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Experimental study of neutrino absorption on carbon
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The process of electron emission from -30 MeV neutrino absorption on carbon, ' C(v„e )' N, has
been observed. The flux-weighted total cross section for the exclusive neutrino-induced nuclear transi-
tion "C(v e }' N(g. s.) is [1.05+0. 10(stat)+0. 10(syst)] X 10 ' cm . The measured cross section and an-

gular distribution der/dQ are in agreement with theoretical estimates. The inclusive v, ' C reaction
rate, which accounted for the majority of all neutrino interactions observed in this experiment, was
determined from a detailed fit of energy and angular distributions for the observed electrons. The in-

clusive "C(v„e )X cross section is measured to be [1.41+0.23(tot)] X 10 ' cm'. An upper limit for the
sum of the ' C(v„e )X+ Al(v„e )X inclusive absorption cross sections is presented.

PACS number(s): 25.30.—c 13.15.Dk

I. INTRODUCTION

Low-energy neutrino-nuclear reactions present chal-
lenges and opportunities for investigations at the intersec-
tions of particle, nuclear, and astrophysics. Despite this
interest in neutrino-nuclear reactions, the exceedingly
small cross sections have limited the availability of exper-
imental results. Until recently, the only exception for ex-
plicit nuclear final states was a preliminary observation
[1] of the exclusive reaction ' C(v„,p, )' N(g. s.) with
—150 MeV muon neutrinos. Measurements of absolute
cross sections to unbound nuclear final states have been
limited to deuteron breakup reactions; a measurement [2]
of H (v„e ) 'H'H with muon-decay neutrinos, and of
the ratio of H (v„e+ )nn to H (v„v, ) 'H n reactions [3]
for reactor antineutrinos have been reported. Given the
lack of experimental results for neutnno-nucleus interac-
tions to well-defined two-body final states, estimates and
calculations of neutrino-nuclear cross sections, for exam-

' Now at Hewlett-Packard, Palo Alto, CA 94304.
' 'Deceased.
' Now at Keller AG, Winterthur, Switzerland.

Now at Jet Propulsion Laboratory, Pasadena, CA 91109.
' Now at Cerebus AG, Mannedorf, Switzerland.
"Now at Harvard Medical School, Boston, MA 02115.
g Now at Rockwell International, Thousand Oaks, CA 91350.
"'Now at Continuous Electron Beam Accelerator Facility,

Newport News, VA 23606.
']Now at Brookhaven National Laboratory, Upton, NY 11973.
~ Permanent address: Tel-Aviv University, Ramat Aviv, Israel

69978.

pie, for solar neutrinos [4], have had to be made in the
absence of direct neutrino calibrations.

This report describes the measurement of two-body
neutrino-nuclear reactions at energies (E =20—50 MeV)
relevant to cosmic neutrino observatories and to particle
and nuclear physics investigations. The exclusive reac-
tion between specific nuclear states, ' C(v„e )' N(g. s.),
was measured by observation of the prompt electron in
delayed coincidence with the subsequent ' N(g. s.) decay
positron; an initial report has been published [5]. Obser-
vation of the complete roundtrip from carbon to nitrogen
and back to carbon represents the first "real-time" detec-
tion of neutrino-induced radioactivity and the first mea-
surement of a neutrino-induced transition between
specific nuclear states. Thus, in addition to its intrinsic
scientific interest, this measurement represents a proof-
of-principle demonstration of the feasibility of a new class
of experiments in weak nuclear interactions. '

The data presented also provides absolute measure-
ments of inclusive neutrino-nuclear absorption cross sec-
tions. Investigation of inclusive neutrino-carbon reac-
tions was performed using detailed measurements of the
angular and energy distributions of the prompt ("recoil" )

electrons. The total inclusive ' C(v„e )I cross section
was measured with 15%%uo precision, which provides an ex-
perimental calibration point that enables the first, albeit
limited, test of the nuclear physics approximations used

In fact, this same reaction and the related neutral current ex-

citation of carbon, ' C(v, v')' C{15.1), have recently been mea-

sured by an experiment operating at the Rutherford ISIS beam

stop [6].
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to calculate neutrino-nuclear inverse-beta-decay cross
sections. An attempt was made to identify inclusive neu-
trino reactions on other nuclei present in the detector.
Although only upper limits could be derived from the
data, the results indicate the feasibility of direct measure-
ments on a variety of nuclei in the next generation of ex-
periments.

II. CALCULATION OF RELEVANT
NEUTRINO-NUCLEAR CROSS SECTIONS

There are a few published estimates for neutrino-
nuclear absorption cross sections for muon-decay neutri-
no source spectra [7—9]. In general, the Hamiltonian for
neutrino-nuclear reactions may be written in terms of the
product of hadronic and leptonic current densities,
%-8„j„'.Due to the pointlike nature of leptons, the
matrix element for the leptonic portion is completely
determined, (j„)-iu, y"(1+ys)P„. However, evalua-
tion of the hadronic matrix element

requires a model to describe the initial (~i ) ) and final

( (f ~ ) nuclear states and depends on the method used to
evaluate the transition operators between these states.

Different approaches exist for calculating the nuclear
transition rates. Most methods begin with the assump-
tion [7,10] that the transition operators are one body in
nature, so that the nuclear matrix elements can be ex-
panded in terms of single-particle matrix elements in
some convenient basis. Then, for electroweak semilep-
tonic interactions, there are just seven basic classes of
multipole operators [11], and only a subset of these can
occur for a given transition involving initial and final nu-
clear states of specific angular momentum and parity.
The total transition rate is proportional to the weighted
sum of the transition rates between the single-particle
states, where the weight factors (one-body density-matrix
elements) contain the detailed connections to the nuclear
many-body problem.

One approach then involves the shell model, wherein
an effective Hamiltonian is solved in a limited model
space to obtain the many-body wave functions, from
which the density-matrix elements are calculated and the
transition rate solved as the sum over one-body matrix
elements known within the model. For some transitions
it is possible to use experimental data from analog reac-
tions to fit the one-body density-matrix elements as pa-
rameters, rather than calculate them microscopically
[11]. Such a procedure builds in the maximum
knowledge about the q dependence of the individual
multipole transitions that can be extracted from experi-
ment.

