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Charged current reactions ofne on
12C have been studied using am1 decay-at-restne beam from the Los

Alamos Meson Physics Facility. More than 500 events from the exclusive reaction12C(ne ,e
2)12Ng.s. were

measured in a large Liquid Scintillator Neutrino Detector~LSND!. The observed energy dependence of the
cross section and the angular distribution of the outgoing electron agree well with theoretical expectations.
Measurements are also presented for inclusive transitions to12N excited states,12C(ne ,e

2)12N* and compared
with theoretical expectations. Results are consistent with a recent continuum random phase approximation
~CRPA! calculation.@S0556-2813~97!04803-6#

PACS number~s!: 25.30.Pt, 14.60.Lm, 13.15.1g
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I. INTRODUCTION

There are two principal reasons for measuring low ene
(En,52 MeV! neutrino-nucleus scattering. First the e
tracted cross section provides unique insight into nuclear
namics. The yield depends on dynamics as expressed
nuclear axial-vector and vector currents, thereby provid
additional information beyond the vector currents which
obtained from electron-nucleus scattering. Next,
neutrino-nucleus cross sections are required both for ca
lating certain astrophysical processes and for characteri
the response of neutrino detectors. In the former ca
neutrino-nucleus interactions in the outer shells of stars
dergoing supernova explosions cause further nucleosynth
to occur @1#. Neutrinos of all flavors are produced in th
interior of the star during supernova collapse. These neu
nos undergo interactions with nuclei changing the nucl
composition of the star via charge-changing processes
the excitation of particle unstable nuclear states. In the la
case, many of present day active neutrino detectors are c
posed of12C or 16O nuclei, in addition to1H or 2H, and thus
require accurate knowledge of these neutrino-nucleus c
sections to reliably interpret the detector output.

At the present time, relatively few measurements
neutrino-nucleus cross sections exist. Neutrino-carbon c
sections for neutrinos created from the decay of stop
positive muons have been measured only twice before
550556-2813/97/55~4!/2078~14!/$10.00
y

y-
by
g
e
e
u-
ng
e,
n-
sis

ri-
r
nd
er
m-

ss

f
ss
d
is

experiment. E225@2# at LAMPF and the KARMEN Collabo-
ration @3# at ISIS facility of the Rutherford Laboratory hav
measured the cross section for the exclusive reac
12C(ne ,e

2)12Ng.s. and for the more inclusive reactio
12C(ne ,e

2)12N* to all the other accessible12N final states.
The yield to the12N ground state dominates the total yiel
as it is the only allowed (l 50) transition that occurs in this
process. In this paper we report on our measurement of
same processes. Our results are more accurate than the
lier measurements@2–4# and in good agreement with them
We have also measured the angular distributions of the e
trons with respect to thene direction for these processes a
well as the energy dependence of the ground state transi
All are in excellent accord with expectation.

Calculation of neutrino-12C cross sections have attracte
a good deal of attention@5–9#. The cross section for produc
ing the 12N ground state can be calculated to an accuracy
2% as it can be represented in terms of form factors@5# that
can be reliably extracted from other measurements. Calcu
ing the inclusive yield to the excited states is a far less c
tain procedure. The Fermi gas model~FGM! is not appli-
cable as the momentum transfers (Q,100 MeV/c) are much
smaller than the Fermi momentum~200 MeV/c) in carbon.
Thus it is necessary to employ a model that reliably refle
the nuclear dynamics. The most recent work@9# uses a model
that includes the residual particle-hole interaction via
2078 © 1997 The American Physical Society
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55 2079MEASUREMENTS OF THE REACTIONS . . .
random-phase approximation~CRPA!. The authors have ar
gued that the CRPA calculation for this process should
accurate once the parameters have been determined vi
ting to a comparable process such as, say, negative m
capture on12C. Their calculations correctly represent the e
perimental results we present in this paper but it should
mentioned that their prediction@9# for our preliminary results
@10,11# on the inclusive yield from12C(nm ,m

2)12N* ob-
tained using higher energynm from p1 decay in flight is too
large by nearly a factor of 2. This discrepancy has genera
considerable theoretical interest@12,13# but remains unex-
plained. We will publish our final results on this measu
ment in a subsequent paper@14#.

Finally, we note the relevance of the analysis presente
this paper to the evidence for neutrino oscillations previou
presented by the LSND Collaboration@15#. The excellent
agreement found with expectations and with previous exp
ments for the reaction12C(ne ,e

2)12Ng.s. provides important
confirmation of our understanding of the neutrino beam a
the detector performance. The neutron analysis presente
Sec. VII likewise provides a valuable test of the techniqu
used for neutron identification.

II. THE NEUTRINO SOURCE

The data reported here were obtained in 1994 and 199
the Los Alamos Meson Physics Facility~LAMPF! using
neutrinos produced at theA6 proton beam stop. The neutrin
source is described in detail elsewhere@16#. This facility is
now the Los Alamos Neutron Science Center~LANSCE!.
The beam stop consists of a 30 cm water target surroun
by steel shielding and followed by a copper beam dump. T
high-intensity 800 MeV proton beam from the linear acc
erator generates a large pion flux from the water target.
flux of ne used for the measurements reported here a
from the decay at rest~DAR! of stoppedp1 andm1. This
decay chain yields almost equal intensities ofne , n̄m , and
nm with the well-determined energy spectra shown in Fig

The corresponding decay chain forp2 andm2 is highly
suppressed due to three factors. First, production ofp2 is
approximately eight times smaller than forp1 at LAMPF.
Second,p2 which stop are absorbed by nuclear interactio
Finally, mostm2 which stop are absorbed before they c
decay. These stoppedm2 arise fromp2 which decay in
flight since p2 which stop are absorbed. Approximate
3.4% of thep1 and 5% of thep2 decay in flight ~DIF!
yielding fluxes ofnm and n̄m that are used for the comple
mentarynmC measurements described elsewhere@11,14#.

