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ABSTRACT

Electron-neutrino electron elastic scattering and two-body electron-neutrino

carbon scattering reactions were observed using a 15 ton fine-grained detec-

tor and neutrinos from fi+ decay at rest. The data was obtained during an

exposure to neutrinos produced in the LAMPF proton beam-stop. Based on

identification of 262 ±46 vee~ events the total cross-section for vee~ —* t/ee~

was measured to be <r(i/ee~) = (3.09±0.54(3*at)±0.39(jysi)) x 10~43 cm2 .

The interference between the weak charged and neutral currents was mea-

sured for the first time. The interference was found to be destructive, with

a magnitude 0.97 ±0.22 times the value predicted by the WSG theory. The

total cross-section was also used to measure sin3 6\y = 0.24 ± O.QG(stat) ±

0.04(ai/at). The data restricts the maximum allowed value of the neutrino

magnetic moment to be less than 1.3 X 10~9 Bohr magnetons for ve and

8.8 x 1O"10 for i v In a separate analysis, 182±22 12C(ue,e-) 12N(gs)events

with subsequent 13iV(/J+) 12C were observed, corresponding to a total cross-

section, a{vt
 13C -> e" 12N(ga)) = (1.03 ± 0.12(j*a*) ± O.lO(jyj)) x

10~41 cm3 . This was the first observation of i/e-induced transitions between

specific nuclear states. The result is in good agreement with theoretical

predictions.

x ix



Chapter 1

Introduction

This dissertation describes the results of the first experiment to observe

electrons produced in electron-neutrino initiated two-body reactions. One

major accomplishment was the first observation and cross-section measure-

ment for the elastic scattering reaction[l],

This provided the definitive test of the interference between the weak charged

and neutral current amplitudes. Another accomplishment was the obser-

vation of neutrino reactions with carbon nuclei leading exclusively to the

nitrogen nuclear ground-state 12N(ga) [2],

This was the first time an electron-neutrino induced transition between

specific nuclear states was identified. Both of these previously unobserved

reactions are of interest due to the fundamental nature of the interactions

and the simplicity of the theoretical interpretation of the experimental re-

sults. Each reaction has a clear and simple experimental signature that

enables unambiguous identification of the associated electrons.



Feynman Diagram for ut + e —• ue + e~

FIGURE 1: Feynman diagram for ve +
charged and neutral current amplitudes.

j / e + e showing the weak

A Physics Objectives

The elastic scattering of electron-neutrinos by electrons, shown in fig-

ure 1, occurs through the exchange of both Z° and W± bosons. The am-

plitude, A, for the reaction is given by the sum of the neutral current (NC)

amplitude ANC (Z° exchange) and the charged current (CC) amplitude

Acc (W* exchange). Therefore the cross-section, which is proportional to

the square of the amplitude, is sensitive to the interference (/) of the two

weak amplitudes [3]

oc
2 = \\ANC CC\\3\\ACC\\

In the electroweak theory of Weinberg [4], Salam [5] and Glashow[6]

(WSG), the interference is destructive and large; it is expected to reduce



the elastic scattering cross-section by 40 percent relative to a purely charged

current interaction. The interference is an absolute prediction of the the-

ory, so any experimental deviation froo the theoretically expected value

would indicate the need for major modifications to the underlying theory.

Although many aspects of the WSG theory have now been tested (and

verified) to high precision, even to the point where "radiative corrections"

(higher order terms in the perturbation theory expansion) have been suc-

cessfully verified[7], experimental difficulties had prevented any tests of the

fundamental NC/CC interference. The observation and measurement of

this interference was the primary motivation for this experiment.

In principle, the NC/CC interference could be studied in any of several

processes accessible to laboratory experiments. Figure 2 illustrates Feyn-

man diagrams for reactions for which some experimental results have been

reported. The 'neutrino-counting reaction', e+e~ —* 71/F [fig. 2(a)], has

been investigated at electron-positron colliders, where four different exper-

iments have reported a total of less than four events[8,9,10,ll] Obviously,

with so few events, no statement on the NC/CC interference is possible.

The signal rate is expected to be greatly improved at future colliders, such

as LEP at CERN, but measurements of this reaction will remain an unlikely

method for pursuing study of the NC/CC interference. On the other hand,

good knowledge of the interference is required by these experiments to fully

understand their event rate and so to infer limits on the number of neutrino

species contributing to the neutral current amplitude.

More progress has been made towards a measurement of interference



Fevnman Diagrams for Processes Involving the NC/CC Interference

(a)

/ z° \

FIGURE 2: Feynman diagrams for reactions sensitive to the interference
between the weak charged and neutral current amplitudes.

(a) e+ + e~ —> V + v + 7
(b) t/M + N -* v^ + fi~ + (i+ + N
(c) Fe + e~ -+ Fe + e~



in the tri-lepton reaction, v» + N -+ i/M + fi+ + fi~ + N [fig. 2(b)]. The

CCFR collaboration [12] has used the Fermilab wide-band v^ beam to ob-

serve eleven events above background, when five would be expected from

the WSG prediction[l3]. The measured signal rate is suggestive of a con-

structive interference[14]. It is unclear how well the hadronic final state

interactions or electromagnetic initial state properties, are described by the

present theoretical analysis. The difficulties in calculating the expected

cross-section, combined with the low signal rates, and uncertainties in the

background rates seem to limit the significance of the result with respect to

the weak interference.

The electron-antineutrino electron elastic scattering reaction, Vee~ —*

Vee~ [fig. 2(c)], is a purely leptonic, purely weak interaction, and thus free

of theoretical uncertainties present in the tri-lepton and neutrino-counting

reactions. An experimental determination of the Vce~ —> Vee~ cross-section

using reactor anti-neutrinos has been published by Reines, Sobel and Gurr[15]

working at the Savannah River Plant. Their result is in agreement with

the expected destructive interference, but is also consistent with results ex-

pected for a purely charged current interaction. The experimental errors are

therefore too large to make a quantitative statement on the weak interfer-

ence. To the author's knowledge, no experiments are planned to remeasure

So despite its fundamental importance, there was no significant exper-

imental information on the charged current/neutral current interference

prior to this experiment, and none was expected from other sources.



The vee~ -* vte~ elastic scattering reaction is investigated and the total

cross-section is measured in this experiment. This is a particularly nice reac-

tion to investigate the NC/CC interference. It also is a purely weak, purely

leptonic two-body reaction which makes theoretical calculation of expected

cross-section and experimental signatures exceedingly simple and certain.

Indeed, unlike the two reactions discussed in the previous paragraphs that

involved photons in the final state or intermediate state, the purely charged

( \\ACC\\2 ) and purely neutral contributions ( \\ANC\\2 ) to the uee~ elastic

scattering cross-section have been measured directly by previous experi-

ments (see Chapter 2). Thus, the NC/CC interference can be determined

from the measured vee~ cross-section simply by subtracting the known val-

ues of the purely charged current and purely neutral current contributions.

In this manner the interference is measured in a model-independent way.

Of course, there are specific theoretical descriptions for the weak inter-

actions, most notably the highly successful WSG model. Because the vce~

reaction involves only leptons, theoretical predictions of the cross-section

and event rate are free from either corrections for final state interactions,

or modifications due to internal structure of the projectile or target. The

cross-section can be expressed in simple terms of the relevant theoretical

parameters (such as sin2 6w in WSG theory), and measurement of the cross-

section gives a measurement of these parameters with minimal theoretical

uncertainty.

That simple relationship can be inverted so that for a given value of



sin2 8w the theory predicts the experimental cross-section with no ambi-

guity. Therefore comparison of the measured cross-section with the value

predicted using complementary measurements of sin2 Bw can test for the the

presence of unexpected 'exotic' neutrino interactions. Because the elastic

scattering reaction is purely weak, and therefore has a tiny cross-section

(~ 10~43 cm2 ), even small modifications to the basic interaction can have

a large relative effect. New physics would show up as a modification to the

cross-section resulting in a value different from the WSG prediction, which

can be schematically expressed as

The i/ee~ —• i/ee~ reaction is sensitive to the presence of additional weak

bosons, such as Z'Q, which are expected in some extensions to the WSG

model. It is also a good testing ground for the exchange of charged par-

ticles like the charged Higgs boson, x+> found in E6 gauge theories[16].

The NC/CC interference measured here would have an unexpected value

if the weak NC has an admixture of non-"V,A" (vector and axial-vector)

couplings, or if there are 'flavor changing neutral currents' that alter the

identity of the projectile neutrino. Finally, neutrino electron elastic scatter-

ing provides an opportunity to search for evidence of non-vanishing neutrino

electromagnetic form factors[17]. For instance, the good agreement of the

measured event rate with the result predicted using six? Qw measured in

non-neutrino interactions is used in this dissertation to obtain new limits

on the magnitude of the neutrino's magnetic moment.

The other ve reaction measured by this experiment involved a charged



12N

(a)

12C(gs)

12N(gs)

(*>)

FIGURE 3:
(a) Feynman diagram for i/e +

 12C —• e~ + 12JV reaction.
(b) Nuclear level diagram for i/e

 12C —> e~

current reaction with carbon leading to nitrogen in the final state,

i/e +
 12C -» e" + 12iV

as shown in figure 3(a). This process is also known as inverse /S-decay

or neutrino absorption. In particular, the exclusive reaction between the

carbon and nitrogen nuclear ground states was identified by the subsequent

fi—decay of the nitrogen ground state,

Figure 3(b) shows the nuclear transition represented by the blob at the

hadronic vertex in figure 3(a). This reaction is a major component of the

background to the neutrino-electron elastic scattering reaction. It is also

an important signal of interest for nuclear physics, astrophysics, and as a



feasibility study for future particle physics studies.

The clear observation of the carbon inverse-/? decay signal provided a

means of verifying the magnitude and distribution of neutrino backgrounds

to the elastic scattering reaction. Detailed calculations of characteristic en-

ergy and angular distributions for electrons produced in CC reactions with

the various nuclear targets in this experiment were used as inputs for a fit

that determined the elastic scattering signal. The measured value of the

uc
 12C —» e~ 12N(gs) cross-section was useful for fixing the normalization

of the i/e
 12C backgrounds, as well as for verifying the calculations and fit

results.

The i/e
 12C —> e~ 12N(gs) signal is important in its own right because this

is the first time an experiment has been able to measure an electron-neutrino

induced exclusive transition between specific nuclear bound states. Such

exclusive neutrino-nucleus reactions lie in a region of overlapping interest

between nuclear physics, astrophysics and particle physics (weak-interaction

studies). In the laboratory, these exclusive reactions can be identified by

the distinctive decay of the nuclear final state. The most immediate use

for these reactions will likely be for the detection of neutrinos from astro-

physical sources. There are now several large underground detectors being

proposed[18,19] or constructed [20] to observe nuclear interactions of solar

or supernova neutrinos. Some of these intend to use specific reactions to de-

termine the 'flavor' or spectrum of the incident neutrinos. The 12C —» 12iV*

transition has a high threshold energy that makes it relatively insensitive

for solar neutrino observations. However, the l2C(ve, e~) 12N(gs) reaction is



expected to account for a fraction of the total event rate in large liquid scin-

tillator detectors observing a nearby supernova[21]. An accurate knowledge

of the total cross-section measured here will improve the measurements of

many aspects of the neutrino burst and the source supernova.

Although the ve
 12C —* e~ 12N(gs) reaction is not directly of interest for

detection of solar neutrinos, it does provide some important information for

the calibration of those experiments. All such experiments will require some

confidence in the theoretical calculations of neutrino-nucleus cross-sections

in order to interpret their observed event rates [22]. The assumptions inher-

ent in these calculations could be tested by comparison with experimental

results for specific transitions. Unfortunately, there is almost no experimen-

tal information on neutrino-nuclear reactions between bound states. This

measurement provides the first data for such reactions using an electron-

neutrino source.

The theoretical uncertainties associated with the 12C —>13JVT transition

are believed to be quite small. The level of agreement between the mea-

sured and theoretical cross-section value can be used to test the correctness

of the assumed nuclear form factors, verify whether or not nuclear currents

thought unimportant gave larger than anticipated contributions, or signal

whether there are unexpected effects 'beyond' conventional nuclear theory.

If the nuclear physics is reasonably well understood, such that neutrino-

nucleus cross-sections can be calculated reliably, and if individual final states

can be experimentally resolved, then these reactions may be useful for other

10



studies more in the realm of particle physics. In principle reactions be-

tween specific nuclear states, which are eigenstates of spin and isospin, are

"spin-isospin filters" and the results depend only on specific space-time

components of the weak nuclear currents[23]. Using these nuclear transi-

tions as selection rules could allow searches for nuclear currents with exotic

spin-isospin quantum numbers. Examples include searching for axial-vector

isoscalar (neutral) currents that might allow neutrino excitation of transi-

tions from the 12C ground state to the 1^C(12.7lMeV) excited state, or from

the 6Li ground state to the 6ii(3.56MeV) excited state. Such currents are

not included in the WSG theory and could indicate the presence of new

interactions that would be difficult to detect else where [24].