Alternatives to direct shell-model calculations usually
require more drastic assumptions about the q depen-
dence of the multipole matrix elements. In the
elementary-particle approach [8,9,12], the momentum-
transfer dependence is assumed to be universal, so that
what is measured in electron scattering can be used for
the neutrino analog reaction. This method is most
effective when one particular multipole dominates in both

instances. %hen two or more multipoles have significant
contributions, the method may fail.

Of relevance to the present work is the reaction
' C~' N(g. s.), where the q dependence of the nuclear
form factors can be constrained by using existing electron
scattering, muon capture, and beta-decay measurements,
permitting a reasonably complete determination of the
one-body density-matrix elements and hence a prediction
for the neutrino cross section. Because reliable measure-
ments are available for the associated transitions, the
'~C(v„e )'~N(g. s.) reaction is presented as the prototypi-
cal example of this technique [7]. This is an example of a
reaction where a single type of multipole dominates and
where the various approaches that incorporate at least
some knowledge from analog measurements all agree
reasonably well. Measurement of this simple reaction
provides a first experimental test of the calculational
methods [7—9] in a very well-constrained case.

Transition rates between ' C and the (unbound) excited
states in nitrogen are harder to estimate in that fewer
data are available to constrain the one-body matrix ele-
ments and transition form factors. Consequently, there
are fewer published estimates of the inclusive neutrino-
absorption rate [12,7]. These transitions involve a variety
of spin-isospin transfers; having neutrino cross sections
for a larger set of final states (involving a variety of mul-
tipoles) may enable additional tests of the nuclear models
and approximations inherent in the calculations.

It is worth noting that, in the absence of "associated"
reaction data to constrain the form factors, theoretical es-
timates of neutrino-induced transition rates at medium
energy may vary by up to 30 40% b—etween alternate cal-
culational methods. %hen the possible "quenching" of
Gamow-Teller matrix elements is considered, additional
variations by as much as a factor of 3 have been reported
(compare Ref. [13] to Ref. [14)). Thus, future experimen-
tal observations of some specific transitions, even with
only moderate precision, would allow sensitive tests of
the theoretical methodology. In particular, the very im-
portant question of Gamow-Teller quenching in
neutrino-nuclear reactions could be subject to direct ex-
perimental test.

III. EXPERIMENT

A. Neutrino source

This experiment was performed at the Clinton P. An-
derson Meson Physics Facility (LAMPF) where the 800
MeV proton beam provided an intense, isotropic source
of electron neutrinos from stopped-muon decay in the
beam stop. At typical proton currents, the beam stop
was a 12 kCi source of 0—53 MeV neutrinos. The v, en-

ergy spectrum, displayed in Fig. 1, was completely deter-
mined by the we11-known Michel distribution,
dN(E„)/dE ~E„(X E), which has a rnaxirn—um

e e e e

energy of X =m„/2=S2. 8 MeV and peak intensity at
2/3X=35. 2 MeV. The arrow at 17.4 MeV in Fig. 1

shows the threshold energy for the '2C(v„e )' N reac-
tion.

The absolute fiux normalization was calculated by a de-
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lation to the actual complex beam stop configuration and
geometry increased the total flux uncertainty to 7.3%
[15]. For the complete beam exposure to
(1.12+0.02) X 10 protons, the neutrino fluence through
the detector was (9.16+0.67) X 10' v, /cm .

B. Apparatus and data acquisition
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FIG. 1. Electron neutrino spectrum from p ~e+v„v, at
rest. The arrow indicates the threshold energy for

C(vt) ) e ) 'N reactions.

tailed Monte Carlo simulation of pion production, ab-
sorption, and decay in the proton beam stop [15]. The
simulation was calibrated by a measurement [16] that
achieved systematic normalization uncertainties smaller
than 6% for stopped-pion production by protons in an in-
strumented simplified beam stop. Measurement of the
proton current with 2% absolute precision, the scaling of
the Monte Carlo to the calibration data, and the extrapo-

The neutrino detector, shown schematically in Fig. 2,
was a tracking calorimeter located at a 1/r -weighted
mean distance of 898 cm from the neutrino source. The
detector consists of 40 repeated modules of 2.5 cm thick
plastic scintillation counters (2.64 g/cm ) and 6.1 cm
thick flash chamber tracking detectors (1.41 g/cm ).
This central detector was surrounded by a high-efticiency
cosmic-ray veto system. In addition to measurements of
the total visible energy, dE/dx, and track characteristics
for the trigger ("prompt" ) event, the energy deposit
within the central detector and hit history in the veto sys-
tem were recorded during the 33 ps prior to the trigger
and the 68 ms following it. The "pretrigger" information
was used to discriminate against triggers due to cosmic-
ray muons which interacted or stopped and decayed
within the detector. The "post-trigger" data was used to
identify the ' N(g. s.) positron decay in delayed coin-
cidence with the prompt electron. The visible energy
measured in the scintillation counters corresponded to
roughly two-thirds of the total energy deposited within
the detector, with the remainder lost inside the tracking
chambers. More details on the detector performance can
be found in Ref. [17].
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FIG. 2. Schematic diagram of the experimental apparatus showing surrounding iron (open) and concrete (shaded) shielding, active
anticoincidence (dark) and segmented central detector. (a) Elevation view along beam direction, (b) plane view along beam, (c) eleva-

tion view transverse to beam, (d) exploded view of 3 of 40 layers of the central calorimeter.
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TABLE I. The number of events remaining after data reduction restrictions. The final column

displays the calculated detection efficiency for ' C(v„e )' N(g. s.) events to survive all of the previous

restrictions, including the energy threshold implied by the trigger requirements. Numbers preceded by

X represent the fraction of events present at the previous cut level which pass the associated restric-

tions.

1.12X 10 protons
(9.16+0.67) X 10' v, /cm

Triggers

Reconstructed track
Inside fiducial volume
Quiet pretrigger in veto and scint
Vis. energy and track length limits

Beam
off

562 739

X0.11

Beam
on

223 839

Detection
efficiency

12C

0.158

X0.79
X0.88
X0.95
X0.99

No obvious backgrounds
dE/dx ~ 1.85 min. ioniz. particles

59 088
X0.55

26 892
X0.47

0.114
X0.98

Electron/y sample 32494 12 695 0.111

Hits in both views of first FCM
1 or 2 scintillator "groups" X0.67 X0.61

X0.97
X0.98

Electron data set 21 773 7 752 0.106

The detector was triggered by a coincidence of three or
more consecutive scintillation layers with energy deposi-
tion that was consistent with that of a single minimum-
ionizing particle, and no vector signal from the anticoin-
cidence system. Triggers collected during the LAMPF
beam spill, which lasted approximately 750 ps with a re-
petition rate of 120 Hz, are referred to as beam-on events.
The neutrino-induced event rate was only a few per day,
whereas cosmic-ray interactions occurred about once per
beam spill. The trigger rate, after application of the
cosmic-ray veto, was roughly one trigger per 10 s of live
time. About 1 in 100 triggers was caused by neutrino in-
teractions, while almost one-third resulted from beam-
associated neutron reactions and the remainder from re-
sidual (unvetoed) cosmic-ray interactions. To monitor
and determine the cosmic-ray-induced event rate, addi-
tional (beam-oil) triggers were collected between beam
spills for roughly four times as much live time.