The LAMPF beam dump has been used as the neut
source for previous experiments E31@17#, E225 @2# and
E645 @18#. A calibration experiment, E866@19#, measured
the rate of stoppedm1 from a low-intensity proton beam
incident on an instrumented beam stop. The rate of stop
m1 per incident proton was measured as a function of s
eral variables and used to fine-tune a beam dump simula
program@20#. This simulation program can then be used
calculate the flux for any particular beam dump configu
tion. The calibration experiment determined the DAR flux
67% for the proton energies and beam stop configurati
used at LAMPF. This 7% uncertainty provides the larg
source of systematic error for the cross sections prese
e
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here. It is worth mentioning that the measurements of
neC cross section made by the KARMEN Collaboration@3#
and E225@2# also rely on this calibration experiment an
beam dump simulation program. The LAMPF proton bea
typically had a current of 800mA and an energy of approxi
mately 770 MeV at theA6 beam stop. The integrated bea
current was 5904 C in 1994 and 7081 C in 1995. The cal
lated ratio of stoppedm1 per proton was 0.090 and 0.084 fo
1994 and 1995, respectively, with the lower ratio for 19
arising because the water target was out for 32% of the 1
data. Upstream targetsA1 andA2 contribute 1.4% to the
DAR flux. The DARne flux averaged over the LSND detec
tor was then 3.0431013 cm22 for 1994 and 3.4331013

cm22 for 1995.

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. Figur
shows a sideview of the setup. Approximately 2000 g/cm2 of
shielding above the detector attenuates the hadronic com
nent of cosmic rays to a negligible level. Enclosing the d
tector, except on the bottom, is a highly efficient liquid sc
tillator veto shield which is essential to reduce contributio
from the cosmic ray muon background to a low level. T
detector is also well shielded from the beam stop so t
beam associated neutrons are attenuated to a negligible l
Reference@16# provides a detailed description of the dete
tor, veto, and data acquisition system which we briefly
view here.

The detector is a roughly cylindrical tank containing 1
tons of liquid scintillator and viewed by 1220 uniforml
spaced 89 Hamamatsu PMT’s covering;25% of the surface
inside the tank wall. When the deposited energy in the ta

FIG. 1. Flux shape of neutrinos from pion and muon decay
rest.
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FIG. 2. Detector enclosure and target area configuration, elevation view.
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exceeds a threshold of approximately 4 MeV electro
equivalent energy and there are fewer than 4 PMT hits in
veto shield, then the digitized time and pulse height of e
of these PMT’s~and of each of the 292 veto shield PMT’!
are recorded. A veto, imposed for 15.2ms following the
firing of .5 veto PMT’s, substantially reduces (1023) the
large number of background events arising from the deca
cosmic ray muons that stop in the detector. Activity in t
detector or veto shield during the 51.2ms preceding a pri-
mary trigger is also recorded provided there are.17 detec-
tor PMT hits or.5 veto PMT hits. This activity information
is used in the analysis to further reject events arising fr
muon decay. Data after the primary event are recorded f
ms with a threshold of 21 PMT’s~approximately 0.7 MeV
equivalent!. This low threshold is necessary for neutron ide
tification as described below. The detector operates with
reference to the beam spill, but the state of the beam is
corded with the event. Approximately 93% of the data
taken between beam spills. This allows an accurate meas
ment and subtraction of cosmic ray background surviving
event selection criteria.

The detector scintillator consists of mineral oil~CH2) in
which is dissolved a small concentration~0.031 g/l! of
b-PBD @21#. This mixture allows the separation o
Čerenkov light and scintillation light and produces about
photoelectrons per MeV of electron energy deposited in
oil. The combination of the two sources of light provid
direction information and makes particle identification~PID!
possible for relativistic particles. Identification of neutrons
accomplished through the detection of the 2.2 MeVg from
neutron capture on free protons. Note that the oil cons
almost entirely of carbon and hydrogen. Isotopically the c
bon is 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 after the 1993 run to reduce cosmic ray backgro
entering through the bottom support structure. Th
counters around the bottom support structure are referre
as bottom counters. The main veto shield@22# consists of a
15-cm layer of liquid scintillator in an external tank and 1
cm of lead shot in an internal tank. This combination
active and passive shielding tags cosmic ray muons that
in the lead shot. A veto inefficiency,1025 is achieved with
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this detector for incident charged particles. The veto ine
ciency is large for incident cosmic ray neutrons.

IV. ANALYSIS TECHNIQUES

Each event is reconstructed using the hit time and pu
height of all hit PMT’s in the detector@16#. The present
analysis relies on the reconstructed energy, position, di
tion, and particle ID parameter,x tot . The particle direction is
determined from the Cˇ erenkov cone. The parameterx tot is
used to distinguish electron events from events arising fr
interactions of cosmic ray neutrons in the detector. For
nately, it is possible to measure the response of the dete
to electrons and neutrons in the energy range of interes
this analysis. We also make use of a detailed Monte Ca
simulation, LSNDMC@23#, which was written to simulate
events in the detector using GEANT.

