruction than : )

. , S electrons with 18 Me¥<E.<40 MeV are shown in Table I.
that which producedy;,;. It is similar to the parametep

) Atot - The reconstructed electron position is required to be at a
discussed there, which is based on the ratio efe@kov t0  gistanceD>35 cm from the surface tangent to the faces of
scintillator light. Thea parameter varies from 0 to 1 and iye PMTs. The requiremernyt>— 120 cm removes a small
peaks at one for electrons and at 0.3 for neutrons. The COMggion at the bottom of the detector for which the cosmic ray
bination x,= xto+10(1—a) provides better separation of packground is relatively high due to the absence of a veto
electrons and neutrons that,, by itself. below the detector. There are 3:320°°'2C nuclei within

Figure 3a) shows they,, distribution for electrons from this fiducial volume. The fiducial volume efficiency, defined
stoppingu decay and for cosmic ray neutrons with electronto be the ratio of the number of events reconstructed within
equivalent energies in the ¥&.<50 MeV range. Neu- the fiducial volume to the actual number within this volume,
trons, after thermalizing, undergo a capture reactiohp  was determined to be 0.88@®.055. This efficiency is less
—d+vy. The 2.2 MeVvy's are used to select a clean samplethan 1 because there is a systematic shift of reconstructed
of neutron events. For a neutré is the equivalent electron event positions away from the center of the detector as dis-
energy corresponding to the observed total charge. Figureussed in Sec. IV.

021 (a)

0.1

Fraction of Events

0.1

Fraction of Events

10715 30
Xo
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TABLE |. The electron selection criteria and corresponding ef-

ficiencies for events with 18 MeXE,<40 MeV.

Quantity Criteria Efficiency

Fiducial volume D>35 cm, 0.88:0.055

y>-—120 cm

Particle ID Xa<4 0.940+0.018

In-time veto <4 PMTs 0.988:-0.010

Past activity See text 0.6350.012

Future activity At;>8.8 us 0.9910.003

Lookback Likelihood 0.994 0.004

DAQ and tape dead time - 0.962.010 04 o) 4 6
Total 0.492+0.035 Atlps)

FIG. 4. The distribution of time between the primary and the

veto signal for beam-off events rejected using the “lookback” in-

Several selection criteria are designed to further rejecformation compared with a curve corresponding to the muon life-
cosmic ray induced events. Events with more than three vetgme.

PMT hits or any bottom counter coincidence during the 500

ns event window are eliminated. The past activity cut is deyequce the beam-off background by 9% with only a 0.6%
signed to reject most electron events arising fro_m COSMIC rayygg of efficiency for neutrino evenf®5]. Figure 4 shows
muons that stop in the detector and decay. This backgrounghe time between the veto signal and the primary for rejected
has a time dependence given by the 22 muon lifetime.  eyents. The fitted lifetime of 2.080.07 us agrees well with
The past activity selection criteria reject all events with ac-pe expected average lifetime of 2.1 for stoppingu*
tivity within the past 20us with greater than five veto PMT and .~ in oil.
hits or greater than 17 detector PMT hits. We also reject any e acceptances for the past activity, the future activity,
event with a.past activity within 5Ls with greater than fi.ve the “lookback,” and the in-time veto cuts are obtained by
veto PMT hits and greater than 500 detector PMT hits. Aypplving these cuts to a large sample of random events trig-
small (0.5% loss of efficiency arises from a cunade dur-  gered with the laser used for detector calibration. These laser
ing initial data processingn past activities that are spatially eyents are spread uniformly through the run and thus average
correlated with the primary event, within 3@s of the pri-  yer the small variation in run conditions. The acceptance for
mary event and have more than three veto hits. the 15.1us trigger veto is included in the past activity effi-
Muons that are misidentified as electrons are removed b%iency.
requiring that there be no future activity consistent with a 5 sample of Michel electrons was analyzed to obtain the