C. Data reduction

The data reduction was designed to retain single elec-
trons produced in neutrino interactions, as determined by
dE/dx, track and event isolation measurements. The
analysis procedure [18] included several stages of restric-
tions, with cuts applied in parallel at each stage. Table I
lists the requirements and their effect on the data sample.
These restrictions are discussed in more detail in the fol-
lowing paragraphs. Also shown is the overall fraction of
the ' C(v„e )' N(g. s.) events retained (the integrated
detection efficiency) at each stage of the analysis.

The complete data set consisted of 223 839 beam-on
triggers; subtraction of the properly normalized beam-off
event rate indicated that approximately 70800 events
were beam associated, primarily due to neutron interac-
tions. The first stage of the analysis applied simple re-

strictions to remove obvious backgrounds. About half of
all triggers, and nearly four-fifths of all beam-associated
triggers, were removed from the data sample because
they did not contain a reconstructed track. Events with
tracks were required to be contained within the fiducial
volume defined by the region between scintillation layers
2 and 39 (inclusive) and more than 5 cm from any detec-
tor edge. An additional 30% of the trigger sample was
removed because the energy deposit in the scintillation
counters or anticoincidence counters indicated the pres-
ence of a muon interacting or stopping within the detec-
tor during the 30 ps prior to the trigger. Finally, to
uniquely define kinematic thresholds for this measure-
ment, lower limits were placed on the event track length
(three scintillation layers) and visible energy () 7 MeV);
upper limits well above the kinematic range for neutrino
reactions were also set. The net effect of all the above
simple restrictions was to reduce the data sample by
90%; approximately 70% of triggers on neutrino interac-
tions were retained, with the main loss due to
inefficiencies of the tracking system.

A neutrino reaction produces a single electron, which
appears within the detector as a single well-defined
minimum ionizing track. In comparison, a neutron or
photon may interact several times within the detector
volume, and generally will produce a hit pattern that is
less consistent with being due to a single track. A simple
dE/dx requirement to eliminate gamma-ray conversions
and high-energy-deposit nuclear recoi1s caused by neu-
tron interactions was implemented by a cut against any

2Bremsstrahlung radiation leads to a second cluster of measur-

able energy away from the main track in about 8%%uc of all signal
events.
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TABLE II. Effects on the event sample of additional restrictions applied to identify ' N(g. s.) decay
candidates. The rightmost column displays the overall detection efficiency for ' C(v„e )' N(g. s.)

events. The final line is the result of the maximum likelihood fit to the beam-on candidates decay-time
spectrum.

Beam-off Beam-on

Electron data set

Visible energy ~24 MeV
Contained in first 33 layers

21 773

X0.49

7 752

X0.52

0.106

X0.98
X0.88

Pass all prompt cuts

Any post-trigger coincidence
4.8 Ede]ay —12.0 MeV

10 772

X0.65
X0.06

4059

X0.68
X0.11

0.092

X0.84
X0.39

' N(g. s.) decay candidates

' C(v„e )' N(g. s.), "N(g.s.)~' Ce+ v, events

424 304

182+17

0.030

event recording more than 4 MeV/cm (1.85 minimum
ionizing particles) in any scintillation counter; 40% of all
triggers were removed at the cost of a few percent of the
neutrino-event sample. The third analysis stage imposed
a stricter requirement on the track quality and also re-
jected events which contained three or more separated
groups of hit scintillation counters. These two restric-
tions combined to reduce beam-associated backgrounds
by nearly 50% while 96% of neutrino-induced events
passed these restrictions.

At this stage, the data set consisted of 7752 beam-on
triggers, including roughly 1400 neutrino-induced events
among the 2100 beam-associated events. This so-called
"electron sample" in Table I served as the base data set
for the measurement of the exclusive ' C(v„e )' N(g. s.)
reaction and the inclusive ' C(v„e )I reaction. Howev-

er, the analysis procedures for the two measurements
diverged at this stage due to the specialized requirements
of the separate measurements.

IV. EXCLUSIVE ' C(v„e )'~N(g. s.) REACTION

A. Event sample

The ' C(v„e )' N(g. s.) signal was identified by
' N(g. s.) decay positrons in delayed coincidence with

prompt (trigger) electrons satisfying the energetic limits
for ' C(v„e )' N reactions. Table II lists the additional
requirements applied to the data to obtain the final sam-

ple. Electrons emitted by the ' C(v„e )' N(g. s.) reac-
tion must have kinetic energy less than
(E, '" —Q) =(52.8 —17.4 MeV) = 35.4 MeV. Therefore, a
cut was imposed to reject events with more than 24 MeV
visible energy, corresponding to the kinematic limit. A
second restriction reduced the fiducial volume to include
only the first 33 of 40 layers of the central detector. This
final cut was used because less effective cosmic-ray shield-
ing at the back of the detector led to substantially larger
backgrounds in the excluded region. The excluded region
had both a high-background prompt trigger rate, and a
higher-than-average rate of random post-trigger energy

deposits per prompt event, as determined by the beam-off
data sample.

The unique signature of ' N(g. s.) decay was used to
identify the ' C(v„e )' N(g. s.) signal among the 4059
beam-on events passing all of the above kinematic restric-
tions on the prompt event sample. Transitions to excited
states of nitrogen were not included in the delayed posi-
tron coincidence because all of these states are particle
unstable. Neutrino reactions with other nuclear targets
in the detector (' C and Al) produce nuclei (' N and

Si) which do P+ decay. However, the small decay ener-
gies (2.1 and 4.4 MeV, respectively) and long lifetimes
(861 and 6.0 s) are distinguished from the 16.3 MeV end
point, 0.016 s decay of ' N.