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 the LSNDMC simulation are approximate
30 cm and 17°, respectively, for electrons in the energy
gion of interest, 16–35 MeV. The precision of position r
construction has been checked from a comparison of the
constructed positions of them2 and the decaye2 of a large
sample ofnmC→m2X events@16#. The accuracy of the di-
rection measurement is discussed more in Sec. VI.

There are no tracking devices in the LSND detector a
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@16#. This
reconstruction procedure was found to systematically s
event positions away from the center of the detector and t
effectively reduces the fiducial volume@15#. In the analysis
presented in this paper a fiducial cut is imposed by requir
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55 2081MEASUREMENTS OF THE REACTIONS . . .
D.35 cm, whereD is the distance between the reco
structed event position and the surface tangent to the face
the PMT’s.

The effect of the reconstruction bias on the fiducial acc
tance was determined from the analysis of a sample of s
ping muon events for which both the muon and the sub
quent decay electron were detected. No fiducial cut w
imposed on either the muon or the electron so that essent
all muons which stopped in the scintillator and decayed w
included. For comparison a sample of simulated stopp
muon events was generated using LSNDMC. The obser
and generated distributions of the distanceD were compared
for electrons satisfying a minimum energy requirement. T
observed distribution was found to be shifted outward re
tive to the generated distribution. Five independent analy
of this type yielded the acceptance factor of 0.8560.05 for
D.35 cm due to the reconstruction bias. There is indep
dent support for this conclusion. A reconstruction proced
has been developed which relies both on PMT pulse he
and timing information, and is expected to be less bias
This reconstruction procedure calculates the likelihood
the observed PMT charge distribution and time distribut
as a function of position. The final position is then det
mined by maximizing the likelihood. Comparison of pos
tions obtained with the new and the standard reconstruc
procedures indicate a pushing out effect in good agreem
with that obtained from the stopping muon analysis.

The particle identification procedure is designed to se
rate particles with velocities well above Cˇ erenkov threshold
from particles below Cˇ erenkov threshold by making use o
the four parameters defined in Ref.@16#. Briefly, x r andxa
are the quantities minimized for the determination of t
event position and direction,x t is the fraction of PMT hits
that occur more than 12 ns after the fitted event time
x tot is proportional to the product ofx r , xa , andx t . For the
present analysis we use onlyx tot . Figure 3 shows thex tot

FIG. 3. Particle ID parameter for ‘‘electrons’’~shaded! and
‘‘neutrons.’’
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distributions for electrons from stoppingm decay and for
cosmic ray neutrons with electron equivalent energies in
16,Ee,35 MeV range. For a neutronEe is the equivalent
electron energy corresponding to the observed total cha
In the present analysis we eliminate most cosmic ray neu
background by requiringx tot, 0.85.

The presence of a neutron can be determined by the
tron capture reactionn1p→d1g. The mean capture time in
the LSND detector is expected to be 186ms, essentially in-
dependent of the initial neutron energy. Three variables
used to identify a captureg correlated with a neutron in the
primary event: the number of PMT hits for theg, the dis-
tance of theg from the primary event, and the time of th
g from the primary event. Figure 4 shows the distributions
these variables for correlatedg ’s and for uncorrelated~acci-
dental! g ’s. A likelihood technique, discussed in Ref.@15#,
has been developed to separate the correlated componen
to neutrons from the uncorrelated component. An appro
mate likelihood ratioR[Lcor/Luncor is calculated for each
event from the three measured variables. If there is nog
within 1 ms and 2.5 m from the primary event thenR50 for
the event. The expected distributions ofR are shown in Fig.
5 for a correlated sample~every event has one neutron! and
for an uncorrelated sample~no event has a neutron!. The
correlatedR distribution was found to be almost independe
of event position within the fiducial volume@15#. The acci-
dental gamma rate is higher near the bottom front corne
the detector then elsewhere, but the shape of the uncorre
R distribution has little position dependence. In the pres
paper we use theg analysis solely to verify that the events
the 12C(ne ,e

2)12N samples are not accompanied by ne

FIG. 4. Distributions obtained from cosmic ray neutron data
g ’s that are correlated~solid! or uncorrelated~dashed! with the
primary event:~a! the time between the photon and primary eve
~b! the number of photon PMT hits; and~c! the distance between
the photon and primary event. The raw data points are also sh
in ~a!.
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2082 55C. ATHANASSOPOULOSet al.
trons and to study the cosmic ray background. The meas
R distribution is fit to a mixture of the two distribution
shown in Fig. 5 and the fraction of events with neutrons
obtained.

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. This ratio was 0.080
1994 and 0.060 for 1995. Beam-on and beam-off data h
been compared to determine if there are any differen
other than those arising from neutrino interactions. No d
ferences are found in trigger rates, veto rates, or various
cidental rates, including accidentalg rates, and there is no
evidence of beam neutrons at any energy. From these
more detailed comparisons we find no indication of any n
neutrino induced beam background or any problem with
beam-off subtraction procedure.