Because of experimental difficulties, and lack of suitable beams, there is

only a very limited supply of experimental data for neutrino-induced tran-

sitions between nuclear bound states. An experiment at LAMPF with a

~ 150MeV v^ beam observed i/M
 12C - • fi~ 12N just above threshold[25]. Of

roughly 150 CC events, 9 were identified as the exclusive reaction
1^C(i/M,/i~) 12N{gs) by the decay of the 12N(gs) . This reaction is sensitive

to threshold effects and could give important information on the momentum

dependence of various nuclear form factors.

Nearly 200 ve
 12C -> e~ uN(gs) events with subsequent 12N(gs) de-

cay were detected in this experiment. The goal was to measure the total

cross-section to the precision estimated for the theoretical calculations. De-

pending on the approach, theorists have estimated the uncertainties to range

from ~ 15—20 percent to better than 10 percent[26]. The total cross-section

11



was measured with 12 percent statistical error and 10 percent systematic

error.

B Summary of the Experiment

The experiment was performed at the Clinton P. Anderson Meson Physics

Facility (LAMPF) in Los Alamos, using a 15 ton fine-grained neutrino

detector[28] designed to identify electrons produced in neutrino interac-

tions by track and energy deposit characteristics. The apparatus is shown

schematically in figure 4. An array of wire chambers completely surrounded

the central detector to discriminate against cosmic-ray induced background

events. The detector was exposed to 1013 neutrinos per second, with energy

between 0 and 53 MeV, from the decay of stopped pions and muons in the

LAMPF 800 MeV proton beam dump. With this high neutrino flux, and

large sensitive detector, about one elastic scattering event and one exclusive

ve
 13C event was collected per day.

The central detector, with dimensions 305 x 305 x 348cm3 and at a

weighted mean distance of 899 cm from the v source, was composed of 40

repeated layers, each containing a Flash Chamber Module (FCM) and plane

of scintillation counters. The FCM were He-Ne gas filled panels of flash-

tubes (0.5 x 305 x 0.6cm3 cells), with 10 panels (5 panels for each view)

per module. The angular resolution for short electron tracks was 60e = 9",

including multiple scattering. Each scintillation plane was divided into four

separate 75 x 305 x 2.56 cm3 counters, with one photomultiplier tube per

counter. The energy deposit in individual scintillators was used to measure

differential energy loss (dE/dx) for particle identification and the sum of
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FIGURE 4: Schematic view of the neutrino detector.
(a) Elevation view along direction from neutrino source.
(b) Plan view along direction from neutrino source.
(c) Elevation view transverse to direction from neutrino source.
(d) Exploded view of three of the forty layers.
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energy deposited in all scintillators (the "visible energy") provided a calori-

metric measurement of the total energy of the trigger event. The "visible

energy7' was about 60 % of the total energy deposited in the detector and

the energy resolution was better than 6EV" = .18Etot for electrons with

energy greater than 20 MeV.

The central detector was enclosed within a high efficiency anti-coincidence

system and a massive steel, concrete and lead shield. The anti-coincidence

system completely surrounded the central detector with 594 multiwire pro-

portional chambers (MWPCs) arranged in four layers on the roof and walls,

and a single layer on the floor. A veto signal was issued whenever counters

on two or more layers of any wall or the roof registered hits in coincidence.

The veto rate of 6.3 kHz introduced a dead-time of about 13 %, while re-

ducing the cosmic-ray induced trigger rate from 1600 to 0.06 Hz.

The experiment operated with a very loose trigger which required co-

incident activities in three (or more) consecutive scintillation layers, with

geometric pattern consistent with a single particle, energy deposit in each

counter loosely consistent with minimum-ionizing particle hypothesis and

no activity in the cosmic-ray anticoincidence during the previous 20 /is.

In addition to the tracking and calorimetry measurements of the prompt

trigger, the apparatus also recorded all activities in each scintillation and

anti-coincidence counter during the 33 fis prior to the trigger (to identify

triggers due to the decay of cosmic-ray muons stopped in the detector), and

recorded the energy and time of all activities in the scintillators during the

68 ms following the trigger (to identify the T=15.87 ms 13N(gs) /?+-decay).
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The experiment operated between October 1983 and December 1986, at-

taining an exposure to (9.2 ±0.7) x 1014i/e/cm2 from the (1.12 ±0.02) X 1023

protons incident on the beam stop. The neutrino flux was determined by

Monte Carlo calculation of neutrino production in the proton beam stop [29].

That calculation was normalized to the results of a calibration experiment

that measured the production and decay of pions in an instrumented mock-

up of the actual neutrino source[30].

Triggers were taken during the LAMPF beam-spill (beam-ON) and for

a longer period between spills (beam-OFF) to measure cosmic-ray back-

grounds. About 224,000 beam-ON triggers, and 563,000 beam-OFF triggers

were amassed during the 550 hours of beam-On and 2049 hours of beam-

OFF livetime. A series of restrictions ('cuts') were applied to the data

sample to enable the observation of the experimental signals. The 'neutrino

data sample' of events passing these restrictions contained roughly 7800

beam-ON and 22000 beam-OFF events. Approximately 1500 of the 2000

beam-associated events were due to neutrino interactions.

The detector's response to the neutrino signals, including the experimen-

tal acceptance for the signals, was determined from the results of a detailed

comprehensive Monte Carlo simulation of electron events produced within

the detector. The simulation used detector characteristics measured in cal-

ibration events on a daily basis to properly account for time-dependent ef-

fects. The simulation was checked by comparison with calibration triggers.

The distributions of the visible energy, reconstructed electron angles and
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interaction locations obtained from simulations of neutrino-induced events

were used in fits to the observed distributions to determine the neutrino-

electron signal.

A total of 324 ± 46i/e~ elastic scattering events were observed, of which

262 ± 46 were attributed to i/ee~reactions. The observed event rate pro-

vided the first experimental confirmation of the predicted destructive inter-

ference between the weak CC and NC amplitudes. Results on the measure-

ment of sin2 8w and the weak-neutral-current coupling constants, gy and

gx% were also obtained. Limits on the neutrino's electromagnetic interac-

tions, and other exotic processes, were deduced from the agreement of the

observed event rate with the rate expected using theoretical values of the

cross-section.

The feasibility of observing neutrino-induced reactions between selected

nuclear states was demonstrated by the identification of 17C{ve, e~) 12N(ga)

events in delayed coincidence with uN(f3+)12C . A sample of 182 ± 22

events with l2N(gs) decays was used to determine the total cross-section

for ue
 12C —> e~ 12N(gs) . The good agreement between the measured cross-

section and the most recent predictions[27,35,2l] indicated that present

methods are probably adequate for describing i/e — nucleus reactions of in-

terest to astrophysics. The total cross-section for inclusive ve
 12C reactions

(ve
 12C —* e~ l2N(all) ) was also evaluated, although with much greater

systematic uncertainties.
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Chapter 2

Theoretical Aspects Of

Neutrino Scattering

A The Weinberg-Salam-Glashow Model

The Weinberg-Salam-Glashow (WSG) theory[4,5,6] describes the elec-

tromagnetic and weak interactions in terms of a single unified theory. The

form of the interactions are dictated by requiring the electro-weak interac-

tion Lagrangian to be gauge invariant under the symmetry S U ( 2 ) L ® U ( 1 ) Y -

SU(2) I , couples to 'weak isospin' and gives rise to three gauge bosons,

W1'2'3. U(l)y couples to 'weak hypercharge' and yields another gauge bo-

son, B. The subscript L represents the fact that the weak interactions

distinguish between different helicity states of the same particle - the weak

isospin depends on the particle's helicity. Positive helicity ('right-handed')

particles are isosinglets (I = I3 = 0) but negative helicity ('left-handed')

particles come in isodoublets (/ = | , / 3 = ± | ) . The two gauge bosons

that raise or lower isospin W± = -^(W1 ± iW2) can only interact with

left-handed particles because right-handed states have / = 0. The two

bosons that do not change isospin are mixed, with one combination be-
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coming identified with the photon and the other becoming identified with

the gauge boson responsible for weak neutral currents, Z°. The parameter

sin2 6w describes the mixing between the neutral bosons. A Higgs doublet is

introduced to 'spontaneously break' the gauge symmetry SU(2)i, ® U(l)y

and give three gauge bosons mass. The U(l) symmetry associated with the

electromagnetism is not broken and the photon remains massless.

The fundamental particles in WSG theory are spin-| fermions, the quarks

and leptons. Introducing just the electron and electron-neutrino is already

enough to illustrate all of the fermionic interactions in the WSG theory[32];

electromagnetism, weak charged current and weak neutral current. The

isospin assignments are

L

The electric charge is related to the weak isospin and weak hypercharge

by Q = 73 -f Y/2. The photon has a vector Lorentz spacetime structure

and the charge-changing bosons, being coupled only to left-handed parti-

cles, have V — A (vector-minus-axial-vector) Lorentz structure. The Z°

has a complicated spacetime structure determined by the mixing parameter

sin2 9w • The Z° couples to particles according to g = 2(/3 -f- Q sin2 6w)-

It couples with strength g = 1 to neutrinos, gt = —1 -f 2 sin7 Oyr to left-

handed electrons and gn — 2 sin2 8w to right-handed electrons. Putting all

that together the WSG interaction Lagrangian (for electrons and electron-

neutrinos) is
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(charged current)

( n e u t r a l c u r r e n t )

+g sin Ow'&yMeAfl (electromagnetic)

The additional lepton 'families' (or 'flavors') are included by duplicating

the above Lagrangian with e and ve replaced by fi or r and the associated

neutrino. When quarks are included in the WSG model, the Lagrangian is

complicated by the fact that the eigenstates of mass (the strong interaction

quarks) are mixtures of the weak eigenstates and the weak charged current

acts on these 'mixed' states. However, there is no evidence of mixing in the

lepton sector. Also there is no evidence that either of the neutral currents

(7, Z°) connects non-identical particles.

B Neutrino-Electron Elastic Scattering

At low energy, such as in this experiment (s = 2meEv fa 50(MeV)2 <tC

Myr « 6.6 x 109(MeV)2) the Lagrangian may be cast in its 'current-current'

form. A general formalism[31] for determining cross-sections for any neutrino-

fermion elastic scattering reaction with V, A spacetime structure will be pre-

sented to provide a common framework for the results that follow. Neutrino

electron scattering has the general form [31]

^ l±2] (2.1)

where C-(C+) are the weak coupling constants for electrons with the same

(opposite) helicity as the neutrino. The effective Lagrangian (2.1) leads to
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a differential cross-section of

where y = Ee/Ev is the fractional energy transfer. For anti-neutrino scat-

tering the cross-section is obtained by interchanging the values of C+ «-> C_.

For this experiment, the term proportional to y may be neglected be-

cause the electron mass is much smaller than the incident neutrino energy,

(me/Ev) ~ 0.015. Integrating ^ over the full range from y equals 0 to 1,

the total cross-section is obtained

meGFE 1

The cross-section for neutrino-electron scattering is proportional to the in-

cident neutrino energy. The numerical constant (m,eGF/2Tr) has the value

4.30 x 10""4Scm2 /MeV). The energy dependent factor is denned as <r0,

meGFEu GF3
(Tn = =

2TT 4TT

The generalized results in (2.3) are now used to determine the cross-

section for neutrino-electron scattering for specific models. First consider

neutral current neutrino-electron scattering. The neutral current Lagrangian

is

rNC _ GF,^.. ! - 7 s . . W _ U L 1-76 . _ 1 +^)(e7M \9L— +9RY

gi, and gR are the electron's chiral coupling constants to the weak neutral

current. Evaluating the 'left-handed' (gi) and 'right-handed' (gji) couplings

leads to the identification

=gR = 2 s i n 2 ^ (2.5)
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The total cross-section for neutral current neutrino-electron scattering is

obtained by substituting (2.5) into (2.3). The result is given 'in general'

and specifically for the WSG model :

'NC = (9l + \gl)<r0 = ( ( -1 + 2 sin2 6wf + | sin4 6w)a0 (2.6)

The purely charged current portion of the neutrino-electron scattering

Lagrangian is

Ccc = -^G^^J-^e)^1-^-^) (2.7)

A Fierz transformation can be used to put the charged-current Lagrangian

into a form analogous to (2.1)

Ccc = -^c^^iz^^xeyi-pe) (2.8)

Equating terms with the same chirality in (2.8) and (2.1) leads to a definition

of the weak charged current couplings (CX.JJ),

=CL = 2

=CR =0 (2.9)

These values reflect the fact that the weak charged current was constructed

to couple only to left-handed currents. Substituting (2.9) into (2.3) the

charged current contribution to the t/ce elastic scattering total cross-section

is seen to be

acc = Cl<r0 = 4<r0 (2.10)

In electron-neutrino electron scattering both the charged and neutral

currents contribute, €"•' = Ccc + CNC and the Fierz re-ordered form (2.8)
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is added to (2.4). For the coherent sum of the weak charged and neutral

contributions the electron couplings are

C_ =CL+gL =2 + gL = l

C+ =CR + gR =0 + gR = 2sin2ew (2.11)

The total cross-section for electron-neutrino electron elastic scattering

is immediately obtained using (2.11) in (2.3)

aiot
= ((Ci

= <rcc + a1 + *NC

The term corresponding to the NC/CC interference has been explicitly sepa-

rated from the previously denned charged and neutral current contributions.