To identify the delayed activity caused by
' N(g. s.) de-

cay, the time and pulse height of all energy deposits
greater than 2.5 MeV threshold was recorded for all of
the 160 scintillation counters each 16.7 ps during the 68.3
ms following every trigger. A decay positron was
identified by a hit in just a single scintillator to maintain
good detection efficiency. The detector was not instru-
mented to distinguish forward and backward going
tracks. Since the ' C(v„e )' N reaction produced elec-
trons into both hemispheres with respect to the neutrino
direction, both the first and last scintillation counters
that fired during the prompt trigger were examined for
delayed activity.

The search period for delayed coincidence activities in
the selected scintillation counters was 0.050 ~ t ~ 66.8 ms
following the trigger. To reduce cosmic-ray back-
grounds, delayed coincidences were rejected if there were
signals in either the anticoincidence system during the
preceding 20 JMs, or in the adjacent scintillation layers
during the period +24 ps. This effectively introduced a
12.5%%uo dead time due to the cosmic-ray rate in the veto
shield and scintillators. Roughly two-thirds of all

Fewer than 10% of all ' N(g. s.) decay positrons caused coin-

cidences in two scintillation counters.
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FIG. 3. Delayed coincidence energy spectra. The light histo-
gram is the background spectrum measured in beam-off events.
The heavy histogram is the Monte Carlo expectation for the
' N(g. s.) decay signal.

prompt triggers had one or more acceptable post-trigger
coincidence activities within the search region; for events
with more than one delayed coincidence, only the activity
with the greatest pulse height was selected for subsequent
analysis.

The energy deposited by the delayed activity was deter-
mined from the observed scintillation pulse height by
making a correction for the scintillation light attenuation
assuming the activity was located at the same location as
the prompt trigger track. Figure 3 shows the corrected
energy distribution observed for delayed coincidences to
the beam-off prompt events (backgrounds) in comparison
with the expected spectrum of ' N(g. s.) decay positrons.
To separate the soft background sample from the much
harder spectrum expected for decay positrons, ' N(g. s.)
decay candidates were required to be in the range
4.8~Ed,h„~ 12.0 MeV. There are 304 ' N(g. s.) decay
candidates in the beam-on data set. The time distribution
for the delayed coincidences in these events is shown in
Fig. 4. The exponential enhancement due to ' N(g. s.)
positron decays is evident at early times after the trigger.
The beam-off data, scaled by the ratio of detector live
times, is shown as the histogram in Fig. 4. There is no
apparent enhancement of beam-off delayed-coincidence
rate at any time relative to the trigger event.

The number of events due to nitrogen beta decay was
determined by a maximum likelihood fit to the delayed-
coincidence time spectrum assuming an exponential de-
cay component with a fixed lifetime of w= 15.87 ms and a
fiat background contribution. The best fit is shown as a
solid line in Fig. 4; the result is a ' N(g. s.) decay signal of
181.5+17.1 events on top of a background of 122.5 uni-
formly distributed background events. Other procedures,
including binned least-squares methods and fits with un-
constrained exponential lifetimes, were all found to yield
signals consistent with the maximum likelihood fit, al-
though with larger statistical uncertainties.

60

C(v, , e) N(g. s.)
"CANDIDATES"

E
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COI—
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I I I

10 20 30 40 50 60
TIME AFTER PROMPT TRIGGER (ms)

FIG. 4. Time of delayed-coincidence relative to prompt
trigger. The points with errors are the beam-on candidates.
The histogram is the beam-off data, scaled by relative live time.
The best 6t to the beam-on data is shown as a line.

B. Checks against analysis biases
and exponential backgrounds

Direct tests [18]established that the background distri-
bution was uniform in time. Possible hardware and
software biases were investigated by applying the post-
trigger coincidence analysis to data sets that were not ex-
pected to contain any signai. As an example, a fit to the
424 beam-off candidates shown in Fig. 4 results in an es-
timated decay signal of 17+21 events, consistent with a
completely uniformly distributed event rate. Note that
this analysis of the beam-off data is identical in all
respects to the beam-on event sample, except for the
beam condition associated with the prompt trigger elec-
tron. To test for biases in the post-trigger coincidence
selection procedure, the 4059 beam-on and 10772 beam-
off events passing all of the above prompt event restric-
tions were examined for delayed coincidences in random
scintillation counters separated from the prompt trigger
by at least three detector layers. The coincidence time
spectra found by this random "mis-tagging" technique
yielded an exponential signal of 6+18 (12+25) events in
the beam-on (beam-off) sample. These tests, and all other
similar explorations, indicated that the observed ex-
ponential enhancement in the final event sample was not
due to hardware or software biases in the trigger,
analysis, or fitting procedures.

The decay time and energy of the ' N(g. s.) signal is dis-
tinct from all potential nuclear-decay backgrounds, ex-
cept the possible production and decay of ' B(g.s.) which
has a 29.3 ms lifetime and 13.7 MeV end-point energy.
Although ' B beta decay cannot be statistically dis-
tinguished from the ' N(g. s.) signal, a separate series of
direct tests and simple calculations rule out any
significant contribution to the exponential decay signal
from cosmic-ray, (anti)neutrino, or neutron interactions.
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C. Measurement of the exclusive cross section

The exclusive cross section, cr(' C(v„e )' N(g. s.)) can
be extracted from the observed number of events,
N =181.5+17.1, according to (o ) =N/ePT, where e is
the flux-weighted integrated detection efficiency, P is the
integrated neutrino flux, and T is the number of target
nuclei. Table III lists the experimental values and uncer-
tainty associated with these quantities. The detector
(which was also the neutrino target) contained 12.8
metric tons of carbon, or T=( .63+6013)X10 ' C nu-
clei. The neutrino exposure has already been mentioned,
P=(9.16+0.67)X10' v, /cm .

The detection efficiency, e, was determined by a de-
tailed EsG4 —based Monte Carlo simulation of the detec-
tor response to electrons. The entire cascade, including
the prompt electron from ' C(v„e )' N(g. s.) and the de-

layed positron from ' N~' C e+v, was simulated. The
differential distributions, d o. /dOdE„ for the prompt
reaction were calculated according to programs provided

TABLE III. Values and uncertainties of quantities used to
determine the "C(v„e )' N(g. s.) cross section.