V. THE TRANSITION TO THE 12N GROUND STATE

The reactionne1
12C→12Ng.s.1e2 is identified by the de-

tection of thee2 followed, within 45 ms, by the positron
from theb decay of the12Ng.s.. Transitions to excited state
of 12N decay by prompt proton emission and thus do
feed down to the12N ground state or contribute to the d
layed coincidence rate. The scattered electron has a m
mum kinetic energy of 35.5 MeV due to theQ value of
17.33 MeV. The beta decay has a mean lifetime of 15.9
and maximum positron kinetic energy of 16.33 MeV. T
cross section to the12N ground state has been calculated
several groups@5–9#. The form factors required to calculat
the cross section are well known from a variety of previo

FIG. 5. MeasuredR distribution for events with theg correlated
~solid! and uncorrelated~dashed! with the primary event.
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measurements. This cross section and the knownne flux are
used to obtain the expected electron kinetic energy spectr
Figure 6 shows the observed electron energy distribution
the beam-on, beam-off, and beam-excess samples for ev
with an identified beta decay. Figure 6~c! compares the ex-
pected and observed energy distributions.

The selection criteria and corresponding efficiencies
the electron are shown in Table I. The reconstructed elect
position is required to be a distanceD.35 cm from the
surface tangent to the faces of the PMT’s. There
3.6531030 12C nuclei within this fiducial volume. A lower
limit on the electron energy of 16.0 MeV eliminates the lar
cosmic ray background from12B beta decay as well as mos
15.1 MeV gamma rays from the neutral current excitation
carbon. The12B nuclei arise from the absorption of stoppe
m2 on 12C nuclei in the detector.

The past activity cut is designed to reject most electr
events arising from cosmic ray muons which stop in t
detector and decay. This background has a time depend
given by the 2.2ms muon lifetime. The past activity selec
tion criteria reject all events with activity within the past 2
ms. Events with activity between 20ms and 35ms in the past
are rejected if for the activity either~a! the detector charge is
greater than 3000 photoelectrons (;100 MeV! or ~b! the
number of tank hits is greater than 100. Beyond 35ms no cut
is applied. Figure 7 shows the distribution of time to th
closest past activity for beam-off and beam-excess eve
passing these criteria. Only events with past activity betwe
20 and 50ms are plotted. The relatively loose cut applied
the 20 to 35ms time interval is still adequate to reject mo
muons surviving this long. This can be seen in Fig. 7~a!
where the rate of beam-off events is comparable above
below 35ms and there is no indication of a time dependen

FIG. 6. Measured electron energy spectrum for~a! beam-on
events,~b! beam-off events, and~c! beam-excess events compare
with with the expected~solid line! distribution. Ane6 in delayed
coincidence is required.
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TABLE I. The electron selection criteria and corresponding efficiencies for 1994 and 1995 fo
reaction12C(ne ,e

2)12Ng.s..

Quantity Criteria 1994 Eff. 1995 Eff.

Fiducial volume D.35.0 cm 0.85060.050 0.85060.050
Electron energy 16.0,Ee,40.0 MeV 0.81560.005 0.8156 0.005
Particle ID x tot<0.85 0.90760.005 0.88760.005
Intime veto ,4 PMT’s 0.99560.005 0.98960.005
Past activity Dtp.20,35ms 0.67360.005 0.71460.005
DAQ dead time 0.97060.010 0.97060.010
Total 0.40860.025 0.42160.026
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corresponding to the 2.2ms muon lifetime. The rate of
beam-excess events, shown in Fig. 7~b!, is also comparable
above and below 35ms, consistent with the small calculate
loss of acceptance~4.6%! for the 20–35ms interval. In-time
veto cuts are designed to reject events arising directly fr
cosmic ray particles which enter the detector. Events w
more than three veto hits or any bottom counter coincide
during the 500 ns event window are eliminated. The bea
off subtraction procedure removes the small cosmic
background which survives the above cuts.

The acceptances for the electron selection criteria
shown in Table I separately for 1994 and 1995 data samp
The acceptances for the past activity and in-time veto c
are obtained by applying these cuts to a large sample
events triggered with the laser used for detector calibrat
These laser events are spread uniformly through the run
thus average over the small variation in run conditions. T
acceptance for the 15.1ms trigger veto is included in the pas
activity efficiency. A sample of Michel electrons~electrons
from the decay of stoppedm6) was analyzed to obtain the
acceptance of electrons for thex tot particle identification cut.

FIG. 7. Distribution ofDtp , the time to past activities, for~a!
beam-off events and~b! beam-excess events.
m
h
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-
y

re
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ts
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The Michel electrons were given weights as a function
energy so that the weighted spectrum agrees with the
served energy spectrum for theneC sample. Similarly,
events are weighted as a function of position. Figure 8 co
pares thex tot distribution of the electrons in theneC sample
with the weighted Michel sample. The agreement is exc
lent.

Table II gives the selection criteria and efficiencies for t
12N beta decay positron. Figure 9 shows the observed b
decay time distribution compared with the expected 15.9
lifetime. Figure 10 shows the distance between the rec
structed electron and positron positions for the beam-exc
sample. A cut was applied at 100 cm resulting in an acc
tance of (9662)%. Following an electron produced by
neutrino interaction an uncorrelated particle, such as the p
itron from 12B beta decay, will occasionally satisfy all th
positron criteria including the requirements of time~45 ms!
and spatial~1 m! correlation with the electron. The probabi
ity of such an accidental coincidence can be precisely m
sured from the Michel electron sample. The backgrou
from this source is also shown in Figs. 9 and 10. The e
ciency of 81.5% caused by the 15.1ms veto and the trigger

FIG. 8. Distribution of the particle ID parameter,x tot , for e
2

compared with the distribution obtained from Michel electro
~solid line!.
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TABLE II. Beta decaye1 selection criteria and corresponding efficiencies for 1994 and 1995 for
reaction12C(ne ,e

2)12Ng.s..