Michel electron. Any event with a future activity with fewef acceptance of electrons for the PID cut. Figure 5 compares
than four veto PMT hits and more than 50 detector PMT hitspe , distribution of the inclusive electron sample with a

within 8.8 us is rejected. . - Michel electron sample. The agreement is excellent. To
Cosmic ray muons that fire less than six veto PMTs (10 gliminate any energy dependence, the Michel electrons are
probability) and stop in the iron walls of the detector will not gien weights as a function of energy so that the weighted

reg?ster as past activitie_zs. Some of the decay electrons wi pectrum agrees with the energy spectrum of electrons from
radiate photons that will enter the detector and be recon-

structed as electrons within the fiducial volume. In previous

analyses we simply relied on the beam-off subtraction pro- § 250¢
cedure to remove this background. Here we use the “look- = +
back” information described in Sec. Il to reject events from 200
this source. This results in slightly smaller statistical errors in
the final beam excess sample. 150
For primary events with greater than 300 PMT hits and no
activity within the past 3%us (20 us) for 1995 dat1996— 100
1997 datg we recorded all PMT information for the s
interval preceding the event. Muons with less than six veto 50
PMT hits will appear in this “lookback” interval as a cluster
of veto PMT hits spatially correlated with the primary event.
The distribution of time between the veto signals and the 0 i

primary event should be consistent with the muon lifetime, 3210123 45
and the distributions of veto PMT hits and veto pulse height
should be consistent with that measured for muons produc- FIG. 5. They, distribution of the beam excess inclusive elec-
ing less than six veto PMT hits. We developed a likelihoodtron sample. The histogram shows tie distribution of Michel
procedure based on these distributions that allowed us telectrons.
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2 TABLE II. Criteria to selecte™ from Ngs. 8 decay and corre-
5100 sponding efficiencies for the reactidAC(ve,e™)*Nys.
%0 Quantity Criteria Efficiency
B decay time 52us<t<60 ms 0.9740.002
60 Spatial correlation Ar<0.7 m 0.992-0.008
PMT threshold >100 for 1994, 0.856:0.011
40 >75 after 1994
Fiducial volume D>0 cm 0.986:0.010
20 Trigger veto >15.1 us 0.760-0.010
In-time veto <4 PMTs 0.9880.010
0 =30"""25"""30 35 40 DAQ dead time 0.9720.010
E, (MeV)
Total 0.598:0.015

FIG. 6. The observed and expectealid line) energy distribu-
tions for electrons from?C(v,,e”) "Ny, S
the observed and expected spatial distributions of the same

the reaction*’C(v,,e”) Ny, The acceptance, however, is €VeNts. Both figures show good agreement with expectations.
very insensitive to the assumed energy spectrum. The beam; Table Il gives t.he seleptmn criteria and efficiencies for the
excess distribution shown in Fig. 5 is obtained by subtracting N B-decay positron. Figure 8 shows the obsengedecay

the beam-off distribution from the beam-on distribution astime distribution. The best fit curve yields a lifetime of

discussed in Sec. . 16.3+=0.8 ms in good agreement with the expected value of
15.9 ms. Figure 9 shows the distance between the recon-
VI. THE TRANSITION TO THE N GROUND STATE structed electron and positron positions for the beam-excess

sample. A cut was applied at 0.7 m, resulting in an accep-

The reactionve+1°C—e™ + Ny is identified by the de-  tance of (99.2-0.8)%. Following an electron produced by a
tection of thee™, followed within 60 ms by the positron neutrino interaction, an uncorrelated particle, such as the
from the 8 decay of thelzNg,S, Transitions to excited states positron from?B B decay, will occasionally satisfy all the
of 2N decay by prompt proton emission and thus do notpositron criteria including the requirements of tifG0 m9
feed down to the!®N ground state or contribute to the de- and spatiak0.7 m) correlation with the electron. The prob-
layed coincidence rate. The scattered electron has a maxability of such an accidental coincidence was measured by
mum kinetic energy of 35.5 MeV due to tligvalue of 17.33  using the sample of Michel electrons. The inefficiency
MeV. The 8 decay has a mean lifetime of 15.9 ms and maxi-caused by the 15.4s veto and the DAQ dead time are the
mum positron kinetic energy of 16.33 MeV. The cross secsame as for the electron. Positrons with four or more in-time
tion to the 2N ground state has been calculated by severaveto hits or any bottom veto coincidence are rejected. The
groups. The form factors required to calculate the cross se@nergy distribution of the positron is calculated from i
tion are well known from a variety of previous measure-3 decay using
ments. This cross section and the knownflux are used to
obtain the expected electron kinetic energy spectrum. Figure dN T
6 shows the observed and expected electron energy distribu- JE. = PeEe(Emax— Ee)ZXT
tions for events with an identifie@-decay. Figure 7 shows e (e°77—1)