—CC /^2 _. A —

<T = L / £ (Tg — 4 (To

16
<rNC =(gt + \9l)v* = ( l - 4 s i n 2 ^ + ^ s i n 4 M ^ o

o
a1 =2CLgL(r0 = ( - 4 + %sm20w)<ro (2.12)

The interference term is measured directly by the difference between the

measured elastic scattering cross-section and the sum of the two 'conven-

tional' contributions,

a1 = a** - acc - <rNC (2.13)

Thus more than just checking for consistency with the standard model,

the experiment can make a measurement of the interference in a model-

independent way. The only assumption needed is that the weak charged
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(a) (b)

FIGURE 5: Feynman diagrams for the processes that determine the value
of \\ANC113 and P c c | | 2 .
(a) The charged current contribution is determined from the lifetime of the
muon, measured in fi+ —* e+i/e17li.
(b) The neutral current contribution is determined from high energy accel-
erator measurements of c ^ e " —> t/^e').

and neutral currents couple with equal strength to electrons and muons,

so that the charged and neutral contributions can be calibrated by ex-

isting measurements. This assumption has been verified for semi-leptonic

interactions[34].

Figure 5 shows the Feynman diagrams for the reactions which determine

the CC and NC contributions. The charged current contribution (which is

proportional to <r0 or G2
F) is determined by the muon lifetime. The neutral

current contribution is exactly equal to the cross-section for i/̂ e~ —• v^eT

scattering.

Several possibilities could account for a non-expected value of the in-

terference. Gauge theories that predict a positive interference, due to dif-

ferent gauge couplings, have now all been ruled out by parity violation

experiments[3]. Another possibility is that the neutral current has some
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non-F, A space-time structure and that due to the 'confusion theorem' these

S,P,T couplings have not been detected in pure neutral current experi-

ments. The S,P,T contributions to the neutral current do not interfere

with the charged current because the outgoing particles have the 'wrong'

helicity. The observed interference strength can be used to place limits on

the non-V, A neutral current couplings [3].

The most difficult theory to test in other experiments would be one that

allowed the Z° flavor changing couplings, but only among the neutrinos.

Such an interaction could still give rise to the standard charged and neutral

current results, because the neutrinos are not observed in such experiments,

but would affect the interference by changing some fraction of the outgoing

neutrinos to a different type. This experiment can determine upper limits

on the magnitude of such interactions from the measurement of the inter-

ference term.

In the WSG theory the Lagrangian for uee~ —> vee~ is

sin2 ̂ ) > e + ^ i ± ^ ( 2 sin2 6wf

(2.14)

For sin2 8W = 0.230[7], gL = -0.54 < 0 and the weak charged and neu-

tral currents couple with opposite sign; the interference will be destructive.

From (2.12) it is clear that for a given value of sin2 $w , the interference is

an absolute prediction of the basic gauge theory. In the WSG theory the

total cross-section is

Owy + (2sin 9w

The only free parameter is sin2 9w . Measurement of sin2 0w in this
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reaction can be compared to the value obtained in other reactions to test

the 'universality' of the weak interactions.

A slightly more general formulation, known as the 'model independent'

parametrization of the neutral current is common in the literature.

CNC = -^jrelj^ut){e^{gv + gAf5)e) (2.15)

1/ x

9 v = j ( 5 L + f f f l ) = ~ 2 ~

gx =\{9L-9R) =-\ (2.16)

When the charged and neutral current terms are added the interaction La-

grangian has the form given by (2.15) with simple substitutions gy —> gv\-\

and 9A —• 9A + 1- The elastic scattering cross-section is parametrized as

ft ON2 1 / XS^a = I \9v + 9A + 2) + ~{gv — gA) I o"o
\ o /

Finally, the elastic scattering of electrons is sensitive to contributions

from electromagnetic attributes of the neutrinos. A neutrino may have a

magnetic moment, if the neutrino mass is not zero and 'right-handed' neu-

trinos exist. Although both of these requirements are not included in the

WSG model, they can each be incorporated without difficulty and with-

out violating experimental bounds. With the inclusion of a small neu-

trino mass the 'Standard Model' value for the neutrino magnetic moment is

~ 10~19/iB("ii//eV). In light of the existing bounds on the neutrino masses

("i«v < 250keV, mVt < 30eV) [33] such small magnetic moments would be

impossible to detect in a laboratory experiment. However, contributions

from new interactions, such as virtual exchange of exotic Higgs particles or

due to internal structure of composite leptons, may lead to larger magnetic
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moments. An anomalously large magnetic moment would indicate physics

beyond the Standard Model.

Even a magnetic moment as small as 10"8 electron-bohr-magnetons

would make the magnetic scattering equal in strength to the weak scat-

tering for this experiment. Elastic scattering by the magnetic moment has

the differential cross-section,

where r0 is the classical electron radius (T*O = ^ j = 2.82 X 10~13cm). / is the

neutrino magnetic moment in units of electron Bohr magnetons / = fi^/fiB-

Integrating the differential cross-section over y leads to a total cross-section

of

where Emin is the experimental threshold for detecting electrons. This ex-

periment can search for evidence of neutrino magnetic moments as small

as / ~ 10~9 —> 10~10 times the Bohr magneton because the weak interac-

tion leads to a cross-section of about 10~43cm2 while the magnetic moment

cross-section is proportional to f2 times irrl = f2 x 2.5 x 10~25cm3 . Limits

can be determined for both electron-neutrinos and muon-neutrinos, because

the neutrino source produced both kinds.

C Neutrino-Induced Nuclear Transitions

The effective Lagrangian for neutrino-nucleus reactions is

fjii = j ^ (2.17)
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where j ^ represents the leptonic currents and JM represents the hadronic

currents. Although the WSG model describes the hadronic currents in

terms of the fundamental quarks, the individual quark currents are not use-

ful at these energies. The Compton wavelength of the incident neutrino is

~ lfm, indicating that collective effects of nuclei will be important. Thus

although the leptonic currents are just as were used in the previous sec-

tion [see (2.7)], the hadronic currents will have to account for modifications

due to nuclear interactions. The matrix elements for the hadronic currents

will be expressed in terms of the matrix elements for the nuclear transitions.

For transitions such as 13C(gs) —+ 12N(gs) the Lagrangian can be

approximated well by [35]

Jp - A+)\\»C > (2.18)

In the 'elementary particle method' formalism[36], the matrix elements

< /|jV^+|ji > and < /||A+||i > are given in terms of nuclear form factors

that depend on the angular momentum and nuclear isospin of the transi-

tion, t —» / . These form factors can be estimated from nuclear /3-decay or

from electron scattering results combined with simple assumptions about

the (strong) isospin invariance of the matrix elements. The momentum

transfer dependence of the axial-form factors are less well known as they

can not be measured in electron scattering.

The elementary particle method is not useful for transitions where the

form factors are not known. In those cases, the nuclear matrix elements

may be approximated using nuclear shell model techniques. All of the cal-

culations used in this work The hadronic (nuclear) currents are expanded
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in terms of multipoles of {spin}{isospin}, which can be assumed to be good

quantum, numbers. As demonstrated by Donnelly and Peccei[23], the nu-

clear transitions between specific states can be shown to consist of the sum

of a limited number of multipole contributions. The value of the single

particle matrix elements may be obtained from data, as was done for the

calculation above, or from detailed shell-model calculations. The total tran-

sition rate is determined by the coefficients for each multipole from a shell

model analysis of the transition. This technique can be used where there

are not direct measurements of the nuclear transtions. In this work this

method was used for the 12C(gs) —* 12N(gs) transitions as well because

the expansion parameters have been well determined from phenomonlogical

fits to various data by Donnelly[27].

Neither of these methods has been tailored to handling forbidden tran-

sitions, where the important matrix elements are not easily extracted from

conventional nuclear physics data. Therefore calculations for these may be

more unreliable.

28



Chapter 3

Experimental Design

This experiment was designed to allow identification of neutrino-induced

events that occurred at rate of about two per day, despite severe background

processes that were more than 105 times more common. An active central

detector served as a large, sensitive target capable of recording the track

angle, location and energy deposit of events occurring within it. Electrons

were indicated by the appearance of a single, minimum ionizing charged

particle track. The charge and absolute direction (forward/backward) of

the electron were not measured. In order to maximize the neutrino event

rate, the detector was placed as near as allowed by shielding considerations

to the isotropic neutrino source. An array of multiwire proportional coun-

ters (MWPCs) completely surrounded the central detector and was used as

an active anti-coincidence shield against incoming cosmic-ray particles. The

entire assembly of central detector and anticoincidence shield was encased

within a room with thick concrete and steel walls and roof to attenuate the

flux of cosmic-ray particles and accelerator-produced neutrons.

The experimental lay-out is sketched in figure 6. The neutrino experi-

ment was placed at 90° to the south of the LAMPF proton beam, separated

by over 6.3 m of steel from the beam-stop neutrino source. The LAMPF
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FIGURE 6: Overhead view of LAMPF beam-stop neutrino source and ex-
perimental area.
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beam-stop neutrino source is described in section A and more details on the

source geometry and neutrino flux calibration are given in Appendix II. Fig-

ure 7 shows how the multi-layered fine-grained central detector was situated

inside the MWPC active anticoincidence shield and cosmic-ray shielding

material. After an overview of the entire detection system [28] in section B,

the central detector components are described in sections C and D. The

outer shielding components are described in sections E and F. The method

of data acquisition and calibration is covered in Chapter 5.

A The Neutrino Beam

The LAMPF beam-stop is the world's most intense ve source, producing

5 x 1014i/e/s when the proton current is 0.8 mA. The time-averaged rate was

about 4 x 107i/e/cm2s at the detector ~ 9 m away. The LAMPF beam-stop

neutrino source is well-suited for use in a total cross-section measurement

because the intensity is high and calibrated, the neutrino energy spectra are

well known, and source is contained in a very compact volume that enables

the incident neutrino direction to be determined.

The proton beam produces pions in inelastic collisions with the beam-

stop material, which is composed mainly of copper except for a water-filled

beam-degrader placed upstream of the stop to enhance neutrino production,

Cu

About 80 percent of the iz+ came to rest in the copper beam-stop material

without undergoing inelastic nuclear reactions. Neutrinos were produced
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FIGURE 7: Cutaway view of the neutrino detector showing how the cen-
tral detector was placed within the anticoincidence shield and cosmic-ray
shielding. Insets show details of the central detector's FCM and scintillation
counter stacking and details of the MWPC wire arrangement.
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by the sequential decay of stopped positive pions

+ rest -i- . „„ _
TT+ —> y? + Vp TV = 26.0ns

and subsequent decay of stopped muons

^+ «S* e
+ +vZ + v, TM = 2197ns

at rest in the LAMPF proton beam stop and surrounding shield. The decay

of negative pions and muons at rest was highly suppressed by nuclear cap-

ture processes. It is estimated that the relative fraction of V^ from fi~ decay

to i/e from y.+ decay was 5 X 10~4[38]. The LAMPF proton beam energy

was 800 MeV, which is below threshold for kaon production, so pions were

the only mesons produced in the beamstop. The pion decay chain was the

only significant source of neutrinos.

Neutrinos were produced during the entire LAMPF beamspill. The

LAMPF beamspill ('macropulse') lasted for about 0.75 ms with a repe-

tition rate of 90 or 120 Hz. The resulting duty factor was 6 - 9 %. Within

each macropulse the beam had a microstructure with beam on for 0.25 ns

every 5 ns. The microstructure was too short, and the macrostructure too

long, to allow temporal separation of the rw = 26 ns pion decays from the

rM = 2.2/xs muon decays. The flavor of the incident neutrino could not be

determined from event timing information.

The meson decays emitted neutrinos isotropically, so the v flux intensity

fell with the inverse-square of the distance from the source. The 7r+ were

produced and stopped in a compact volume of less than 100 cm along the

proton beam direction by 25 cm transverse to the beam. From the per-
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spective of the neutrino detector, 9 m away, the source subtended about 2

degrees. Within the uncertainties of the experimental resolution, all neutri-

nos appeared to have come from a point-like source.