Experimental
quantity

Observed event rate N
Detection efficiency e
Neutrino flux P
Target thickness T

Central
value

181.5
0.0297
9.16X 10' v, /cm
6.36X10" "C

Uncertainty
(%)

9.4(stat)
6.4(syst)
7.3(syst)
2.0(syst)

A background due to cosmic-ray production of ' B
through neutron reactions or the muon-capture reaction
'~C(p, v„)' B(g.s.) was directly ruled out by investiga-
tion of the beam-off data sample. An upper limit to the
' B-induced delayed-coincidence rate, obtained from a fit
to the time spectra of the 424 beam-off candidates, would
have reduced the measured ' N(g. s.) decay signal by less
than 2.5% compared to the result obtained with a com-
pletely uniform background.

Beam-associated production of ' B is possible via (n,p)
and ( v„e +

) reactions on carbon. The electron-
antineutrino flux from the beam stop source is known ex-
perimentally [19] to be negligible, and so could not have
produced measurable backgrounds via the ' C(v„e+)' B
reaction. A direct search was unable to identify the
' B(g.s.)-decay signal in different data sets enriched in
neutron-induced prompt events. The 4059 beam-on
events in the prompt data set of Table II include approxi-
mately 200 due to the sum of all beam-associated neutron
interactions; calculations [20] suggest that the vast major-
ity of these were due to photons produced in neutron
bremsstrahlung and radiative capture with a conservative
worst-case upper limit of fewer than five (n,p) events in
the final ' N(g. s.) sample. Since there was no evidence for
the presence of any exponential background and the lim-
its to the beam-associated backgrounds were quite small,
the statistical uncertainty of +17 events is taken to also
account for any systematic biases introduced by back-
grounds.

= [1.05+0. 10(stat)+0. 10(syst)] X 10 ' cm (2)

The statistical error (9.4%) includes the systematic uncer-
tainties introduced by the fitting procedure, and the sys-
tematic errors (9.9%) include the uncertainties in the
overall detection efficiency (6.4%), in the neutrino flux
(7.3%), and in the target composition (2%) added in
quadrature. If one assumes that the neutrino-absorption
cross section above threshold g has a (E, Q) depen-—
dence on the neutrino energy E, then the flux-weighted
cross section obtained with muon-decay neutrino beams
is equivalent to the cross section for monoenergetic neu-
trinos with E =35 MeV.

Two examples are given of tests [18] performed to
show that the reported cross section is not systematically
biased by the analysis procedure; i.e., that the Monte
Carlo evaluation of detection efficiencies can properly ac-
count for changes in the analysis as a function of energy
thresholds and in techniques to select post-trigger signals.
First, as a test of the calculated efficiency for restrictions
to the prompt sample, the delayed-coincidence analysis
was applied to the complete data set of 7752 beam-on and
21 773 beam-off events in the "electron data set" of Table
I. 645 beam-on and 1366 beam-off candidates were
selected, and the ' N(g. s.) decay signal in the beam-on
data was 218.7+23.7. The additional cuts to the prompt
event sample (listed in Table II), which increase the
signal-to-noise ratio by a factor of 3, are expected to
reduce the ' N(g. s.) signal by a factor of 0.86. There is

by Donnelly [7,21]. The positron-decay spectrum includ-
ed corrections for the Coulomb effect and decay branches
to excited states in carbon. Simulated events that met the
trigger requirements were passed through the same
analysis programs as the real data. The detection
efficiency is defined by the number of events generating a
trigger and passing all restrictions normalized by the to-
tal number simulated.

The calculated efficiency for triggering on and detect-
ing the prompt electron from ' C(v„e )' N(g. s.) was
0.0917; the fraction of all subsequent ' N(g. s.) decays
detected by the post-trigger analysis was 0.324. The com-
bined efficiency was 0.0297+0.0019, where the error
properly reflects the combined systematic uncertainties of
the simulation, theoretical distributions, and analysis pro-
cedures. The errors associated with the tracking,
energy-related restrictions, and dead times were estimat-
ed from the range of results obtained when the appropri-
ate parameters (e.g. , photoelectrons/MeV, flash chamber
tube hit efficiency, etc. ) were varied; the uncertainties are
4% due to tracking requirements, 3% due to the energy
scale for prompt cuts, 3% for uncorrelated uncertainties
in the post-trigger energy scale, 1% for pretrigger activi-
ties in the shield and scintillators, and 2.5% from the
dead times in the post-trigger search period. The quadra-
ture sum of these independent errors results in a fraction-
al uncertainty of be/a=6. 4%%uo

Combining these experimental factors with the obser-
vation of 181.5+17.1

' N(g. s.) decay events, the mea-
sured neutrino-flux-weighted exclusive cross section is

(rr("C(v„e )"N(g. s. )))
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good agreement between the expected reduction with the
measured ratio of 0.83+0.10 between the final data set
and the set without additional restrictions to the prompt
event sample.

To test the post-trigger analysis, the observed
' N(g. s.)-decay signal was investigated as a function of
the lower threshold L applied to the post-trigger energy,
L Ed,&,„12MeV. Figure 5 shows the number of can-
didates found, and the nitrogen-decay signal determined
from the time spectra, for various values of the threshold.
The plot clearly shows the general improvement in
signal-to-noise ratio (or ratio of signal events to total can-
didates) as the threshold was raised. Consistent values of
the cross section were obtained independent of the post-
trigger energy threshold even as the measured signal (and
detection efficiency) varied by more than a factor of 2.

As a further confirmation of the agreement between
the simulation of the signal and the observed data, the ki-
nematic distributions calculated for prompt electrons
from ' C(v„e )' N(g. s.) are compared to the observed
distributions for prompt electrons selected by their post-
trigger characteristics. This comparison is made for an
enriched (S/N-4/1) sample of signal events obtained
by exploiting the rapid decline in background activity rel-
ative to the beta-decay signal for higher post-trigger ener-

gy thresholds (see Fig. 5). 161 candidates were selected
by requiring 5.5 +

Ed+fzy 12.0 MeV; the signal estimated

by the likelihood fit is 128+14 events. Figure 6 shows the
kinematic distributions of visible energy, reconstructed
cos8,„, and absolute value of cos8, for data and Monte
Carlo simulation. A similar comparison using a partially
independent sample has been presented previously [5].
The good agreement shown in Fig. 6 suggests that the
simulation accurately predicts the detector response to
the signal reaction.
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FIG. 5. Number of post-trigger coincidences (candidates)
and fitted ' N(g. s.) decay signal vs delayed energy threshold.