, (6.1)

S a0 f
R0k o T F T
0 *560 =100 0 100200
@ 80 F x (cm)
501 potes
o 20 b %
0 600 ""100 200
2 40 Fo y (cm)
i3 .
SR RGO e | . .
0 s 0 20 30 %0
Z (cm) Ate[} (ms)

FIG. 7. The spatial distribution of the electron for beam-  FIG. 8. Distribution of time between the” ande* for beam-
excess events compared with expectatiolid line) from excess events in th€C (v,,e )N gs. Sample. The best fit curve
12C(ve,e7) Ny (solid line) corresponds to a lifetime of 16:30.8 ms.
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8 TABLE Ill. The electron andB selection efficiencies, the effi-
;3) ciency for satisfying the electron energy requirement and the total
efficiency for the proces$C(ve,e7)*Ngys.
Quantity Efficiency
Electron selection 0.4920.035
Future B 0.598t0.015
18 MeV <E.<40 MeV 0.78%3-0.020
Total efficiency 0.2320.019
0 T S P T ;
DT T R TR TV R R T Tab!e \% prowdes'a bre'akqlown of the number of events
Ar(cm) satisfying the selection criteria as well as the total accep-

FIG. 9. Distributi  the di b h ciance, the neutrino flux, and the resulting flux averaged cross
ositions. of 'iﬂé gyor;: | tef ffrtaEZZmilvceeig te(\elerﬁéowf]trl:ﬁ;e ection. For the complete data sample the flux averaged cross
P 1o . .~ section is(o)=(8.9+0.3=0.9)x 10 *2 cn? where the first
C(ve,e") Ny s. sample compared with Monte Carlo expectation . . . .
. e . S error is statistical and the second is systematic. The two
(solid ling). The calculated accidental contribution is shown by the . ) .
dashed line. domlne.mt sources of systematic error are the neutrino flux
(7%) discussed in Sec. Il and the effective fiducial volume
(6%) discussed in Sec. IV. The measured cross section de-

. . P creases by 1.4% when the fiducial volume is reduced by
ing rest energy The slight modification of the spectrum due requiring that the electron be at least 50 tinstead 35 ch

to the shape correction factf26] was found to have a neg- 5y the surface of the PMT faces. As discussed in Sec. Il

ligible effect on the results. ThéN decays to the ground e peam stop was substantially modified after the 1995 run.
state Epax—16.83 MeV) 94.6% of the timg3-decay ran-  The ¢ross section measured for data taken with the modified
sitions to the excited states of carbon are 1.98,{, peam dump i§5+6 (stat.]% higher than for the initial
=12.39 MeV, followed by a 4.44 MeVy), 2.7% Emax  peam dump and thus fully consistent within the statistical
=9.17 MeV), and 0.8%Kn,,=6.5 MeV)[27]. The posi- ncertainty. For comparison the previous measurements, the
tron annihilates with an electron after stopping. The Montesn,| | SND result, and several theoretical predictions for the
Carlo was used to generate expected distributions for thgyx ayeraged cross section are presented in Table V. They
positron energy and for number of hit PMTS. There was a,r¢ gl in agreement with each other. We note that all these
trigger requirement of 100 PMT hits for 1994 data and 75peasurements rely on the neutrino flux calibration that is

PMT hits after 1994. The8 is required to be less than 18 giscyssed in Sec. Il and thus they have correlated systematic
MeV in this analysis. Figure 10 compares the observed andqs.