The v energy spectra from pion and muon decays at rest have been

calculated [37]. Figure 8 shows plots of these spectra. The neutrino energy

spectra are described by the algebraic expressions given below :

dN(vc) 12 2

= V ( * J = ^X E)E

^ ) (3-D

In the above expressions, X and Y are the maximum neutrino energies,

X = (mM/2) = 52.83 MeV and Y = {m\ - mj)/2m, = 29.79 MeV .The

muon-type neutrinos are far below threshold for inducing charged current

events.

There were equal numbers of vc, u^, and PjJ, one each per TT+ decay.

The overall intensity was proportional to the proton current incident at the

beamstop multiplied by the number of stopping 7r+ produced per incident

proton. The proton current was measured by precision calibrated toroidal

induction monitors. The number of stopping ir+ per proton, which ranged

from 0.068 to 0.089 depending on proton beam and beamstop conditions,

was determined by a Monte Carlo calculation that was normalized by a

separate calibration experiment. (The total neutrino exposure is evaluated

in Appendix II which also describes the calibration experiment in detail.)
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FIGURE 8: Energy spectrum of neutrinos produced by pion and muon
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(c) Electron neutrino spectrum for /x+ —> e+ + v^ + i/e.
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B Overview of Neutrino Detector

The central detector was constructed of 40 close-packed layers, with

each layer composed of one plane of plastic scintillation counters and a

Flash Chamber Module (FCM). The scintillation counters provided dif-

ferential energy loss (dE/dx) measurements for particle identification and

calorimetric measurement of the total energy deposited by particles in the

detector. The FCMs, gas-filled polypropelene spark tubes with capacitively

coupled read-out, provided fine resolution measurements of the location and

direction of particles traversing the detector.

The active volume of the central detector was 305 cm x 305 cm x 348

cm. This volume contained 15.0 x 108 g of material which provided the

target nuclei and electrons for the neutrino experiment. Table 1 gives a

detailed listing of the isotopic and density distribution of the targets in the

central detector. The central detector was almost completely composed of

hydrocarbons, with 2/3 of the mass (and targets) in the scintillator mate-

rial and 1/3 in the FCMs. In addition to the hydrogen and carbon found in

the plastic FCM extrusions and plastic scintillator, the detector contained

a small fraction of heavier nuclei in the aluminum foil and adhesives which

had been used to provide electrical contacts and structural support for the

FCMs.

The central detector resided within a room formed by the MWPCs.

The MWPCs were used to identify and reject charged particle cosmic-ray

backgrounds. Such active rejection of potential cosmic-ray backgrounds was

necessary because the number of cosmic-ray particles traversing the detector
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Distribution of Neutrino Targets in Detector

Component

Scint. Wrapping

Adhesives / Air Bag

Electrical Contact

FCM Extrusion

Total "Inert"

NE114 Scintillator

Totals

Mass Fraction

Mass

106g

0.342

0.454

0.514

3.933

5.246

9.745

14.991

1.000

e

1030

0.117

0.142

0.149

1.351

1.759

3.176

4.935

.0003

lH

1 029

0.281

0.162

—

3.377

3.821

4.920

8.741

0.097

12C

1029

0.140

0.124

—

1.673

1.934

4.424

6.361

0.846

13C

1027

0.156

0.138

—

1.857

2.151

4.920

7.071

0.010

27Al

1027

0.21

0.04

10.55

—

10.80

—

10.80

0.032

Cl

1027

0.063

2.960

0.694

—

3.717

—

3.717

0.015

TABLE 1: Isotopic composition of the detector material, showing the num-
ber of each neutrino target. "Inert" material includes all components in
which the energy deposited by traversing particles was not directly mea-
sured. Heavy elements found in material such as solder have been included
as "chlorine"; these account for less than 20 % of the "chlorine" mass listed
in the table.

37



Information Recorded by Detector Components

Detector Number
Comp. of

channels
MWPCs 594

SCINT. 160

FCMs 208k

SCALERS 20

Pre-trigger
33.3 fis

(80 x 416.7 ns)
time of all 'hits'
for each counter
time/2-bit ADC
of all activities
some sensitivity

for track

Trigger

«-»

<->

Track

Information on live times,

Post-Trigger
68.3 ms

(4096 x 16.67 /is)
1 bit set for any 'veto'

in system
time/ 8-bit ADC/ PAL

of all activities
none

jeam, and event triggers

TABLE 2: Summary of information available from detector components
during the pre-trigger, prompt trigger and post-trigger time periods.

during the beamspill outnumbered the number of neutrino-induced events

by 105 : 1. The inside of the MWPC room was lined with lead and steel

to attenuate cosmic-ray shower induced photons that passed through the

MWPCs undetected. The entire room was inside a concrete and steel cave.

Custom-built electronics were used to combine the information from the

detector components and issue an event trigger. (The various triggers that

were used are defined in Chapter 5, section A.) The detector system pro-

vided information on activity in the detector and shields during the 33 fis

prior to the trigger and 68 ms following the trigger. The pre-trigger infor-

mation was used to identify cosmic-ray backgrounds (primarily muons), and

the post-trigger data used to identify the delayed positron decay of 12N(gs)

produced in the ve
 12C —* e~ 12N(gs) reaction. Table 2 summarizes the event

information recorded. The scintillation counters maintained records of ac-

38



tivities above threshold ('2-bit' analog-to-digital converter [ADC], pg. 43)

for eighty 416.7 ns time-slots prior to the trigger. The anticoincidence sys-

tem recorded the history of hits in each of the 594 MWPCs during this

same period. Following the trigger, the pulse-height ('8-bit' ADC) and

time (12-bit time-to-digital converter [TDC], least significant bit = 16.67

(is) for each scintillator activity above a preset threshold was recorded. The

MWPC activity during this time was recorded as a single bit that was set

if the scintillator activity occurred within 20 fis of the latest MWPC veto

signal. The prompt trigger event was included in both the pre-trigger and

post-trigger time-periods, so the data contained redundant information.

Additionally, the prompt event information included data from the flash

chamber modules that was used to define the track location and direction.

The flash chambers retained some 'memory" for tracks through the detec-

tor occurring up to a few [is prior to the trigger. No track information

was available during the post-trigger period. The event data also included

various sealer counts of the live times, proton current, veto rate and trigger

statistics.

The remaining sections of this chapter describe in detai1 the operation

of the individual components of the detector system. These components

are the central detector (scintillation counters and FCMs) and the shields

(inert shielding and active anti-coincidence system). The overall integra-

tion, calibration and monitoring of the complete system is described in the

following chapter.
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C Scintillation Counters

The scintillation counters were used to define the event trigger and mea-

sure the energy deposit characteristics of the event. The energy deposited

in each individual counter was used to determine the dE/dX of the par-

ticle and the sum of energy in all counters was used to define the 'visible

energy'. The visible energy was approximately 60 percent of the total en-

ergy loss in the detector because of energy deposited in the flash chamber

modules placed between the scintillator planes.

Design Considerations

The scintillation counters were designed to provide a trigger requiring

at least three separate counters in coincidence but with a threshold of ~15

MeV total energy. The energy measurements were required to be precise

enough to identify electrons by their dE/dX, which in practice required at

least 10 photoelectrons per MeV deposited in the counter. The counters

were intended to be relatively thin to minimize multiple scattering of the

electron before its recoil angle could be measured by the FCMs. The entire

system had to provide information on energy deposits prior to and following

the actual trigger in order to identify certain sources of electrons.

Hardware Details

The central detector consisted of 40 planes of 2.56 cm ( 2.64 g/cm2) thick

Nuclear Enterprise 114 plastic scintillator (p = 1.032g/cm3,CIfi.ioi) with

active area of 305cm X 305cm. Each plane was divided into four optically-

isolated 75cm X 305cm X 2.56cm slabs. The thickness of all the slabs was
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within 4 % of the mean and the standard deviation of thicknesses was 1

%. There were 160 individual counters in total, each viewed by a single

flat-faced 12.5-cm diameter photomultiplier tube (PMT) mounted at the

base of the slab. The PMT was optically coupled to the scintillator slab by

a 76cm X 51cm x 2.5cm acrylic light pipe. The PMTs were offset toward

alternate sides of the center of the slab (to the east or west) on alternate

layers to allow the necessary close packing of detector layers despite the

large PMTs, which had diameters larger than half the interlayer distance.

The counters were wrapped in reflective butcher paper and sealed in spe-

cial material that was silvered on the inside and black on the outside. The

scintillator wrapping totaled 0.054 g/cm2 per scintillation counter.

The analog signal from each PMT was amplified by a variable gain pre-

amplifier (set to about x5) and a xlO amplifier before being transmitted

to the signal processing electronics. The typical counter produced about 14

photoelectrons per MeV of energy deposit in the scintillator, as determined

from analysis of data collected using LEDs mounted to each scintillator slab.

The PMT voltages were provided by an LRS 1440 high-voltage supply. The

voltages were individually set for each PMT and could be monitored or ad-

justed under computer control via a CAMAC interface. For most counters

the voltages were set in the range -1250 ± 250 V. A variety of RCA, EMI

and Phillips 12.5-cm phototubes were used, as listed in reference [49].

The PMT signals were stored for ~ 375 ns in delay cable to allow extra

time for the MWPC veto signal (pg. 69) to arrive before forming a trigger

decision. After the delay line storage the PMT signals were sent to cus-
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torn built electronics units, known as ADL (Analog/Digital/Logic) modules

[50]. There were foi;y ADLs, one per detector layer, each handling the four

scintillation counters on its layer. The ADLs were used to record the pre-

trigger information, determine trigger coincidences, and digitize and record

the time and pulse-height of any activity during the trigger and post-trigger

time periods. The information stored in the ADL was read via CAMAC

to the data acquisition computer following each trigger. The ADL control

registers (see below) were addressible via CAMAC to allow computer con-

trol of the trigger coincidence conditions. The forty ADL modules were all

connected via a custom bus to a 'Control Module' that provided the timing

signals and threshold levels described below.

Each ADL module had four CAMAC addressible registers, called A(0),

A(l), A(2) and A(3). The first register, A(0), contained a 6-bit control

status register (CSR). The contents of the CSE. controlled the conditions

under which the ADL would report a trigger coincidence to the Control

Module. The A(l) register contained the pre-trigger scintillation activity

information, and the A(2) and A(3) registers contained information for the

prompt trigger and subsequent activities.

Each ADL input channel contained four discriminators, the output of

which was used in conjunction with output of adjoining layers and the

MWPC system, to define the event trigger. Each ADL was connected to

the ADLs on adjacent layers. The discriminator level outputs from each

of the 12 counters on the three layers were sent to programmed array logic

(PAL) chips in the ADL. The PALs were programmed to accept certain
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coincidence patterns of the many available to be valid for trigger conditions

as determined by the CSR.

The discriminator threshold levels were determined by adjustable out-

puts from the Control Module. The thresholds were used to define min-

imum and maximum acceptable energy deposits for triggering purposes.

The lower thresholds were used to reject electronic noise and the upper

threshold to discriminate against highly ionizing particles. The thresh-

old levels corresponded to a Lower Level (LL ~ 1.0 MeV), Middle Level

(ML ~ 3.4 MeV), Upper Level(UL ~ 18.2 MeV) and a 'Delayed-Energy'

Level (DL ~ 2.7 MeV) used to identify the positron from 12iV decay.

In addition to their use in defining a valid coincidence for a trigger,

these energy threshold levels were used to define the 2-bit ADC value for

pre-trigger information. Comparison with the LL, ML and UL thresholds

characterizes the analog signal into one of four possible states, which were

interpreted as a non-linear 2-bit ADC value. Table 3 lists average ADC

channel and equivalent energy for each of the threshold levels when data

acquisition began. The equivalent energy thresholds were determined using

the trigger energy information, which included both the 2-bit ADC and the

full 8-bit linear ADC information. The DL threshold was raised by about

about 25 percent in 1984 after the first fifth of the data was collected.

ADL register A(l) was an 8-bit by 80-deep (8 x 80) shift register used

to record the pretrigger information. The 2-bit ADC values for each of the

four counters serviced by the ADL module were clocked at 2.4 MHz (416.7
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Online Threshold Levels

Threshold

Level

LL

ML

UL

DL

2-Bit

ADC value

1

2

3

—

Equivalent

8-bit ADC

18

52

>256

42

0% Pass

0.74

2.5

13.5

2.0

AE (MeV)

50% Pass

0.84

3.0

15.9

2.4

100% Pass

1.0

3.4

18.2

2.7

TABLE 3: Equivalent energy and 8-bit ADC channel for typical setting of
the online thresholds.

ns) through the shift register. A valid trigger stopped the clock and thus

retained a 33.3 fis history of activities in each scintillation counter. Due to

various systematic delays the prompt trigger was typically recorded at time

bin 77 of 80.