Quantity Criteria 1994 Eff. 1995 Eff.

b decay time 52ms,t,45 ms 0.93860.002 0.93860.002
Spatial correlation Dr,1 m 0.96460.020 0.96460.020
PMT threshold .100 for 1994,.75 for 1995 0.76560.015 0.88160.010
Fiducial volume D.0 cm 0.97260.010 0.97260.010
Trigger veto .15.1ms 0.81560.005 0.81560.005
Intime veto ,4 PMT’s 0.99560.001 0.98960.001
DAQ dead time 0.97060.010 0.97060.010
Total 0.52960.017 0.60660.017
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dead time of 3% are the same as for the electron. Posit
with four or more in-time veto hits or any bottom veto coi
cidence are rejected. Figure 11 shows the observedx tot dis-
tribution for the positron for the beam-excess sample. No
on x tot is applied. The energy distribution of the positron
calculated from the12N beta decay using

dN

dEe
5PeEe~Emax2Ee!

23
2ph

~e2ph21!
, ~1!

whereh5Za/be andEe is the total positron energy~includ-
ing rest energy!. The 12N decays to the ground stat
(Emax516.84 MeV! 94.6% of the time. Beta decay trans
tions to the excited states of carbon are 1.9% (Emax512.38
MeV, followed by a 4.4 MeVg), 2.7% (Emax59.17 MeV!
and 0.8% (Emax56.5 MeV! @24#. The positron annihilates
with an electron after stopping. The Monte Carlo was use
generate expected distributions for the positron energy
for number of hit PMT’s. There was a trigger requirement
100 PMT hits for 1994 and 75 PMT hits for 1995. Figure

FIG. 9. Distribution of time between thee2 ande1 for beam-
excess events in the12C(ne ,e

2)12Ng.s. sample. The expected distr
bution is shown with the solid line. The calculated accidental c
tribution is shown by the dashed line.
ns

ut

to
d
f

compares the observed and expected positron energy d
butions. The good agreement shows that the energy cali
tion is valid for these low energy electrons.

Table III provides a breakdown of the number of even
satisfying the selection criteria as well as the acceptances
neutrino flux and the resulting flux averaged cross section
both years of data. For the complete data sample the
averaged cross section iŝs&5(9.160.460.9)310242

cm2 where the first error is statistical and the second is s
tematic. The two dominant sources of systematic error
the neutrino flux~7%! discussed in Sec. II and the effectiv
fiducial volume~6%! discussed in Sec. IV. The spatial di
tribution of the electrons is shown in Fig. 13. The measu
cross section decreases by (2.762.2)% when the fiducial
volume is reduced by requiring that the electron be at le
50 cm ~instead 35 cm! from the surface of the PMT faces
For comparison the two previous measurements, the LS
result and several theoretical predictions for the flux av
aged cross section are presented in Table IV. They are a
agreement with each other.

-

FIG. 10. Distribution of the distance between reconstructed
sitions of e2 and e1 for beam-excess events in th
12C(ne ,e

2)12Ng.s. sample. The calculated accidental contribution
shown by the solid line.
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55 2085MEASUREMENTS OF THE REACTIONS . . .
For this reaction to the12N ground state it is also straigh
forward to measure the energy dependence of the cross
tion. The recoil energy of the12N nucleus is negligible and
thus En5Ee117.3 MeV whereEe is the electron kinetic
energy. Figure 14 shows that the measured cross se
agrees with the requisite energy dependence@5#. The ex-
pected shape shown in the figure includes the effects of
tector resolution and acceptance obtained from the Mo
Carlo. Figure 15 shows the observed and expected@5,25#
angular distribution between the electron and the incid
neutrino. The only previous measurement@26# had very lim-
ited angular acceptance.

VI. TRANSITIONS TO EXCITED STATES OF 12N

Electrons below 52 MeV are expected to arise fro
four major neutrino processes: 12C(ne ,e

2)12Ng.s.,
12C(ne ,e

2)12N* , 13C(ne ,e
2)13X and neutrino electron

elastic scattering. The expected energy and angular distr
tions of these processes are shown in Fig. 16 and Fig.
respectively. The different event characteristics of these
actions are used to select a sample due primarily to the

FIG. 11. Distribution of the particle ID parameter,x tot , for the
e1 from the beta decay of12Ng.s.compared with the expected~solid
line! x tot distribution.
ec-

ion

e-
te

t

u-
7,
e-
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action 12C(ne ,e
2)12N* . This sample is then used to dete

mine the flux averaged cross section and the electron en
and angular distributions for this reaction.

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

2 scattering@27#. The contribution due to
DIF nm and n̄m scattering on electrons is negligible. Th
scattered electron for this process is strongly forward pea
as shown in Fig. 17, and thus such events can largely
eliminated with an angle cut.

A second background arises from the interaction ofne on
13C nuclei ~1.1% of the carbon!. The expected number o
events obtained from the calculated cross section@28,6# for
this process is fairly small. TheQ value is 2.1 MeV and thus
about half of the background can be eliminated by requir
an electron energy below 34 MeV. We use the cross sec
calculated by Kubodera@28#, 0.525310240 cm2, and conser-
vatively assign a 50% uncertainty to this number.