expected positron energy distributions. The good agreement g this reaction to thé2N ground state it is also straight-
shows that the energy calibration is valid for these low entynvard to measure the energy dependence of the cross sec-

ergy electrons. _ L . tion. The recoil energy of théN nucleus is negligible and
The electron andB selection efficiencies, the efficiency s E —E,+17.3 MeV whereE, is the electron kinetic

for satisfying the electron energy [e(%girement and the totabnergy. Figure 11 shows that the energy dependence of the
efficiency for the reaction“C(ve,e)*Ng are shown in  measured cross section agrees well with expectatiéhs

wheren=Zal B, andE, is the total positron energynclud-

Table IIl. Figure 12 shows the observed and expe¢e@9d angular
distribution between the electron and the incident neutrino.
2100 | The data agree well with expectations with th&/DF
5 + =0.79. The mean observed value of @oss —0.046
g0 | +0.021 (stat.)-0.030 (syst.) compared with an expected
value of —0.068. The systematic uncertainty in ¢bis esti-
60 1 TABLE V. Events, efficiency, neutrino flux, and flux averaged
cross section with statistical error only f&fC(ve,e7)"Ngys.
40
Beam-on events 743
20 | Beam-off events 6
Accidental background 4
0 3 10 15 Events from**C(v,,e7) Ny 733
E; (MeV) Efficiency 0.232:0.019
v flux 10.58< 10" cm?
FIG. 10. Observed and expecteblid line) e* energy distribu- (o) (8.9+0.3)x 10742 cn?

tion for the '2C(v,,e7) 2Ny s sample.
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TABLE V. Measurements and theoretical predictions of the flux 2
averaged cross section for the procé&s(ve,e”) Ny . L;;
Experiment
LSND (8.9+0.3+0.9)x 1042 cn?
LSND(previous [3] (9.1 0.4+ 0.9)X 10" %2 cn?
E225[1] (10.51.0+1.0)x 10" 2 cn?
KARMEN [2] (9.1+0.5+0.8)xX 10" *? cn?
Theor

y 10
Donnelly[5] 9.4x10™*? cn?
Fukugitaet al.[4] 9.2x10°%? cn? 0 L -
4o 0.5 0.5 1

Kolbe et al.[7] 8.9x 107 %2 cn? cosd
Mintz et al. [28] 8.0x107*? cn?

FIG. 12. Observed and expectelid line) distribution in cos?
for the 2C(ve,€7) 2Ny s Sample, wherd is the angle between the
mated to be 0.030 based on Monte Carlo studies of the de& and the incident neutrino.
tector response. The expected €odistribution shown in
Fig. 12 includes the effects of experimental resolution and agance given in Table Il and subtracted.
a result, is less backward peaked than the theoretical distri- All three types of DAR neutrinosi(.,v,, andv,) elas-
bution used to generate it. tically scatter off electrons in the detector but the rate is
dominated byv.e~ scattering. The contribution due to DIF
v, andv, scattering on electrons is almost negligible. The
scattered electron for this process is strongly forward peaked
Electrons below 52 MeV are expected to arise from fouras shown in Fig. 14, and thus such events can largely be
major neutrino processes: '°C(ve,e7)'Ngs,  eliminated with the requirement c6s:0.9. A measurement
12C(ve,e7)N*, 13C(v.,e7)™3X, and neutrino electron of electron-neutrino electron elastic scattering by LSND is
elastic scattering. The expected energy and angular distribueported in a separate pag&0].
tions of these processes are shown in Figs. 13 and 14, re- A third background arises from the interaction mf on
spectively. The different event characteristics of these react®C nuclei (1.1% of the carbon The expected number of
tions are used to select a sample due, primarily, to thevents obtained from the calculated cross sedtig81] for
reaction?C(v,,e”)12N*. This sample is then used to deter- this process is fairly small. Th® value is 2.1 MeV and thus
mine the flux averaged cross section, the electron energy, ar&bout half of the background can be eliminated by requiring
the angular distributions for this reaction. The measured disan electron energy below 34 MeV. We use the cross section
tributions are compared with expected distributions forcalculated by Fukugitat al. [31], 0.525< 10 “° cn¥, and
12C(ve,e7)12N* obtained fromLsNDMC using the theoreti-  conservatively assign a 50% uncertainty to this number. The
cal cross section of Ref29]. KARMEN experiment has measured a cross section of (0.5
The reaction'?C(ve,e”) Ny ¢ is a source of background +0.37+0.1)x 10" *° cn? for this reaction32].
since thee™ from the 8 decay of 1N 5 is not always iden-
tified. Any event with an identifiece™ in delayed coinci-