Following a trigger, the Control Module enabled the digitization of the

analog PMT signal for the trigger and all subsequent activities above the

DL threshold to look for the 12N(/3+)12C transition. Digitization was ac-

complished by 7 iterations of charge division and comparison, yielding an

8-bit (256 channel) ADC value. The analog-to-digital conversion took 16 /zs

per activity. If a second delayed activity occurred while the digitization of

the previous signal was still in progress, the corresponding 2-bit ADC value

for the second activity was also recorded. A 60 kHz clock incremented a 12-

bit counter which served as a time-to-digital converter (TDC) with 16.67 (is

resolution. The contents of the TDC counter and the digitized ADC value
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were stored in RAM until the end of the ^ost-trigger time period 68 ms

after the trigger.

At the end of the post-trigger period, the A(2) register contained the

ADC and TDC values for up to 32 activities, including the trigger. The

A(3) register contained 12 bits of information relating to the coincidence

pattern for each of the activities stored in A(2). The 12th bit in A(3) was

set if the activity recorded in A(2) occurred within 20 fis of the most recent

veto from the anti-coincidence system (see below).

Energy Resolution

The absolute energy scale was set by the known energy deposited by

through-going cosmic-ray horizontal muons and by electrons from cosmic-

ray muon decays within the detector. The next chapter describes the cali-

bration technique. It was not possible to expose the neutrino detector to a

calibrated electron beam, so the energy resolution and characteristics were

determined using a Monte Carlo simulation of electrons in the detector.

Figure 9 shows the fractional spread in the measured value of the visible

energy for monoenergetic electron samples as a function of electron energy.

The experiment obtained a resolution of 8EV" jEioi of about 18 percent for

60 MeV electrons, improving to 10 percent for 20 MeV electrons. The res-

olution improved with decreasing energy because of the decreased fraction

of energy deposited in flash-chambers, where no energy measurements were

possible.

Figure 10 shows the visible energy deposited as a fraction of total energy
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FIGURE 9: The width (lcr) of the visible energy distribution for monoen-
ergetic samples of electrons as a function of electron energy. The result is
based on simulated electron events.

46



for 50 MeV and 20 MeV electron samples, as estimated by the Monte Carlo

simulation. The visible energy is about 60 percent of the total electron en-

ergy due to energy loss in the flash chamber modules between the scintillator

planes. The tail towards low energy is caused by the varying pathlength

inside flash chamber modules. The low energy tails were larger for higher

energy electron samples. The presence of the long tails complicated the

event-by-event determination of the total energy from the observed visi-

ble energy, but in general the total energy was given approximately by

Elot = 1.6E™.

D Flash Chamber Modules

The design[51], construction [52] and performance[28] of the flash chamber

system have been reported in detail previously. A review of significant

highlights is given below.

Hardware Details

The Flash Chamber Modules were used for high resolution tracking of

charged particles in the central detector. The modules were interspersed

with the scintillators to observe several track segments per event. Each

flash chamber module consisted of 10 panels of extruded black polypropy-

lene, with rectangular (0.5 cm x 0.6 cm) tubes running the length of the

extrusion. A single 305cm x 305cm panel contained 520 tubes in a direction

transverse to the direction from the beam stop. An expanded view of one

FCM, showing construction details such as the flash panel orientation, gas

distribution manifold and location of the read-out hardware, is shown in

figure 11.
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Visible Energy as Fraction of Total Energy
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FIGURE 10: The Evi'jEiot distributions for samples of 20 MeV and 50
MeV electrons. The result is based on simulated electron events.
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Each FCM module was constructed by glueing 10 flash panels together.

Each panel had its own aluminum ground foil glued on. In order to re-

duce the backgrounds from neutrino-induced reactions on aluminum nuclei,

the high voltage foil was affixed only to alternate panels. This resulted in

less than optimal performance when the panels developed small separations

during the course of installation. Therefore, each module was fitted with

an air-filled saddle bag placed between the adjoining scintillators and the

outer flash panels. The bags were filled to 1 psi (gauge) which imparted 7

tons of force to squeeze the panels together. This stress did not affect the

FCMs structurally, but did significantly improve the overall efficiency of the

entire system.

The flash chamber was a pulsed device. When a charged particle tra-

versed the panel, it would ionize the gas. If a coincident trigger occurred

a very large (8 kV, 200 kA) high voltage pulse was applied. A plasma dis-

charge was formed which propagated down the length of the tube. At one

end of the tube a capacitive pick-up would detect a large voltage increase

on the order of one hundred volts. The voltage was stepped down via a

resistor divider network and sent to a TTL latch. Following the trigger the

TTL latches were read by 5 microprocessors, each reading 8 modules. The

TTL latches were read in series by each microprocessor. The microproces-

sor passed along the tube address and panel number for each hit tube. Of

the 208,000 tubes in the detector, an average of a few hundred would be lit

for a typical neutrino-induced event. The read-out took 12 ms, but there

was a necessary one second delay before the data was available for CAMAC.
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FIGURE 11: Exploded view of a flash chamber module, showing the loca-
tion of the read-out electronics, gas manifolds and flash panels.
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The FCMs operated with 90 % He / 10 % Ne gas flowing in parallel

through the forty modules. The flow rate for each FCM was adjusted using

distribution manifolds attached to each module. The gas was too expensive

to simply vent after one use. A recirculation and purification system was

developed, as illustrated in figure 12. Two molecular sieves were used to

clean the gas, with one in operation while the alternate was regenerated.

Impurities in the gas were kept at a constant level by allowing a calibrated

fraction of the gas to bypass the sieves. When the gas became too dirty,

the efficiency would decrease dramatically; when the gas became too pure,

flashover (sparks in tubes adjacent to the actual track) would occur. Fig-

ure 13 shows the average flash chamber efficiency for a series of runs. An

average run lasts between one to two days. The degradation in FCM effi-

ciency as the sieve became dirtier is obvious, as is the sudden increase in

FCM quality following the sieve change.

Custom-made high voltage pulsers [53] were constructed to provide the

high current/ high voltage electrical pulses needed to generate the plasma

discharge. Special care was taken to provide the necessary pulse rise time

of less than 150 ns and uniform voltage for the entire 500 ns pulse. Twenty

pulsers provided the voltage for the forty modules. The energy stored in the

capacitors of each pulser represented the most significant physical hazard

in this experiment. Approximately 2 pulsers a week required replacement

during data acquisition due to mechanical failure of a capacitor in the pulse-

forming network. The pulser charging time limited the trigger rate to one

per second maximum. A hold-off circuit was installed to disable triggers for
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FIGURE 12: Schematic of helium-neon gas recirculation and purification
system.
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one second following each trigger, but with a mean trigger rate of 1 per 60

seconds this was not a significant source of dead-time.

Angular and Spatial Resolution

It was vitally important that the FCM system maintain good angular

resolution and track-finding efficiency. Track-finding efficiency is discussed

when tracking cuts are introduced in Chapter 5, Section D.I. The angu-

lar resolution improved with increasing 'FCM efficiency'. FCM efficiency

is denned as the ratio of flash chamber panels with at least one hit tube

to the number of panels traversed. The resolution was determined from

investigation of muons traversing the entire detector and by Monte Carlo

simulation of the detector response to electrons.

Calibration triggers were taken on muons traversing the entire length of

the detector. These muons were expected to multiply scatter by less than

0.5 degrees over the course of the entire detector. Figure 14 shows the cosine

of the angular difference between the muon track angle reconstructed using

all forty modules and the result using just three consecutive modules. Since

the standard neutrino-event trigger contained about 3 FCMs this figure is

a good estimate of the tracking resolution.

Nevertheless, there are some differences between the track characteris-

tics of electrons and muons, notably the multiple scattering and low energy

bremstrahlung from electrons. These differences have been observed in other

calibration events using electrons from cosmic-ray muon decays. The reso-
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Angular Resolution For Muon Tracks
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FIGURE 14: Difference between reconstructed muon track angle using
three FCM modules and the reconstructed angle using all forty modules.
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FIGURE 15: Mean error in reconstructed track angle for normally incident
electrons, as a function of electron energy. This result was obtained with
Monte Carlo simulated electrons.

lution for electrons is investigated using the Monte Carlo simulation.

Figure 15 shows the mean angular error for normally incident electrons,

as a function of the electron energy; it is determined by the Monte Carlo

simulation. The angular resolution is shown to decrease from ±8 degrees

for 50 MeV electrons to about ±9 degrees for 15 MeV electrons. There is a

more dramatic shift in the resolution as the FCM efficiency was degraded.

Figure 16 displays the results for the resolution for a monoenergetic electron
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FIGURE 16: Mean error in reconstructed track angle for normally incident
30 MeV electrons, as a function of the FCM efficiency. This result was
obtained with Monte Carlo simulated electrons.

sample with varying FCM efficiencies. The range of efficiency encountered

during actual data acquisition is indicated by the region between the dashed

lines. The average resolution was 9.3 degrees.

E Massive Shielding

Although not an 'active' component of the detector system, the massive

shields were vital to the success of the experiment and their configuration

influenced the data directly. The entire detector system was placed within

a concrete and steel blockhor.se to attenuate the hadronic component of the

cosmic radiation. For the first quarter of the experiment the roof consisted
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of a stack of at least 122 cm of steel and 183 cm of concrete, corresponding

to more than 1350 g/cm2of overburden. The walls were constructed with

steel counterweights and concrete blocks, and had a minimum thickness of

99 cm of steel (772 g/cm2). More than 630 cm (~ 5000g/cm2) of steel

shadowed the detector from the beamstop neutrino source.

Following a differential shielding test an additional 30.5 cm of steel was

added to the roof. The additional shielding reduced the cosmic-ray trigger

rate from 300 hr"1 to 200 hr"1, due primarily to a reduction of the hadronic

component from 130 to 35 hr"1. The effect is apparent even at the analysis

level, after all 'offline' restrictions and cuts have been applied to the data.

For the data set used to determine the neutrino signals, the cosmic-ray

induced background rate is 13.75 ± 0.16 hr"1 for the earlier data, compared

to 9.37 ± 0.08 hr"1 for the latter three quarters.

Another obvious influence of the shielding stack was the considerable

asymmetry in the cosmic-ray background rates in the back (southern end)

compared to the front (north) portion of the detector. Because the beam-

stop was to the north, the shielding was much more massive to the north

of the detector than to the south. Consequently the cosmic-ray flux was

much less severely attenuated towards the southern end of the detector.

The resulting asymmetry in trigger rate is shown in figure 17, which is a

histogram of cosmic-ray triggers observed per detector layer. Layer 40 is

at the back (southern) end. Again, a proportionate fraction of these back-

ground induced triggers survive the data analysis cuts; the data displayed

in figure 64(d) demonstrates that the cosmic-ray induced events are still
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concentrated towards the back of the detector even after the analysis re-

strictions have been applied.

The central detector was separated from the beam stop by about 6.3 m

of steel throughout the period of data collection. An 0.35 m thick section

of steel immediately next to the beam stop was replaced by an 0.38 m ura-

nium block for the latter half of the data. The high energy neutron flux

reaching the detector was reduced by a factor of two following the increased

shielding. However, the online trigger rate decreased by only 18 percent

indicating that high energy neutron-induced events were effectively elimi-

nated by the trigger requirements. In fact, the rate of events passing all

cuts followed the neutrino flux more closely than the raw proton current,

indicating that most events satisfying the offline restrictions were neutrino-

induced electrons (c/table 10).

The active anti-coincidence MWPC system (discussed in the next sec-

tion) was directly inside the outer concrete/steel shielding. A lead and steel

inner gamma-ray shield was present between the MWPCs and the central

detector. The inner shield was 13.3 cm thick (7.6 radiation lengths) steel

plates. On the north and south wall, and the roof, the shield was aug-

mented by 2.54 cm lead plates (4.5 radiation lengths). High energy photons

not absorbed within this shield were converted into electron-positron pairs.

Triggers caused by these electrons could be identified and rejected by elim-

inating trigger events not completely contained within the detector.
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F MWPC Anti-coincidence System

Design Considerations

The anticoincidence system needed to be quite large in order to com-

pletely enclose the entire detector. It had to be stable and operate reliably

for long periods of time without repair since most of it was inaccessible

due to shielding requirements. The system had to reject incoming particles

with high efficiency, yet not introduce excessive dead time due to random

signals. Recording a long history of activity prior to the trigger allowed

the veto gate to be shortened (to increase live time) without sacrificing the

ability to reject penetrating backgrounds in the offline analysis. These re-

quirements were met by using a segmented shield composed of robust wire

chambers monitored by custom signal processing electronics.