V. INCLUSIVE '2C(v„e ) REACTION

A. Event sample

Inclusive v, ' C reactions to ' N excited states do not
have a delayed-time signature. In contrast to the ex-
clusive reaction to the ' N(g. s.), which was identified by
coincidence activity, the inclusive events were identified
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FIG. 6. Observed kinematic distributions of prompt events
selected because of high delayed energy deposit. The data (and
statistical errors) are shown by the vertical crosses. The histo-
gram is the Monte Carlo simulation of ' C(v„e )' N(g. s.) nor-
malized to the data. (Top) Visible energy. (Middle) Cosine of
angle between incident neutrino and measured electron track.
(Bottom) Same as above, except the delayed coincidence loca-
tion has been used to determine the absolute direction of the
electron.

solely by the kinematic distributions of the prompt elec-
trons and their differences relative to the background
processes. Therefore, it was critical that the data set con-
tain only well-measured electrons; the presence of events
beyond the kinematic limits of the v, ' C signal was used
to pin down the contribution of backgrounds.

Several additional cuts were applied to the electron
data set of Table I in order of reduce neutron and
cosmic-ray backgrounds to the v, ' C signal. The result-
ing data set has been previously reported [19,22]; it was
primarily intended to measure ve elastic scattering [22],
but the inclusive ' C(v„e )X cross section may be ex-
tracted simultaneously. Unlike the exclusive event sam-
ple (Table II), for this measurement the fiducial volume
included all of layers 2-39 and no total-energy restrictions
were applied. Table IV lists the three different restric-
tions that were applied to remove ambiguous events like-
ly to be caused by backgrounds. (1) Events were elim-
inated if any scintillator along the primary track record-
ed dE/dx & 1.2 MeV/crn. This removed fewer than 2%
of the v, ' C signal but roughly 10% of the cosmic-ray
backgrounds. (2) Events with two separate groups of hit
scintillators were eliminated if the downstream group
contained three or more counters. About 6% of v, ' C
events were removed, which corresponded to the fraction
of events with radiated photons detected away from the
downstream primary electron track. (3) A statistic com-
bining the dE/dx, the distance of closest approach of the
track to a detector edge, and the reduced g of the track
fit was used as a likelihood parameter to identify events
correlated with the tails of distributions known to be use-



2458 D. A. KRAKAUER et al. 45

Electron data set

Beam-off Beam-on

21 773 7 752 0.100

dE/dx &0.5 min. ioniz. part.(3 downstream scintillators
Likelihood parameter cut X0.60

X0.98

Il
XO 94

X0.63 X0.83

Neutrino event data set 12 988 4 880 0.076

Beam-associated events
' C(v„e )X events

1 492+76
626+71

TABLE IV. Additional restrictions applied to achieve the
final event sample. The last column is the detection efficiency
for inclusive ' C(v„e )X reactions. The bottom line is the re-
sult from the maximum likelihood fit to the (E„;„cosO, ) distri-
butions.
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ful in identifying backgrounds. A cut was defined which
retained 83% of the v, ' C signal and eliminated nearly
half of the beam-associated (neutron) backgrounds.

The remaining data sample of 4880 beam-on events in-
cludes 1492+76 beam-associated events. Figure 7
displays the angular cos8,. and visible energy E„;, distri-
butions of the beam-associated data. The beam-
associated events were presumed to be the sum of contri-
butions from the neutrino-carbon inverse-beta-decay sig-
nal of interest here, and several backgrounds, namely,
neutrino-electron elastic scattering, neutrino absorption
by other isotopes, and neutron-induced gamma rays. The
expected event rates R for each of the neutrino-induced
backgrounds and for the ' C(v„e )X signal have been
estimated from the calculated beam-weighted cross sec-
tion (cr ), integrated target density T, estimated accep-
tance (e), and neutrino fiuence P, according to
R = (e)PT(o ). These quantities are listed in Table V.

B. Determination of the ' C(v„e )X signal

The ' C(v„e )X signal was extracted from the data,
and the backgrounds were determined empirically by a
multiparameter maximum likelihood fit to the visible en-
ergy, observed recoil angle (E„;,vs cos8,„) distributions.
The object of the fit was to determine the relative contri-
bution from each of the contributing reactions. The data
was sorted into 323 (19E„;,X17cos8„) unequally sized
bins. The likelihood function was calculated,

FIG. 7. Observed kinematic distributions for the beam-
associated data sample. The data is shown as points with er-
rors, the histogram is the best fit to the data. (Top) Visible ener-

gy. (Bottom) Cosine of angle between incident neutrino and
measured electron track.

g(Rk ) = y323 [2(N;"'—Nabs) 2 ln(Nabs/'Nst) ] (3)

where N ' was the observed event rate in bin i, and
N;"'=gkRk fk(i) was the expected event rate in bin i as-
suming a total of Rk events of type k,
k =(v, ' C, ve, v, (' C+ Al), npy, CR) in the whole
data set. Rk were the free parameters of the fit, and fk(i)
were distributions described below. In order to avoid
negative bin populations introduced by a subtraction of
the beam-off (cosmic-ray, CR) contribution, the fit was
performed on the beam-on data set, with the CR shape
fctt(i) given by spline fits to the observed data and the
normalization RCR fixed to the measured value.

The distributions fk(i) =fk(E„;„cos6„)of the beam-
associated backgrounds, and the neutrino-carbon absorp-
tion signal, were taken from detailed Monte Carlo simu-
lations. Neutrino nuclear reactions were generated ac-
cording to double-differential distributions d o. /d 0 dE,
supplied by Donnelly [21] for specific nuclear transitions,
and summed over all relevant transitions. Figure 8 shows
the neutrino-flux-weighted distributions of electron angle

TABLE V. Sources of events in the final data sample. The fourth row represents neutron-induced
gamma-ray background events. The expected rate is evaluated for /=9. 16X 10' cm electron neutri-
nos. The ' C(v„e )X total cross-section measurement is based on the event rate determined by the
best fit shown in the rightmost column.