The reaction12C(ne ,e
2)12Ng.s. is also a source of back

ground since thee1 from the beta decay of12Ng.s. is not
always identified. Any event with an identifiede1 in delayed
coincidence is of course excluded. The background of eve
with unidentifiede1 is calculated using the positron acce

FIG. 12. Observed and expected~solid line! e1 energy distribu-
tion for events satisfying all selection criteria.
ctions
TABLE III. Events, accidental backgrounds, efficiencies, neutrino flux, and flux averaged cross se
with statistcal errors only for 1994 and 1995 for the reaction12C(ne ,e

2)12Ng.s..

1994 1995

Beam-on events 241 events 308 events
Beam-off events3duty ratio 18930.08 events 31230.06 events
Beam-excess events 226 events 289 events
Accidental background 3.3 events 4.2 events
Efficiency 0.216 0.256
ne flux 3.0431013/cm2 3.4331013/cm2

^s& (9.360.7)310242 cm2 (8.960.6)310242 cm2
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2086 55C. ATHANASSOPOULOSet al.
tance given in Table II and subtracted.
Slightly tighter selection criteria are needed for the el

tron in this analysis than was the case for the12Ng.s. analysis
where the requirement of ane1 in delayed coincidence sub
stantially reduced the background. Figure 18 shows the m
sured electron energy distribution for beam-off and bea
excess events excluding identified12Ng.s. events. For this
analysis the electron energy is required to be between 20
34 MeV, a region that contains 58% of the expected12N*
signal. The lower limit of 20 MeV excludes12B beta decay
induced by the capture ofm2 cosmic rays on12C and is
enough above the 15.1 MeVg from the neutral current ex
citation of 12C that most events from this source are elim
nated. The upper limit of 34 MeV minimizes the backgrou
from the process13C(ne ,e

2)13X as well as from the possible
oscillation signal@15# seen mostly above this energy.

A slightly tighter fiducial requirement is also impose
Figure 19 shows they distribution for beam-off and beam
excess events. The requirementy.2120 cm removes the
region where a large beam-off subtraction results in la
statistical errors. Figure 20 shows the distribution of the

FIG. 13. The spatial distribution of thee2 for beam-excess
events in the12C(ne ,e

2)12Ng.s. sample compared with expectation
~solid line! from LSNDMC.

TABLE IV. Measurements and theoretical predictions of t
flux averaged cross section for the process12C(ne ,e

2)12Ng.s..

Experiment

LSND (9.160.460.9)310242 cm2

E225 @2# (10.561.061.0)310242 cm2

KARMEN @3# (9.160.560.8)310242 cm2

Theory
Donnelly @6# 9.4310242 cm2

Fukugitaet al. @5# 9.2310242 cm2

Kolbe et al. @9# 9.3310242 cm2

Mintz et al. @7# 8.0310242 cm2
-

a-
-

nd

e
-

sine of the angle between the electron and the incident n
trino. The expected distribution from all processes is a
shown in Fig. 20. The requirement cosu,0.9 removes the
forward peak due tone scattering. The selection criteria an
acceptance for this analysis are shown in Table V. The t
number of beam-on and beam-excess events satisfying t
criteria, the number of background events, and the resul
numbers of events and cross section for the proc
12C(ne ,e

2)12N* are shown in Table VI. The flux average
cross section obtained from the full data sample

FIG. 14. The measured and expected~solid line! cross section
for the process12C(ne ,e

2)12Ng.s..

FIG. 15. Observed and expected~solid line! distribution in
cosu for the 12C(ne ,e

2)12Ng.s. sample, whereu is the angle be-
tween thee2 and the incident neutrino.



-
n
en
om
e
to

y
We
ts

on-
htly
re is
this
no

-

55 2087MEASUREMENTS OF THE REACTIONS . . .
^s&5(5.760.660.6)310242 cm2. There are several contri
butions to the systematic error. The 7% flux uncertainty a
6% uncertainty in the effective fiducial volume have be
described previously. There is a 4% uncertainty arising fr
the 50% error in the13C cross section. The uncertainty in th
e1 acceptance for the12Ng.s.background subtraction leads

FIG. 16. Electron energy distribution expected for~a!
12C(ne ,e

2)12N* , ~b! 12C(ne ,e
2)12Ng.s., ~c! 13C(ne ,e

2)13X, and
~d! ne elastic scattering.

FIG. 17. Expected distribution in cosu for ~a!
12C(ne ,e

2)12Ng.s., ~b! 12C(ne ,e
2)12N* , ~c! 13C(ne ,e

2)13X, and
~d! ne elastic scattering.
d
a 5% uncertainty in the12N* cross section. The uncertaint
in the duty ratio results in a 2% error in the cross section.
also rely on the theory to obtain the fraction of even
~58.2%! with electrons in the region 20 MeV,Ee,34
MeV. Cascade gammas arising from nuclear transitions c
tribute to the measured energy for some events and slig
increase the acceptance of the electron energy cut. The
an estimated 3% uncertainty in the cross section from
effect. An excess of events satisfying criteria for neutri

FIG. 18. Observed electron energy distribution for~a! beam-off
events ~b! beam-excess events. Identified12Ng.s. events are ex-
cluded. The solid~dashed! line shows the expected distribution in
cluding ~excluding! the 15.1 MeVg contribution from the neutral
current excitation of12C.