Summary

Even with the attenuation in the passive shielding, more than 2000

muons per second entered the central detector. Active shielding was achieved

with a MWPC anticoincidence system consisting of 594 proportional cham-

bers enclosing the 5.8 m x 5.8 m x 5.8 m interior of the steel and concrete

blockhouse. The anticoincidence system provided a prompt 'veto' to disable

triggers when particles were detected entering the system and recorded up

to 33 (is of history prior to each trigger.

The MWPC anti-coincidence counters were arranged in four layers on

the roof and on each of the four walls. A veto was issued whenever counters
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on at least two of four layers of any wall detected a charged particle in co-

incidence. Each veto would disable the detector from triggering for a time

determined by the trigger mode. The 'two out of four' method provided

the necessary redundancy to maintain a very high efficiency for vetoing in-

coming muons, while minimizing the veto sensitivity to individual counter

efficiencies. The average veto rate was 6.5 ± 0.2 kHz, resulting in a dead-

time of 13 ± 0.4% while reducing the cosmic-ray background trigger rate by

4 x 105.

The counters were operated with a typical anode voltage of 2650 V and

a 50% Ar - 50% CH4 gas mixture. The gas flowed through the system on a

one-pass basis, at a rate of about forty liters/hr (about 1 volume per month).

Because the particulars of the veto system operation have not been re-

ported in print, the remaining text in this section provides increased detail

on the construction, installation, operation and testing of the MWPC sys-

tem.

F.I Single Counter Construction

Each MWPC was formed from an aluminum extrusion, 4.8 cm high by

20.3 cm wide, divided internally into eight triangular cells as shown in Fig-

ure 18. The counters varied in length from 2.7 m to 5.8 m long, depending

on location in the shield (see section F.2). The ends of the extrusion were

sealed by a 0.63 cm thick aluminum plate, with eight feedthroughs with sol-

der lugs centered on the triangular cells. One end had the gas inlet, outlet,

and a box to house the electrical and electronic components. Notches (1.27
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Sketch of a single MWPC counter.
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FIGURE 18: Cut-away view of the extruded MWPC counter shell

cm in diameter) at alternate ends of the extrusion cells allowed the gas to

flow through the counter (up one cell, down the next) in a serial fashion.

A 45 fiTD. gold-plated tungsten wire was strung down the center of each

triangular cell, aligned by the feedthrough. The wire was held at 3.5 N

tension by epoxy which also sealed the opening around the wire. The wire

was wrapped around the solder lugs and soldered to ensure tension and

electrical contact.

A positive high voltage was applied to the eight wires. When a charged

particle traversed the counter and ionized the gas, the free electrons were

accelerated towards the anode wires. The electric field was high enough
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that each free electron liberated other electrons along its path. The chain

of subsequent ionization led to an avalanche of electrons that were detected

at the wire using the signal processing electronics.

Signal Processing

When radiation ionized the carrier gas the negative charge was collected

on the anode wires. The anode wires in each of the eight individual cells

were electrically connected to form a single signal output per counter since

finer spatial information was not needed. The signal was picked up via a de-

coupling 2.2 pF, 6 kV capacitor attached to the anode wire. The avalanche

signal was then amplified by a low noise NE-592 amplifier. The amplified

signal was sent to a discriminator whose threshold was set by an adjustable

low voltage supply. If above threshold, the signal triggered a one-shot cir-

cuit with 600 ns output Emitter Coupled Logic (ECL). Shown in figure 19

are electronic schematics for the above processing electronics.

The signal was converted to a standard ECL logic level before trans-

mission through the long signal cables to reduce sensitivity to the limited

signal cable bandwidth. The 600 ns pulse width was selected because sig-

nal collection times varied up to several hundred nanoseconds due to slow

charge collection from particles traversing near the corners of the triangular

ceils. The ECL signals traveled 50 m of cable into the counting house. The

signal was fanned-out to four destinations; one output went to the fast veto

logic (section F.3), while a second output went to shift registers for storage

prior to data acquisition (section F.4). The third output went to a back

panel connection where it was available for diagnostic purposes. The fourth
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FIGURE 19: Schematic of the low noise amplifier circuit and signal pro-
cessing electronics.
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output went to trigger a 2 fis one-shot that served to hold-ofF further sig-

nals from that counter; this hold-ofF was necessary to reduce double pulsing

caused by large amplitude signals when particles passed at shallow angles

relative to the anode wire.

F.2 Installation

The aluminium extrusions were close-packed in four layers on the roof

and four walls. Table 4 lists the number and length of counters on each

wall and the roof. The roof counters were laid horizontally, oriented in the

north-south direction and stacked from east-to-west. These were the longest

counters in use, being 579 cm long each. The North, East and West walls

were each stacked with the 521 cm long counters mounted vertically. The

counters were stacked along the direction parallel to the corresponding side

of the detector. The western half of the South wall was constructed simi-

larly. The eastern half of the south wall was composed of shorter counters,

285 cm long, mounted on a motorized cart. These were called the 'door

counters', as they formed a mobile door that could be rolled behind the

other South wall counters to allow access to the central detector. Station-

ary counters formed an overhang to complete the distance between the floor

and the roof. Care was taken to ensure sufficient overlap at the wall, door

and roof junctions. Nevertheless, an additional sixteen 'crack counters' of

varying length were arranged to completely cover each edge of the cube

formed by the walls and roof. There was a single layer of twenty-two 457

cm long counters on the floor which were not used as part of the online veto

requirements.
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Roster of MWPCs per Wall

Shield

Location

Roof

East Wall

West Wall

North Wall

South Wall

West Half

Door Overhang

Door

Floor

Crack/Overlap

Number of

MWPCs

104

108

104

92

60

36

52

22

16

Counter

Length (cm)

579.1

520.7

520.7

520.7

520.7

274.3

284.5

457.2

213.4 — 520.7

TABLE 4: Listing of length and number of MWPC counters per location
on the anticoincidence shield
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The wall counters were mounted with the electronic and gas input/output

on the end nearest the floor, where they could be accessed depending on

their position. There was approximately 60 cm between the lower end of

the counter and the floor, bui access was more restricted because the in-

ner gamma shield extended to the floor except for a few access slots. The

roof counters were covered by the cosmic-ray shielding and so the counters'

electronics were inaccessible. The low voltage and signal connections for

these counters were accessible via a patch panel. Despite the difficulty in

performing maintenance, only one roof counter and one door counter were

totally worn out after six years of operation.

The argon-ethane gas mix flowed serially through all counters on a wall

on a one-pass basis and was vented through oil bubblers to the atmosphere

just outside the shielding enclosure. A calibrated mixing system maintained

the flow rate through all counters, with separate flow controls for each wall.

The rate was slightly higher on the roof due to the increased volume. The

entire gas system was exceedingly stable and impervious to leaks. The gas

flow was non-diffusive which allowed the entire system to be flushed by a

single pass of new gas.

The low voltage to supply the threshold and power the electronics was

provided by six high current supplies, one per wall. The power was dis-

tributed by a serial daisy chain of all counters on each wall. The nominal

supply voltage was 7 V but all signal electronics was operated after this was

stepped down to 5.2 V on each electronics board. This step down elimi-
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nated problems caused by the inevitable resistive voltage losses along the

daisy chain.

The high voltage was provided by six separate positive high voltage sup-

plies. Again the power was supplied in daisy chain fashion serially for an

entire wall. On the occasions when a counter needed to be bypassed, a

small jumper cable would suffice. The MWPCs drew about 1 fiA per wall,

or around 50 nA per counter, when the rate was 400-500 Hz per counter.

The roof, which had a higher count rate because of the greater angular cov-

erage for cosmic-ray muons, drew slightly more than average current. The

supplies were set to trip off if any MWPC drew more than 10 times the

average current.

The signals from each MWPC were sent via individual signal cable

to the central data acquisition equipment. Custom circuitry was used to

collect signals from the MWPCs, process and condense the data, and make

the information available via CAMAC to the data acquisition system and

via signal cable to the fast veto logic for the active anticoincidence.

F.3 Veto Logic

The veto logic is shown schematically in the figure 20. The signal out-

put destined for the veto logic first was fed into programmable array logic

(PAL) chips that served as fast 16-input OR gates. There were typically

two PALs per layer (for 24 counters), leaving some extra inputs for rewiring

faulty connections. The output of the PALs was used to provide a single
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Veto Logic

FIGURE 20: Logic Diagram for the veto logic. The logical OR of all coun-
ters on each wall layer were used to define multiplicity logic signals for each
wall. The OR of the 2/4 from each wall and the roof formed the veto used
in the experimental trigger decision.

70



output signal per layer per wall. The south wall and door provided sepa-

rate signals. The "crack" counters were included in the logic for each of the

adjoining walls.

The signals for each layer of each wall were sent into hardwired logic cir-

cuits that put out various multiplicity signals for each wall. The multiplicity

logic signals were available separately from each wall for 1/4, 2/4, 3/4 or

4/4 layers in coincidence. An additional signal giving only the highest coin-

cidence level was also available but was not used in practice. The standard

veto gate was issued when there was a 2/4 coincidence on any wall or the

roof. Thedecision to use the 2/4 (and to construct four layers of MWPCs

per wall) was based on analysis of the residual inefficiencies and accidental

veto rate introduced for different majority logic levels, as discussed below.

If each MWPC is assumed to have an inefficiency of 6 (and an efficiency

of e = (1 — S) ) for producing a signal within 600 ns of traversal by a

cosmic-ray muon, then for a muon passing through one counter on each of

the four layers the efficiency en for registering a majority logic signal of n/4

or higher is

en = J2b2SA-nen (3.2)
i=n

where 6j is the binomial coefficient. The first column of Table 5 lists the

value for the residual inefficiency, 6n = 1 — en, for producing a majority logic

signal of n/4 or higher.

Although high efficiency is necessary, the actual veto rate must be kept as

low as possible to reduce dead time. The rate of accidental veto signals can
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Accidental Veto Rate and Residual Inefficiency per Wall

Majority

Logic

Level

> 1/4

> 2/4

> 3/4

> 4/4

Fractional

Inefficiency

1.6 x 10"7

3.2 x 10-5

2.3 x 10~3

7.8 x lO"2

False

Veto Rate

(xJZo)

95

0.86

2.5 x 10-3

5 x 10-6

Leakthrough

Trigger Rate

(Hz)

8 x 10-5

0.016

1.2

38.

Veto

Rate

(Hz)

24250

715

501

462

TABLE 5: Inefficiency for incoming charged particles and rate for faLo
vetoes as a function of the chosen majority logic level. Entries are evaluated
for typical values of the individual counter inefficiency (6 = 0.02), singles
count rate (jRo = 250Hz), counters per layer (24) and incident muon rate
per wall (i2M = 500Hz). Details are given fn the text.
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be estimated from the average singles rate and the length of the coincidence

gate. Veto signals introduced a dead time of 2 percent per kHz because the

veto gate was set to 20 [is. For MWPCs under normal operating conditions

inside the cosmic-ray shielding the single rate (J?o) was between 250 - 300

Hz per counter. The accidental coincidence rate for two counters was 2R\t

where t — 600ns was the coincidence gate. Denning C\ = Rot « 1.5 X 10~4,

a layer with 24 counters produced an average of R\ = 24/2o(l — C%) signals

per second. The rate for any two layers to produce a 2/2 coincidence was

R3 = R\t = R\C2 (C3 = Rit). Then for four layers, the rate for producing

an accidental majority logic signal of 2/4 or greater was approximately,

(3.3)

4
where | | is the number of combinations of 4 objects taken n at a time.

n
The relative rate for accidentals, in terms of the single counter singles rate,

RQ is tabulated in the second column of Table 5.

Using observations that the average shield wall was traversed by R^ =

500 or more muons per second (the rate was more than doubled on the roof

and south walls) the final two columns list the residual leakthrough rate and

veto rate per wall. The 2/4 logic is shown to be highly efficient, without

introducing an undue veto rate. Also by evaluation of the explicit formulae

(3.2) and (3.3) for n = 3 or 5 layers one can see the impracticality of using

only three MWPC layers per wall and the lack of need for a fifth layer per

wall.
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The logical OR of the 2/4 signals from all of the walls and the roof was

the veto for the trigger decision logic. A logical AND of the 3/4 signal from

the N and S walls was used to define a through- going muon for calibration

triggers.

F.4 Data Storage / CAMAC Read-out

After the ECL signal from the counters was fanned out, one output was

sent to an 80-deep static shift-register which served as the memory for the

pre-trigger activities. The shift register was clocked by a 416.7 ns (2.4 MHz)

timing signal from the Control Module(pg. 42). This provided a continu-

ous 33 fis history of hits in each counter. Following a trigger, the clock was

disabled and the 33 [is history was read-out by a custom CAMAC device.