VII. TRANSITIONS TO EXCITED STATES OF 2N

. . g @] £ ®
dence is of course excluded. The background of events with 5 5
an unidentifiede™ is calculated using the positron accep-
g
Q
40 B 1 1 1
2 25 50 25 50
g E, (MeV) E, (MeV)
£ 30 8 4
(%‘3 § © § @
w m 2]
1723
8 20t
10} *
. . . 25 50 25 50
he=""30 "2 50 60 E, (MeV) E, (MeV)

E, (MeV)

FIG. 13. The expected distributions of electron energy (8r
ve~ elastic scatteringlb) **C(ve,e )Ny, (©) *C(ve, €)' ™N*,
and(d) ¥C(ve,e7)*X.

FIG. 11. The measured and expectedlid line) cross section
for the process®C(ve,e7) Ny
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2 @ 2 [ TABLE VI. The electron selection efficiency, the efficiency for
L%’ L%’ satisfying theg rejection criteria, the efficiencies for satisfying the
angular and the energy requirements, and the total efficiency for the
qﬁﬁ\q\w processt?C(v,,e” ) 2N*.
Quantity Efficiency
N 0 1 - 0 1 Electron selection 0.4970.035
B cos8 - cosd No future g 0.997+0.001
51 © 5| @ c0s6<0.9 0.980-0.005
= H H{’Z 18 MeV <E<34 MeV 0.72G-0.040
Total efficiency 0.3420.031
-1 0 1 -1 0 1 - i il mi
cosO cosO p~ decay. Occasionally, however, we will miss a low energy

p~ because it does not satisfy the activity threshold of
FIG. 14. The expected distributions of ogfor (a) ve™ elastic  greater than 17 PMT hits. In that case the Michel electron
scattering, (b) *2C(ve,e )*Nys, (€) "C(ve,e”)™N*, and (d)  will be a background event if it satisfies the selection criteria
B3C(ve,e7)*X. Straight line fits are shown ith), (c), and (d). given in Table VI. We have calculated this background using
the event simulation programsnDMC. We have also esti-
Most of the excited states dfN decay by prompt proton mated this background using the observed distribution of
emission to'C states and the decays of some of th& &  pMT hits for .~ satisfying the activity threshold.
states produce’s between 2 and 7 MeV. Both these protons  Finally, we determine the background from processes

and y's contribute to the visible energy detected by LSND | i, associated neutrons. Events from the reactﬁpﬁp
and thus increase the apparent electron energy. LSND isrela- — . . L
tively insensitive to low energy protons, partly due to the & TN and Vﬂ+pﬁ'“, *+n are identified in LSND by
absence of €renkov light. For example a 10 MeV proton detecting the 2.2 MeVy's from the capture reaction+p

produces only between 1 and 2 MeV electron equivalent en—_’d+ v [3,13,23. The mean capture time in the LSND de-

ergy. The sensitivity to low energy’s is also somewhat tector is 186us, essentially independent of the initial neu-

lower than for electrons of the same energy. The response fgon (Tnergy. .'I;thee var|ab]eshare L.Jsed to |deqt|fr¥ a capgure f
protons,y’s and electrons is obtained using events simulated:?\;lr_? ﬁ_te fW't ha neli]trog_ln the prlfmﬁry ?vent.ht € numbero
with LsNDMC. For the analysis we require that the measured” Its for t €y, the distance 0 they from t € primary
electron energy be between 18 and 34 MeV. Including th§Vent and the time of from the primary event. A likelihood
estimated contributions of protons ant based on Ref29] ~ technique, discussed in Ref23], has been developed to
this region contains 724% of the excited state events, The S€Parate the correlated component due to neutrons from the
relatively large error assigned is due to uncertainties in th;ncorrelated or accidental component. An approximate like-