FIG. 19. Distribution of vertical positiony for ~a! beam-off
events and~b! beam-excess events.
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2088 55C. ATHANASSOPOULOSet al.
oscillation has been reported@15#. Most of this possible os-
cillation signal is above the 34 MeV energy requireme
used in this analysis. The resulting background for the*
cross section would be 1–5 % depending on the value
dm2. The spatial distribution of events agrees well with e
pectations. The measured cross section decreased
(3.962.8)% when the fiducial volume is reduced by requ
ing that the electron be at least 50 cm~instead of 35 cm!
from the surface formed by the PMT faces. Similarly, requ
ing y.2100 cm~instead ofy.2120 cm! reduces the cros
section by (0.461.8)%. Removing the explicity cut reduced
the cross section by (4.263.7)%. The flux averaged cros
section measured by LSND is compared with other meas
ments and with theoretical calculations in Table VII. T
value obtained by LSND agrees well with a recent CR
calculation @9# and with both earlier experimental resul
within errors@4,2#.

The total charged current cross section forne interactions
on 12C can be obtained by combining the measurement

FIG. 20. The observed distribution of cosu compared with the
expected~solid line! distribution. Identified12Ng.s. events are ex-
cluded.
t

of
-
by
-

-

e-

e-

sented here on transitions to12N* with the measuremen
presented in Sec. V for the process12C(ne ,e

2)12Ng.s.. The
resulting flux averaged cross section for the proc
12C(ne ,e

2)12N is ^s&5(14.860.761.4)310242 cm2. The
errors given take into account the correlations between
two measurements. The dominant sources of systematic e
are the neutrino flux~7%! and the effective fiducial volume
~6%!.

There is a clear forward peak due to neutrino elect
elastic scattering in Fig. 20. A measurement of this proc
will be reported in a future publication after we take o
more year of data. The good agreement of the observed
expected number of events in the forward peak indicates
the direction determination is reliable. For the slowly varyi
angular distribution for electrons fromne carbon interactions
the angular resolution is more than adequate. The ang
distribution was also measured for a sample of Michel el
trons. Small systematic distortions (;10%! related to the
detector geometry were observed in the angular distribut
These distortions were well reproduced in the detec
Monte Carlo and are corrected for in the distributions show

The measured and expected distributions of electron
ergy and cosu are shown in Fig. 21 and Fig. 22, respective
for the process12C(ne ,e

2)12N* . The cosu distribution is
enhanced in the backward direction as expected@6,25#. The
backward peaking of the angular distribution is largely
result of the negative parity of the N* states expected to
contribute, 22 levels at 1.20 and 4.14 MeV and 12 levels at
6.40 and 7.68 MeV. Thel 51 angular momentum transfe
to theA512 system favors momentum transfer of appro
mately 100 MeV/c, and hence the backward peaking.

VII. NEUTRON ANALYSIS

The electron event samples were also analyzed to de
mine the fraction of events with an associated neutron. T
presence of a neutron is determined by detection of thg
from the reactionn1p→d1g, using the procedure dis
cussed in Sec. IV. No neutron production is associated w
two of the reactions previously discusse
12C(ne ,e

2)12Ng.s. and neutrino electron elastic scatterin
Further, there are kinematic constraints on neutron prod
tion by the interaction of DARne on

12C and 13C. Neutron
production is not possible for12C and 13C, respectively, for
electron energies above 21 and 31 MeV. Nevertheless,
r the
TABLE V. The electron selection criteria and corresponding efficiencies for 1994 and 1995 fo
reaction12C(ne ,e

2)12N* .

Quantity Criteria 1994 Eff. 1995 Eff.

Fiducial volume D.35.0 cm 0.85060.050 0.85060.050
Vertical position y.2120.0 cm 0.91560.015 0.91560.015
Direction angle cosu,0.9 0.98560.010 0.98560.010
Electron energy 20.0,Ee,34.0 MeV 0.5826 0.006 0.5826 0.006
Particle ID x tot<0.85 0.90860.005 0.88860.005
Intime veto ,4 PMT’s 0.99560.005 0.98960.005
Past activity Dtp.20,35ms 0.67360.005 0.71460.005
DAQ dead time 0.97060.010 0.97060.010
Total 0.26360.017 0.27160.018
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55 2089MEASUREMENTS OF THE REACTIONS . . .
TABLE VI. Number of observed events, calculated background events, and events attributed
reaction12C(ne ,e

2)12N* . The flux averaged cross sections with statistical errors are also shown.

1994 1995

Beam-on events 695 events 689 events
Beam-excess events 302.5 events 357.8 events
ne elastic background 4.2 events 4.8 events
13C background 12.266.1 events 14.367.1 events
12Ng.s. background 141.6611.4 events 122.069.0 events
12C(ne ,e

2)12N* 144.5628.8 events 216.7627.7 events
^s& (5.061.0)310242 cm2 (6.460.8)310242 cm2
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neutron analysis provides a useful check on our underst
ing of the sources of inclusive electrons in our data samp

The distribution of the likelihood ratioR for correlated
g ’s from neutron capture is very different than for uncorr
lated ~accidental! g ’s as shown in Fig. 5. The measuredR
distribution for a data sample can be fit to a mixture of t
two sources ofg ’s to determine the fraction of events with
neutron. Figure 23 shows theR distribution for the clean
sample of12C(ne ,e

2)12Ng.s. beam-excess events, discuss
in Sec. V, for which neutron production is not possible. T
best fit, also shown, corresponds to a fraction of events w
a neutron of (0.361.7)% and thus agrees well with expect
tions.