Reaction

12CVe

(v, +v„+v„)e-
v, (' C+ Al)
~P

Targets
T(10 )

6.36
49.5
0.17

10 cm

13.2
0.4

116.1

7.6
15.7
15.6

Expected
rate

583
284
282

Best
fit

626+71
295+35

136+102
435+90
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C. Inclusive cross section

Proper evaluation of the ' C(v„e )X cross section de-
pends on proper evaluation of the integrated detection
efficiency for the associated electrons. Transitions to the
' N(g. s.) had a lower threshold, and, consequently, pro-
duced higher-energy electrons than did transitions to ex-
cited states in nitrogen. Therefore, the integrated detec-
tion efficiency for "exclusive" reactions to the nitrogen
ground state, 8.1% was slightly higher than for reactions
to the excited states, 6.5%; the combined efficiency was
@=7.6+0.4% when weighted according to calculated
transition strengths. The inclusive v, absorption cross
section for ' C is obtained by combining the observation
of N=626+71 v, ' C events with the other experimental
parameters:

(cr(' C(v„e )X) )

0
C3

-20
I

0.4
I

0.6
COS 6~v

I

0.8 1.0

FIG. 11. Comparison of Monte Carlo expectation for
' C(v„e )X signal (histogram), normalized to results to fit,
compared to data (points with errors) after all cosmic-ray and
beam-associated backgrounds have been subtracted. (Top) Visi-
ble energy. (Bottom) Cosine of angle between incident neutrino
and measured electron track.

neutrino-induced background rates are in fair agreement
with the expected rates. The neutron-induced event rate
is within a factor of 2 of the results of an absolutely nor-
malized calculation. In Fig. 11, the normalized
' C(v„e )X distribution is plotted with the data remain-

ing after all cosmic-ray and beam-associated backgrounds
have been subtracted according to the results of the fit.
The extracted ' C(v„e )X signal is not sensitive to the
detailed assumptions about the background component
distributions. Several fits were attempted with alternative
assumptions about the background distributions, but all
gave consistent estimates of the v, ' C signal. Table VI
summarizes results of some of these tests.

=[1.41+0.16(stat)+0. 19(syst)] X 10 ' cm

(4)

where the (syst) error is the quadrature sum of the uncer-
tainties in the Monte Carlo simulation (5%), neutrino
flux (7.3%), target density (2%), and an estimate of the
uncertainty in overall detection efficiency e introduced by
ambiguities in the relative weighting of the nitrogen
ground-state and various excited-state contributions to
the total event rate (7%).

The v, ' C signal rate and corresponding cross-section
measurement were stable against changes in the hy-
pothesis about the relative normalization of the contribu-
tions from transitions to the nitrogen ground state and
excited states. As shown in Table VII, the maximum
likelihood v, ' C signal obtained is consistent when the
relative normalization of the ground-state and excited-
state contributions is varied between 0% (all excited-state
transitions) to 100% (all ground-state transitions). The
last column shows the results when both the excited-state
and ground-state transitions are included as independent
parameters of the fitting procedure; with the relative nor-
malization of each contribution unconstrained, the fit in-
dicates a (65%/35%) split between events to the nitrogen
ground state and to nitrogen excited states. All hy-
potheses about the final-state distribution yield consistent
values for the measured cross section.

TABLE VI. Comparison of fit results for different hypotheses about the source of background events
contributing to the final event sample. A blank line indicates the source is neglected completely. The
cosmic-ray contribution is fixed except when shown with + errors.

Event type

X'/d-f-

12Cve

ve

v, (' C+Al)
np 3'

Cosmic ray

Best fit

413/320

626+71
295+35
136+102
435+90

3388

Fit type
CR rate

unconstrained
413/319

600+87
293+36
122+ 102
396+115

3470+162

No. neutron
contribution

440/321

660+72
317+38
515+69

3388

No. v, abs.
on ' C+Al

415/321

671+94
295+35

526+62
3388
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TABLE VII. Comparison of fit results for different assumptions about the v, ' C final-state distribu-
tion. The cosmic-ray contribution is fixed at 3388 events for all fits shown here. The errors are statisti-
cal only. The best fit (see Table VI) used in the analysis of the total cross section is performed with the
(g.s.)/(total) event rate contribution fixed at 76%.

Event
type

y /d. f.

0% (g.s.)
100% (excited)

411/320

Ratio of (g.s.)/(excited)
25% (g.s.) 50% (g.s.)

75% (excited) 50% (excited)
415/320 413/320

100% (g.s.)
0% (excited)

413/320

Ratio
unconstrained

410/321

587+67
298+35
183+92
424+98

641+95
293+36
125+93
399+96

683+71
292+35
75+93

442+96

714+91
297+35

—15+111
496+98

7162111
292+36

—20+108
504+97

VI. OTHER NEUTRINO-NUCLEAR ABSORPTIONS

In principle, v, charged-current reactions with ' C and
Al nuclei may be visible in this experiment because they

produce electrons at energies above the kinematic limit
for electrons from ' C inverse-beta decay and at angles
larger than for ve elastic scattering. The expected
neutrino-absorption cross sections are large because of
the relatively low threshold energies, and the detected
event rate further enhanced by the higher overall detec-
tion efficiency associated with the greater recoil-electron
energies. Although these nuclei were each only l%%uo as
abundant as ' C, the expected absorption event rate was
non-negligible, as evidenced in Table V.

The best fit to the observed data set, given in Table V
of the previous section, showed marginal evidence for
neutrino reactions with other nuclei, 136+102 events; the
effect was not stable when the parameters and hypothesis
of the fit were altered. If the observed event rate is inter-
preted as an upper limit, then at 90% confidence level,
fewer than 272 v, (

' C+Al) events were detected.
The detector contained T =0.71X10 ' C target nu-

clei and 1.08X10 Al nuclei. The Monte Carlo es-
timated detection efficiency for inclusive v, ' C events
was a=0. 165; for v, Al the detection efficiency was 0.150.
The upper limit of 272 observed events is equivalent to an
upper limit on the weighted sum of the ' C(v„e )X and

Al(v„e )X cross sections,

(o(v, A1))+0.723(o.(v, ' C))

& 18.3 X 10 ' cm (90% CL) . (5)

Alternatively, Eq. (5) may be regarded as an upper limit
of (o ) & 10.6X 10 ' cm on the mean of the v, absorp-
tion cross sections for ' C and Al.