response of LSND, for example to low energy protons, a thood ratio R=Leor/ Luncor i§ calculated for each event .
well as estimated uncertainties in the modeling of particld’©M the three measured variables. We use here an analysis

production. The upper limit of 34 MeV not only eliminates with improved photon spatial reconstruction as is presented

much of the!3C(r,,e~)3X background, it further decreases in Ref. [35], which reports final LSND results on neutrino

the small background from the possible oscillation si naIOSC".lationS' e
seen by LSN[[SS 24 P g Figure 15 shows the observeRl distribution for events
"t satisfying the selection criteria for the process

Table VI shows the efficiency for each of the selection 121, .6~)12N* . Shown for comparison is the best @olid
Ve, .

criteria and the total efficiency for the process
2C(ve,e7)2N* . Table VII shows the calculated number of
background events from various sources satisfying these se- TABLE VII. Calculated number of background events satisfying
lection criteria. In addition to the background sources alreadyhe selection criteria fof*C(v,,e7)**N*. Systematic uncertainties
discussed, there are several smaller sources of backgroundh the numbers of background events are also shown.

The neutral current excitatiof’C(v,»)*C*(1%,1;15.1
MeV) leads to prompt decay to photons with a 90% branch=0urce Events

ing ratio. Most of the photons are eliminated by the 18 MeV:LzC(V e )N 434.1+28.1
energy requirement but approximately 0.8% will have recon- " °’ 9 35.2+41
structed energies above 18 MeV due to the finite energys-,, e )N 46&2?;3
resolution. The measured cross section for this proceS§C(Ve];)1zc*[15 1 MeV] 17' 5i26
[33,34 is in good agreement with theoretical calculations 120 T e P
[4—6] (V,u,,u. )N 9.3+2.0
As discussed earlier, LSND has also measured the proce5¥ents with a neutron 215151

2C(v,,u")*N* using a beam of, from 7" DIF [13].  Total background 56440
Normally we detect both the ™ and the Michek™ from the
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g 3 TABLE IX. Measurements and theoretical predictions of the
510 flux averaged cross section for the procé&3(v,,e”)2N*.
) Experiment
10 %
LSND (4.3+0.4+0.6)x 10742 cn?
LSND(previous [3] (5.7+0.6+0.6)X 10" %2 cn?
10 E225[1,36] (3.6:2.0)x 10" 42 cn?
KARMEN [32] (5.1+0.6=0.5)x 10" ** cn?
Theory
1 -
Kolbe et al.[6] 6.3x107%? cn?
R Kolbe et al.[7] 5.5x 1074 cn?
] 0 5 1 1'0 1'02 Hayeset al. [9] 4.1xX10 % cn?
R

FIG. 15. The observed distribution of thelikelihood ratioR veto lowered thes selection efficiency and increased the
for the proces$?C(v,,e”)?N*. Shown for comparison is the best B y

fit (solid line) combination of the correlated distribution and the ‘ig‘(‘f“'ateﬁj 12numb_er of _ever_lt_s from the process
uncorrelated distribution to data. The best fit has a-A21% cor- . (ve.@ ,) NG-S-W'thOUt an identified3. There W_as also an
related component. increase in the calculated number of events with &08.9

from the process'e— ve. The small DIF background from
line) combination of the correlated distribution and the un- °C(v,,»~)'"N* was not previously included. Finally, as
correlated distribution to the data. The best fit has a 2.gvas stated in Ref[3], we previously did not subtract the
+1.4% correlated component. The number of backgroundackground from events with neutrons.

events with neutrons shown in Table VIl is obtained from the  The flux averaged cross section measured by LSND is
best fit to the data. compared in Table IX with other measurements and with