The sample of inclusive electron events discussed in S
VI was also analyzed for neutron production. To enhance
sensitivity to possible sources with neutrons, the requirem
cosu,0.9 was imposed. This eliminated most neutrino el
tron elastic scattering events. Similarly, events with iden
fied b decays were excluded. Figure 24~a! shows theR dis-
tribution for the beam-excess sample. The fraction of eve
with neutrons obtained from the fit to this distribution
(23.462.8)%. Thus there cannot be a significant ba
ground in the12C(ne ,e

2)12N* sample due to any source o
events with associated neutrons.

A similar analysis for events in the beam-off data sam
provides an improved understanding of the sources of c
mic ray backgrounds. High energy cosmic ray neutro
which enter the detector will occasionally produce ‘‘ele
tronlike’’ events which satisfy the electron particle ID crit
ria. The magnitude of this neutron background is very se
tive to the requirement onx tot as can be seen in Fig. 3. Fo
the physics analysis in this paper the relatively loose crite
x tot,0.85 has been used. The cosmic ray neutron compo
can be independently determined from theR distribution
since the neutrons eventually thermalize and produce cap

TABLE VII. Measurements and theoretical predictions of t
flux averaged cross section for the process12C(ne ,e

2)12N* .

Experiment

LSND (5.760.660.6)310242 cm2

E225 @2# (5.461.9)310242 cm2

KARMEN @3# (6.160.961.0)310242 cm2

Theory
Donnelly @6# 3.7310242 cm2

Kolbe et al. @9# 6.3310242 cm2
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g ’s. Figure 24~b! shows theR distribution for the beam-off
sample. The fraction of events with neutrons obtained fr
the fit to this distribution is (11.860.6)%. If we apply a
tighter particle ID criteria,x tot,0.65, the neutron componen
is reduced to (1.660.5)%.

Thus the cosmic ray neutron component can be identi
both from the particle ID parameter,x tot , obtained from the
fit to the primary event and from theg likelihood ratioR.
Figure 25~a! shows thex tot distribution for all beam-off
events in the sample. Thex tot distribution for events with
R.30, shown in Fig. 25~b!, is very different. These event
should arise predominately from cosmic ray neutron inter
tions and, indeed, theirx tot distribution is very similar to the
distribution for neutrons shown in Fig. 3 for the region
concern,x tot,0.85. A better procedure than simply requirin
R.30 is to use theR information to extract thex tot distri-
butions for the correlated and uncorrelated components.
x tot distribution for the uncorrelated component, shown
Fig. 25~c!, is similar to that obtained from Michel electron
except for a small excess at highx tot . The x tot distribution
for the correlated component, shown in Fig. 25~d!, agrees
with the x tot distribution expected for cosmic ray neutron

FIG. 21. The observed and expected~solid line! electron energy
distribution for the process12C(ne ,e

2)12N* .
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2090 55C. ATHANASSOPOULOSet al.
Thus there are two main types of cosmic ray events that p
the selection criteria:~1! events due to electron or photo
interactions followed only by uncorrelated photons and~2!
events due to cosmic ray neutron interactions. Further,
cosmic ray neutron component can be reduced to a low l
by applying a tight particle ID requirement as is done in t
oscillation search@15#. This study of the beam-off events

FIG. 22. The observed and expected~solid line! distribution of
cosu for the process12C(ne ,e

2)12N* .

FIG. 23. The observed distribution of theg likelihood ratioR
for the 12C(ne ,e

2)12Ng.s. sample. Shown for comparison are th
correlated distribution~dotted line!, the uncorrelated distribution
~dashed line! and the best fit~solid line! to the data which has a
(0.361.7)% correlated component.
ss

e
eluseful as a test of the analysis technique and our underst
ing of the backgrounds and detector response. It should
emphasized, however, that the physics analysis presente
Secs. V and VI depends on the highly reliable beam-off s

FIG. 24. The observed distribution of theg likelihood ratioR
for the ~a! beam-excess and~b! beam-off sample of inclusive elec
trons with cosu,0.9. Identified12Ng.s. events are excluded. Show
for comparison are the correlated distribution~dotted line!, the un-
correlated distribution~dashed line! and the best fit~solid line! to
the data.

FIG. 25. Distribution ofx tot for beam-off events for~a! all
events~b! events withR.30, ~c! uncorrelated component, and~d!
correlated component.
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55 2091MEASUREMENTS OF THE REACTIONS . . .
traction procedure to remove the cosmic ray background
survives the event selection criteria.

VIII. CONCLUSIONS

The process12C(ne ,e
2)12Ng.s. has been measured with

clean sample of 500 events for which both thee2 and the
e1 from the beta decay of the12Ng.s. are detected. For this
process cross section calculations using empirical form
tors are expected to be very reliable. The flux averaged c
section is measured to be (9.160.460.9)310242 cm2 in
good agreement with other experiments and theoretical
pectations. The angular and energy distributions of the e
tron also agree well with theoretical expectations.

The process12C(ne ,e
2)12N* has also been measure

There are larger uncertainties in this calculated inclus
cross section than for the12Ng.s. transition. The flux averaged
cross section is found to be (5.760.660.6)310242 cm2, in
agreement with a recent CRPA calculation and earlier
less precise experimental results as shown in Table VII.
d-
le

.

at

c-
ss

x-
c-

e

t
e

energy and angular distributions are also consistent with
oretical expectations.
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