Read-out was initiated by enabling the shift registers' rotate bit, making

the shift registers act as a circular buffers. After the rotate bit was toggled,

the oldest time slot was read into a parallel to serial (P/S) registers. The

P/S registers were read serially. Separate counters kept track of what time

slot and MWPC address (counter number) was being read as the read-out

serially progressed through the data from each MWPC channel. When a

non-zero bit was detected, the time (8-bits) and address number (12-bits)

was sent into first-in-first-out (FIFO) memory. When the last bit of the P/S

was detected, the time counter was advanced and the address counter was

reset Read-out then continued throughout all MWPC addresses until all

80 time slots had been read. It took about 56 ms to read through the entire

33 microsecond history. For a typical event about 200 out of the (80 x 594)

channels would contain a hit. The FIFO memory was loaded into CAMAC

buffers and was read by the data acquisition computer asynchronously with
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the P/S register read-out.

F.5 Gas Tests

During the earliest data runs it became apparent that certain regions

of the MWPC shield were inefficiently vetoing incoming particles. If the

tracks for events entering the detector were extended to the entrance or

exit point on the MWPC wall, it was found there was an apparent line of

leak-throughs on the north wall. It was hypothesized that the inefficiency

was due to a stacking irregularity. This resulted in slower than average

collection of charge necessary to trigger the MWPCs when particles passed

through this path and thus above average chance of the anticoincidence

signal arriving too late to veto the trigger. This hypothesis was consistent

with repeated observations that the cosmic-ray induced trigger rate could

be reduced by up to 35 percent by delaying the trigger decision an addi-

tional 150 ns to allow more time for the veto signal to arrive. Such a delay

could not be instituted for data purposes, due to limited delay line storage

of the PMT analog signals. Therefore the performance of MWPCs with

different gasses at several operating voltages was investigated in an effort

to find a gas with faster signal collection time.

The test system measured the time-of-arrival curve for signals in a single

drift tube. The test system (Figure 21) consisted of a single 274 cm counter

and two 23 x 23 cm2 scintillation paddles. A start signal was sent by a

coincidence of the scintillation counters (Si * S2) and the stop sent by the

signal from the MWPC (A). Both scintillation counters were placed above
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FIGURE 21: Schematic diagram of experimental arrangement for gas-test.
(a) Physical Layout.
(b) Logic Diagram
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FIGURE 22: Time of arrival for two candidate MWPC gas mixtures oper-
ating at optimal voltage.

the MWPC to increase sensitivity to large angle muons. The time-of-arrival

curve was recorded as a histogram of stopping times oil a Lecroy QVT op-

erating in Time mode. With this simple system, several argon-ethane and

argon-methane gas mixtures were tested at a variety of voltages.

Figure 22 shows the results of tests with two candidate gas mixtures.

These two mixtures achieved the same overall efficiency during the full 600

ns coincidence gate. But the 25% argon- 76% methane mixture, operating
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at higher voltage, collected charge significantly faster. The counters were

seen to collect charge faster as the voltage increased for argon-methane op-

erating mixtures, The argon-ethane mixtures did not demonstrate increased

collection speed; this is consistent with independent measurements of ion

drift velocities as a function of voltage[39]. It was found that the counters

collected charge faster when operated with argon-methane mixtures than

when operated with argon-ethane mixes with the same fraction of argon,

even though the counters were operated at similiar voltages.

When the argon-ethane mixtures were used the counter could be oper-

ated at reduced voltage without sacrificing detection efficiency. However,

the argon-methane mixtures required optimal high voltage in order to main-

tain high detection efficiency. Figure 23 shows the relative integral efficiency

versus collection time for the above gas mixes operated at three voltages.

The first voltage is the nominal best voltage, the second voltage is 100 V

lower, and the third is 200 V lower. The counter lost about 3 percent of its

efficiency when operated with 50% argon- 50% ethane at reduced voltage,

but it lost about 15 percent when using 25% argon- 75% methane under si-

miliar conditions. Such a loss of efficiency in the detector installation would

be disasterous, as can be readily quantified using eq. (3.2) with 6 ss 0.2 !

The MWFCs could not be operated at an arbitrarily high voltage. When

the voltage was raised too high there could be a discharge between the de-

coupling capacitor HV lead and the grounded aluminum extrusion. Some

counters would draw unacceptably high current when operated at voltages

exceeding a limit that depended on details of the individual counter (e.g.,
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sag, orientation). There were nearly 100 counters per high voltage supply,

one supply per wall. Thus the entire wall was operated at a voltage de-

termined by the "weakest" counter. For most counters, this voltage limit

exceeded 2600 V. About one dozen could not handle 3050 V. Therefore it

was impossible to operate the full system with argon-methane at optimal

voltage. The sharp efficiency fall-ofF with decreased voltage eliminated the

choice of operating with an argon-methane mixture. Despite its increased

signal collection speed, argon-methane mixtures were not suitable for use

in the full anti-coincidence system.
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Chapter 4

Experimental Aspects of

Neutrino Scattering : Signals

and Backgrounds

This chapter describes the expected rates and experimental signatures

for the neutrino reactions observed in the experiment. The different reac-

tions are distinguished by the individual kinematic (recoil energy and angle)

distributions of the produced electrons. Section A describes the kinematic

distributions for the neutrino events. Section B describes the rates and

characteristics of the experimental backgrounds for these reactions.

A Neutrino Signals

In colloquial terms, the signal for a i/-induced event was "nothing-in

/ electron-out "... in other words, a single contained electron track and

nothing else in any part of the detector. For the elastic scattering signal,

the electron track was very nearly in the same direction as the incident

neutrino. The carbon inverse-/? decay events were identified by the positron
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from the 13N(gs) —» 12Ce+ve decay which followed the low energy electron

trigger. Reactions with the other nuclei in the detector were also possi-

ble. Table 6 lists the expected rates for each of the individual reactions.

The different reactions were differentiated from each other (and further dis-

tinguished from backgrounds) by the observed distributions for the recoil

angle (#e) and recoil energy (Ee) of the detected electron. Figure 24 shows

the kinematic regions accessible to the various neutrino processes. Three

regions can be separated, each populated primarily by a single class of reac-

tion. The ve~ elastic scattering events are limited to the forward region and

are expected to account for most of the neutrino-induced events with small

recoil angles. The vt
 13C reaction accounts for most neutrino-induced events

at large angles, but with electron energies below 35 MeV. These events are

also present in the forward region where they are a background to the elas-

tic scattering reaction. Neutrino reactions with (13C, 27Al, 35>37CJ) targets

generate electrons in all directions and at all energies below 50 MeV. These

events are backgrounds to both of the above signals and are the predomi-

nant neutrino reaction in the kinematic region beyond the limits for the two

previous reactions. After a general discussion of the identification common

to all processes, the individual processes are discussed in turn in the follow-

ing sections.

All neutrino reactions detected in this experiment were identified by the

recoil electron. In order to eliminate all radioactive backgrounds, only elec-

trons with Ee > 15 MeV kinetic energy could trigger the detector. Energy

conservation forces the recoil election to have at most 52.8 MeV kinetic

energy. The "critical" energy for radiative energy loss in scintillator is~85
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Neutrino Reaction Rates

Neutrino

Reaction

vKe~

i/Me~

u^e~

ve~

ve
12C

ve
13C

i/e
 27Al

i/e
 3 5 - 3 7 C /

Kp

v;l2C

Targets

xlO28

494.

494.

494.

495

63.6

0.707

1.08

0.372

87.4

63.6

(*>

xlO"43 cm3

3.0

0.46

0.47

3.93

131.

1095.

1295.

750.

1020.

95.

Event

Rate

1370

210

215

1775

7700

715

1290

275

82375

5580

Trigger

Rate

395

38

57

490

1230

205

265

50

29600

945

TABLE 6: The expected number of events from various neutrino reactions.
The neutrino electron elastic scattering and vc

 12C reactions were the signals
for this experiment. The event rates are calculated for an exposure to
9.24 x 1014i/e/ cm3 . The sources for the cross-section values are described
in the text. Trigger rate includes the estimated trigger efficiency for each
reaction. For the anti-neutrino reactions the rates are calculated for equal
i/e and Fe intensity, although the actual Fe flux is expected to be about
5 x 10~* of the ve flux.
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MeV for electrons. Therefore, an electron can be identified by a single

ionization track (as opposed to a shower, as for higher energy electrons).

Furthermore, in this energy regime, electrons are the only minimum-ionizing

particles, so can be distinguished by dE/dx measurements.

Neutrinos are 'weakly' interacting, so there will be at most one v interac-

tion at a time in the detector. (The entire detector represents about 10~17

of a neutrino interaction length and the flux is about 4 x 107cm~2 s~1.)

Therefore the presence of any other activity, either track or energy deposit,

in the detector during or just prior to the trigger is a contraindication of a

neutrino-induced event.

A.I ve Reactions

All three neutrino types produced in the beam-stop will contribute to

the elastic scattering event rate. The angular distribution for these events is

highly peaked along the incident neutrino direction. For a trigger threshold

of Ee- > 15 MeV, the reaction is highly relativistic and the Lorentz boost

from the Center-of-Mass to Lab frame pushes the recoil electron into a

narrow cone about the original neutrino direction. In terms of the incoming

neutrino energy, Ev and recoil electron energy, Ee, the recoil angle is given

by :

With Ee = 15 MeV, the kinematic limit is about 12 degrees for 53 MeV

neutrinos and decreases with decreasing neutrino energy to 6 degrees for

20 MeV neutrinos. AL known backgrounds (including other v reactions) to
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elastic scattering are expected to produce electrons to all angles with re-

spect to the incident neutrino direction. Because the measured track angles

have a cos 0e *-* — cos 0e ambiguity all backgrounds appear nearly isotropic.

Therefore, the ve~ signal is manifested by an enhanced 'forward peak', an

excess of events at small 0e compared to an isotropic background. Figure 25

shows the expected angular distribution, before smearing by the detector's

resolution, of electron recoil angles for vee scattering. The detector was

designed to provide high-resolution tracking information to identify this

forward peak.

Additional information was obtained from the energy spectra of the elas-

tic scattering events. Electrons could be produced with energy up to the

maximum neutrino energy (29.8 MeV for v^, 52.8 MeV for V^ and i/e). How-

ever, the electron spectra are relatively flat due to the nearly equal sharing

of energy between the neutrino and electron. The precise shape of the recoil

electron spectrum depends on the y—distribution (y = Ee/Ev) of the dif-

ferential cross-section. The elastic scattering cross-section is proportional

to the neutrino energy, so the electron spectrum is determined by

dN rB™" dcrdN _ [** d<r
dE Jo dy

The recoil electron spectra expected for each of the three elastic scattering

reactions, assuming the WSG model with 'world-average' sin20jy =0.23[7],

are shown in figure 26.

It is worth repeating that all three neutrino species in the beam scat-

ter from electrons. However, there is no way to distinguish the 'flavor' of

neutrino in any individual event. In principle, it could be possible to sta-
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100 0 /

FIGURE 25: The angular distribution of electrons scattered by fe from
the beam-stop source. The inset line is the distribution for electrons with
greater than 15 MeV.
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FIGURE 26: The recoil energy spectra for electrons from elastic scattering.
(a) v^eT —» i/Me~
(b) FMe~ —» F^e~
(c) J/ee~ -» vee~
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tistically separate the reactions from each other by their distinctive recoil

spectra, but this experiment did not have sufficient resolution to do that.

Fortunately, the v^eT —> v^e' and i/^e" —> FMe~ reactions have been mea-

sured in earlier experiments at high energy accelerators. Therefore, the

contributions expected from these two species can be subtracted from the

total ve~ rate to obtain the vee~ signal. For sin2#ip = 0.23, WSG theory

predicts that uee~ events should outnumber (fMe~ +u^e~) by 4:1.

A.2 Comments on Inverse-/? Reactions

For i/e-nucleus scattering, the target mass is much greater than the max-

imum incident neutrino energy, Mff » E^**. Therefore, in contrast to

veT scattering, there is no Lorentz boost along the direction of the incident

neutrino, the outgoing electron is emitted with nearly all of the excitation

energy, and the total cross-section depends on E*. The total cross-section

for vN scattering is typically one or two orders of magnitude larger than

for ve~ scattering, because of the difference in target masses. However,

the cross-section for a specific reaction depends critically on details of the

nuclear transition, e.g. transition matrix elements and the excitation energy.