Table VIII shows the number of beam-on and beam-Several theoretical calculations. The most recent measure-
excess events satisfying the selection criteria, the number ¢fents of both LSND and KARMEN32] are somewhat
background events and the resulting number of events arl@wer than their previous measuremef#s3]. The recent
noting that the beam-off subtraction is much larger in thisPrevious resulf6] but it remains above the cross section
case than it was for the exclusive reaction where we requir’€asurements of both LSND and KARMEN. In contrast the
a coincidence with a. The flux average cross section is recent shell model calculation of Hayes and Towji®ris in
(0)=(4.3+0.4+0.6)x10 %2 cn®. There are several con- good agreement with but lower than the cross section mea-
tributions to the systematic error. The 7% flux uncertaintySureéd by LSND. o
and the 6% uncertainty in the effective fiducial volume have Figure 16 shows that the measured electron energy distri-
been described previously. There is a 4% uncertainty due tBution for the sample of events satisfying the electron criteria
the 50% error in thé*C cross section. The uncertainty in the 9IV€N I _T?Zbli VI agrees well with that expected from
e" acceptance for the'®N(g.s.) background subtraction C(ve,e7 )N and the background sources listed in Table
leads to a 5% uncertainty in th¥N* cross section. The VII. Also shown is the energy distribution expected from just
uncertainty in the duty ratio results in a 3% error in the cross
section. We estimate a 5.5% uncertainty in the fraction of
events with electrons in the region 18 Me\E,<34 MeV.

The cross section reported here is lower than that previ-
ously measured by LSND3] primarily because of an in- 150
crease in the calculated number of background evésgs
Table VII). An increase in the calculated deadtime due to the

100
TABLE VIII. Events, efficiency, neutrino flux, and flux aver-

aged cross section with statistical errors only T€(ve,e ™) 2N*.

50
Beam-on events 2126
Beam-excess events 1088
Background 564 0 20 25 30 e ot ,%)

(5]

12C(ve,e7) 12N* 524 ¢
Efficiency 0.34%-0.031 FIG. 16. The observed distribution of electron energy for events
Flux 10.58< 10'% cm 2 satisfying the selection criteria given in Table VI. The sdtidtted
(o) (4.320.4)x 10 cn? histogram shows the expected distribution from all soufbesk-

ground sources onjy
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5 g0}
@ i
100 751
50 E
50
25
072025 "30_ 35 Or——"035 "0 05
E, MeV) cos0
FIG. 17. The observed and expectedlid line) electron energy ~ FIG. 18. The observed gngzefpec(edlid line) cos distribu-
distribution for the proces&’C(v,,e~) 2N*. tion for the process*C(ve,e”)"N*.

VIIl. CONCLUSIONS
the background processes. For the largest background

12 —\12
source,“C(ve,e” )Ny, We used the shape of the ener - )
(ve,€ ) Nos P gy_clean sample of 733 events. For this process the cross section

distribution measured for the sample of events with identi . X .
fied B's. For all other processes the expected energy distri(_:alculatlons using empirical form factors are expected to be

butions are obtained using simulated samples of events. Fi very reliable. The flux averaged cross section is measured to

y — 42 ;
ure 17 compares the measured energy distribution aft%e (8.920.3+0.9)x 10 ot in reasonable agreement

. . N alt&lith other experiments and theoretical expectations. The en-
s_ubtractlon of the calculated baCkngH”l‘;'S*W'th the dIStrIbu'ergy and angular distributions also agree well with theoreti-
tion expected for the proces€C(v.,e )?N*. The agree-

’ cal expectations.
ment is excellent. o The measurement of the proceé$e(v,,e~)2N* is more
Figure 18 compares the measured distribution of €0s gitficult, primarily due to the significant background subtrac-
after subtraction of the calculated backgrounds with the distion required. The measured cross section of D3
tribution expected for the proces§C(ve,e7)™N*. The  +0.6)x107%2 cn? is in agreement with other measure-
cosd distribution is enhanced in the backward direction asments. It is in better agreement with the shell model calcu-
expected. The data are in fair agreement with expectationation of Hayes and Townd®] than with the CRPA calcula-
[29] with the y*/DF=1.79. The mean observed value of tion of Kolbeet. al.[7], but is compatible with both models.
cosf is —0.15+0.05 (stat.)»0.030 (syst.) compared with
the expected value of 0.25 for Ref.[29] and —0.30 for ACKNOWLEDGMENTS
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