VII. DISCUSSION AND COMPARISON
OF MEASURED CROSS SECTIONS

WITH THEORETICAL CALCULATIONS

A. Exclusive '2C(v„e )' N(g.s.) cross section

The Aux-weighted cross section is measured to be
(o ) =(1.05+0. 14)X 10 ' cm, where the statistical and
systematic errors have been added in quadrature. Don-
nelly has calculated the muon-decay neutrino-Aux-

weighted cross section to be 0.94X10 ' cm [7,21].
Subsequent publications by other authors quote
0.90X10 ' cm [8] and 0.92X10 ' cm [9]. Each of
the referenced calculations [7—9] makes explicit use of
measured analog transition rates to constrain the form
factors and matrix elements for the neutrino reaction;
with such constraints the uncertainties in the theoretical
estimates are expected to be less than 10%. This mea-
surement is in good agreement with the theoretical calcu-
lations, which confirms that the complementary nuclear
transition data can be used to predict the neutrino-
induced reaction rate. Theoretical results [12] which did
constrain form factors using results from analog reactions
underestimate the present measurement by 30%%uo.

The good agreement of the observed visible energy
with expectations from the Monte Carlo simulation, as
shown in Fig. 6, is consistent with the expected (E„—Q)
energy dependence of the inverse-beta-decay cross sec-
tion. The observed angular distributions are also in good
agreement with the simulation. The differential cross sec-
tion d o /d 0 is parametrized by a 1+A cos8 distribution;
the effect of the nuclear form factors is expected to
reduce the asymmetry from the pure Gamow-Teller value
(A = —

—,') to roughly A = —0.3. Experimentally, a fit to
the nitrogen decay signal as a function of angle yields
A = —0. 167+0.152, in reasonable agreement with expec-
tations.

B. Inc1usive ' C(v„e ) cross section

The measured Aux-averaged inclusive neutrino-
absorption cross section is (1.41+0.23)X 10 ' cm, im-
plying a cross section to nitrogen excited states of ap-
proximately 0.36X 10 ' cm . The ratio of
(exclusive)/(inclusive) cross sections [' N(g. s.)final state
versus all final states] is

A =0.74+0. 11(stat)+0.06(syst) .

As an alternative, but not independent, method of deter-
mining the cross section to nitrogen excited states, the
likelihood fit to the kinematic distributions of the final
data set (of Table IV) was repeated with a separate
' N(g. s.) contribution, fixed by the measured exclusive
cross section [Eq. (2)], and a ' N» excited-state contribu-
tion as a free parameter of the fit. The result was 204+70
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excited-state events, corresponding to an excited-state
cross section of (0.54+0. 19)X10 ' cm . The total in-
clusive cross section (1.59+0.26) X 10 ' cm and
(exclusive/inclusive) ratio [%=0.66+0.11(stat)
+0.02 (syst)] are consistent with the results of the pri-
mary method adopted above.

Donnelly [7,21] estimates the inclusive v, ' C absorp-
tion cross section to be 1.31 X 10 ' cm, including
0.37X10 ' cm due to transitions to nitrogen excited
states. 99% of the excited-state contribution comes from
1+ and 2+ final states, almost half coming from the 2+
state at =3.6 MeV in ' N. Uberall and co-workers [12]
do not specifically quote cross sections for muon-decay
neutrino spectra, but find total cross sections to excited
states in agreement with Ref. [7], although there are
disagreements with regard to specific final states. Don-
nelly [7] gives a prediction for the ratio of
(exclusive)/(inclusive) cross sections, A =0.72.

There is generally good agreement between calculation
and the measured values of cross sections and of the ratio
of cross sections. The present experimental precision
(+15%) must be improved to make a significant test of
the theoretical calculations of v, ' C reactions.

C. Inclusive ' C(v„e )Xcross section

There was no unambiguous signal for neutrino reac-
tions with any nucleus except ' C. An upper limit on the
weighted sum of cross sections for v, (' C+ Al) was
presented in Eq. (5); this limit corresponds to a 90%
bound of (o. ) (10.6X10 ' cm on the mean neutrino-
absorption cross section. The neutrino-absorption cross
section for these two nuclei are expected to be roughly
equal, but complete calculations of inclusive reactions
only exist for the ' C target.

One group [14] has published estimates for muon-
decay neutrino-induced transitions to explicit final states
in ' N; 2.2X10 ' cm for transitions to the ' N ground
state and 2.3X10 ' cm to the 3.65 MeV ( —,') excited
state. These values supersede previous results [13] which
did not constrain the form factors according to measured
analog transition rates. However, the greatest difference
between the earlier and later calculation was a factor of 3
reduction in the cross section to the 3.65 MeV excited
state, and a 50% reduction in the inclusive (all final-state)
event rate to reflect possible Gamow-Teller quenching of
the nuclear matrix element. On the other hand, the in-
clusive cross section obtained from Ref. [13] is in agree-
ment with an unpublished result from Donnelly [21];
neglecting the possible Gamow-Teller quenching effect,
but including form-factor constraints imposed by beta-
decay and analog transition rates, the exclusive cross sec-
tions for the ' N(g. s.) and 3.65 MeV final states published
in Ref. [13] are also in very good agreement with Ref.
[21].

While the upper limit reported here cannot be taken as

evidence for, or against, quenching of the nuclear matrix
element, the analysis does encourage future explorations.
The v, ' C electron distribution is easily distinguished
from the "irreducible" backgrounds from ve elastic
scattering and v, ' C inverse-beta decay, as evidenced by
the stability of the fit results for those components. How-
ever, in this experiment, the v, ' C signal was unresolved
from residual neutron-induced backgrounds; those back-
grounds could be practically eliminated by more corn-
plete shielding.

VII. CONCLUSIONS

We have obtained the first measurement of a neutrino-
induced reaction between specific nuclear states. The
cross section for ' C(v„e )' N(g. s.), (1.05+0. 14) X 10
cm, is in agreement with the theoretical estimates. The
energy and angular dependence of the measured signal is
consistent with expectations. A measurement of in-
clusive neutrino-nuclear reactions results in a total cross
section of (1.41+0.23) X 10 ' cm for v, ' C absorption.
The ratio of exclusive-to-inclusive cross sections, which
may provide a test of the nuclear physics approximations
made in the theoretical calculations, is %=0.74+0. 14.
There is only weak evidence for the observation of
neutrino-nuclear reactions with other nuclei; upper limits
consistent with present theoretical calculations are ob-
tained.

These measurements demonstrate the feasibility of ob-
serving low-energy neutrino-induced transitions between
specific nuclear states. The possibility exists to use cer-
tain exclusive transitions as "spin-isospin" filters [11] to
provide new types of investigations of nuclear physics or
searches for exotic weak nuclear currents outside of the
standard model. Other future investigations may include
direct calibration of cross sections of astrophysical in-
terest or novel searches for neutrino oscillations.
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