Conservation of momentum forces the electron to carry away nenxly

all of the kinetic energy, so E~ « Ev — Q, where Q = Mj — Mi + me

is the threshold energy for the Ai(ve,e~)Af reaction. The cross-section

(which is proportional to available phase space) rises with (peEe ~ E*), so

<r(veA) ex {Ev - Q)2.
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The electron angular distribution is determined by the nuclear transition

matrix elements. The angular momentum and spin transfer for a particular

transition determine the angular dependence for the outgoing electrons. For

'allowed transitions' the angular distribution is

ail

The 'asymmetry parameter', A, is determined by the strength of the Fermi

matrix element, {F), and Gamow-Teller matrix element, {GT) by [22]

... {F? UGTY
(F)* + 7i(GT)* K '

The factor, r\ — (GA/GV)2 ~ 1-54, is the ratio of the axial-vector to vector

couplings for nuclear /9-decay. For the simple example of a pure Gamow-

Teller (AJ = 1, A/ = 1, AP = no) transition such as 12C(gs) -+ 12N(gs) ,

(F) = 0 and % = 1 - | cos 0.

For the discussion in the following sections the expected angular and

energy spectra were determined using computer codes supplied by T.W.

Donnelly [41].

A.3 ue
 12C Reactions

Carbon accounts for 87 % of the detector mass and inverse /3-decay of

carbon was expected to be the most abundant neutrino-induced reaction in

the detector. The Q-value for ue
 12C -> e~ 12N(gs) reaction is 17.4 MeV

which limits the prompt electron to have less than 35.4 MeV total energy. As

already mentioned, these electrons are expected to be produced in all direc-

tions. The majority of v events occurring at | cos0e |< 0.96 and EK < 35.4
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FIGURE 27: Electron energy spectrum for i/e
 12C reactions. The spectra

for electrons produced in reactions leading to the nitrogen ground state are
shown as a solid line. For reactions leading to excited states of nitrogen,
the spectrum is shown as a bar plot. The curves are normalized such that
the total area under each is proportional to the expected total cross-section
for the transitions.

MeV are due to v\K! reactions. About 75 % of the total cross-section is ex-

pected to be for reactions to the nitrogen ground state, ve
 17C —* e~ 12N(gs)

. The vt
 12C -> e~ 12N(gs) transition (T,JP = 0,0+ -» 1,1+) is the inverse

of the allowed Gamow-Teller decay of 12N(gs) . The electron spectrum and

angular distribution computed by Donnelly for i/e +
 13C —> e~ + "JVwith

beam-stop electron-neutrinos are shown in Figures 27 and 28, respectively.

The exclusive reaction to the ground state of nitrogen was identified by
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FIGURE 28: Angular distribution of electrons produced in i/e
 a Ĉ7 reactions.

The solid line is the expectation for vc
 12C —> e~ 12iV(^5) reaction and the

bar plot is the distribution for reactions to excited states of nitrogen. The
area under the curves is normalized by the total cross-section
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Branching Ratios for 12N(gs) Decay

Branching in l2N(0~)1JC

Decay to "C

gs.
4.44
7.65

10.3
12.71
15.11

Branch (%)

94.55 ±0.60
1.898*0.032")

2.7 ±0.4
0.46±0.15
0.29 ±0.13
(4.4±1.5)xl0"3

Log/'*)

4.120 ±0.003
5.149 ±0.007
4.34 ±0.06
4.36 ±0.17
3.54 = 0.16
3.30s:O.I3

References

(A178)
(Ka81l)
c)
e)
d)
")

*) Based on T , / 2 = 11.000±0.016 msec and Qa.
b) For other values see table 12.20 in (Aj 80).
c) Mean of values quoted in (Aj 75).
d) See (Aj 80) for reference.

l2N(/3"-)»C < 17.338

TABLE 7: Branching fraction and decay energy for 12N(gs) positron decay.
From reference [42]

the 12N(gs) decay. The 12N(gs) decays by positron emission,

1 2 j

with a lifetime of 15.87 ms and e+ endpoint energy of Ep = 16.4MeV. The

major branching ratios for the 12N(gs) decay are listed in table 7. About 94

% of all 12N(ga) decay to the 12C(gs). The excited states of nitrogen are all

proton-unstable (decay to "C +p) and so do not contribute to the /3-decay

rate[42]. This makes the delayed coincidence of the positron decay following

an electron with less than 35 MeV total energy a well-defined signal for the

exclusive reaction.
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The total event rate for transitions to excited states of 12N is somewhat

suppressed because the excited states wavefunctions all have much less over-

lap with the 12C ground-state wavefunction and the reactions have larger

Q-values, than for the transition to the nitrogen ground state. Detailed

calculations by Donnelly [41] predicted the sum of all excited state channels

should equal to roughly 35 % of the cross-section to the 13N(gs) . The

largest contributions are due to excitation of the 2~ (4.1 MeV) resonance

and 1~ (7.4 MeV) resonance.

A.4 ueA {A = 13C, 27Al, Cl] Reactions

Strictly speaking, the reactions covered in this section belong to the cat-

egory of 'neutrino-induced backgrounds', not signals. However, because the

analysis was designed to select events with properties of neutrino-induced

electrons, these events will also be accepted as signal-like reactions. The

nuclear targets described in this section all contain an odd-number of neu-

trons, which substantially reduces 'Pauli-blocking' effects that tend to re-

duce the veA cross-section. Furthermore, these nuclei are typically more

weakly bound than carbon, so inverse-/? transitions occur with a much lower

Q value then for i/e
 12C . Each of these targets is expected to have a cross-

section for inverse beta-decay that is an order of magnitude larger than

<r(vc
 12C). The low Q-value also results in more energetic electrons which are

detected with higher probability than lower energy electrons due to detector

acceptance considerations. Given the relatively large cross-sections and de-

tection efficiencies for these reactions, these nuclei account for a substantial
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( 20%) fraction of neutrino-induced events even though they constitute only

three percent of the nuclear targets. These reactions will produce events

that occur with energy above the kinematic limit for the ve +
 12C —> e~ + 12N

reactions in all directions.

Of these targets, the v^C reaction has been calculated the most reliably

with two recent theoretical results available. The Q-value for the inverse-/?

reaction is only 2.2 MeV and considering 13C is similiar to an extra neutron

orbiting a closed-shell 12C nucleus, it may not be surprising to find inverse-

(3 cross-sections as high as the free neutron value of ss 1.4 x 10~4Ocm2 .

A detailed calculation[41] reveals that the reaction to the ground-state of
13N, a ( l /2+ —> l/2+) (mainly Fermi) transition is expected to contribute

2.4 x 10~41cm2 to the inclusive total cross-section. The cross-sectioii for the

transition to the 3.5 MeV (3/2+) excited state is calculated to be twice as

large, 5.7 X 10~41cm2 . Summing over all final states, included 'unnatural

parity' transitions, the total cross-section is estimated to be 1.1 x 10~40cm2

. The electron energy and angular distributions for the reaction to 13N

ground state and to all final states are shown separately in figures29 and

30. Fukugita, et al., [43] have also considered v]?C reactions with beam-

stop neutrinos. Using Kuntz and Kurath shell model they obtained results

for transitions to the ground-state and (3/2)+ of 2.73 x 10~41 cm2 and

6.85 x 10~41cm2 respectively. They also suggest that these two states ac-

count for 85% of the total inclusive cross-section, which implies <rtot[yK
 13C)

=1.13 x 10~41. This result apparently neglects the forbidden transitions,

which provided 11% of the total in Donnelly's calculation. Nevertheless

the two results agree at the level of the underlying uncertainties, which are
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FIGURE 29: Electron energy spectra for i/e ^A reactions. The spectra for
electrons produced in reactions leading to the 13JV ground state are shown
as a solid line and as a dotted line for reactions leading to the 2TSi ground
state. For inclusive ve

 13C reactions the spectrum is shown as a bar plot. The
curves are normalized such that the total area under each is proportional
to the expected total cross-section for the transitions.

96



FIGURE 30: Angular distribution of electrons produced in ve
 oddA reactions.

The distribution from reactions leading to the 13N ground state are shown
as a solid line and as a dotted line for reactions leading to the 27Si ground
state. For inclusive ue

 13C reactions the distribution is shown as a bar plot.
The area under each curve is normalized by the total cross-section for the
transitions to those final states.
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estimated at ~ 20%[26].

It was not possible to attempt a delayed coincidence to identify i/e
 13C

events. The 13N ground state /?-decay energy is below the DL detection

threshold. Furthermore, the long lifetime of 14.4 minutes is well beyond the

practical limits for observing correlated delayed coincidences.

Aluminum is found in the FCMs and is about forty percent more abun-

dant than 13C. Aluminum and 13C present similiar targets to the neutrino

beam. The Q-value for "Al(ve,e-)"Si is 4.4 MeV. The target and transi-

tions is relatively similar to the 13C nucleus, with an unpaired neutron and

Fermi transition to the ground state of the produced nucleus. Using two

different shell models to determine matrix elements, Donnelly calculates the

cross-section to the 27Si ground state to be between 2.5 and 3.2 xlO~41cm2

. The electron energy and angular distributions obtained were similiar for

both models and the results for the one giving the smaller cross-section are

shown in figures 29 and 30. Excitation of transitions to higher energy states

in Si are expected to contribute proportionately to the mass-13 reactions

but calculations have not been performed yet.

Calculations of the total ue
 37Cl cross-section range between 0.9 — 1.2 X

10"4Ocm2 depending on the inclusion of certain 'forbidden transitions'[22].

The overall errors of the calculation are not known by this author, but

probably exceed the range of the calculated values. The cross-section per

nucleon for the ue
 3*Cl reaction is expected to be about the same, so i/e

 3*Cl

reactions may be about three times more prevalent in the detector (due

98



to the natural isotopic abundances). These reactions were never explicitly

included, except to estimate total rates, for any of the experimental results

included in this work.

A.5 Reactions with *#, 2D

A special case of 'odd-A' nuclei is the free-proton, which is isotopically

the most abundant element in the detector. Lepton-number conservation

forbids the p(ve,e
+)n reaction, but not the reaction with anti-neutrinos.

The near perfect overlap of the neutron and proton nuclear wavefunctions

results in a very large cross-section, calculated to be 1.02 x 10~40cm3 [44].

The low Q value (1.8 MeV) results in an enhanced event rate and detection

efficiency per Vt. If there are no sources of Fe except fi~ decay at rest in the

beam stop, then the Ve flux will be about 5 x 10~4 the i/e flux and p(ve, e
+)n

will account for fewer than 12 events in the final event sample. This rate

is comparable to the rate from ve
 2D reactions, where the dueteron targets

are present as 1.5 x 10~4 of all hydrogen. Both rates are negligible if only

pion-decay neutrinos are present.

However, if there were unconventional sources of antineutrinos then even

a small contamination could lead to measureably large effects. Among

the possible sources of anti-neutrinos are neutrino oscillations between the

Up «-» Fe. Another source of anti-neutrinos would be from pT decays that

violated additive lepton number conservation. If lepton number was con-

served multiplicitively instead of additively, then decay \i~ —» e+vil + FM

would be allowed. The current experimental limit against this 'rare decay

mode' was determined from limits on the inverse-process, V^e~ —* p.~vK.
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The experimental limit is T(fi+ —> e+ i/^i/e)/r(/i
+ —> e+vlsve)) < 5 percent.

(Note that this experiment can place much more stringent limits on this

decay mode.) Another experiment operating at the same neutrino source

has placed an empirical limit on the electron-antineutrino flux of about 1

percent of the electron-neutrino intensity[45].

B Backgrounds

The backgrounds to the neutrino reactions have two distinct sources,

cosmic-rays and beam-produced junk. The cosmic-ray backgrounds can be

monitored by taking triggers with identical conditions to the data, but when

the beam is off. The cosmic-ray backgrounds in the beam-ON sample are

determined by scaling the cosmic-ray event rate by the ratio of live times.

The cosmic-ray contribution to the data can then be subtracted statisti-

cally. The beam-associated background presents a more insidious problem,

as there is no way to determine it independently. The raw and reduced rate

for events from various background reactions are given in Table 8. The raw

rate is the rate for events that would deposit energy in 3 or more scintil-

lation counters and the trigger rate is the rate for these events to pass the

online trigger requirements. For comparison the trigger rate for all u events

listed in section A is also shown. Backgrounds occur about 2 X 105 times

more often than neutrino events; at the trigger level about one event in a

hundred is due to neutrinos.
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Comparison of Background and Signal Event Rates

Event Type Raw Rate Trigger Rate

Cosmic-Ray Backgrounds

Through-Muon

Stopped-Muon Decay

Cosmic Neutral

1500 Hz

100

0.15

0.055 Hz

0.011

0.010

Beam-Associated Backgrounds

Proton recoils from np

multiple np, npy

Neutrino-Event Rate

ve~ Event Rate

0.25

0.10

5 x 10"3

7 x 10~4

0.003

0.035

1 x 10"3

2 x 10-4

TABLE 8: Comparison of event rates for non-neutrino induced and neutrino
induced events. The beam-associated and i/-induced event rates assume a
proton current of 700 fiA incident on the beam-stop.
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B.I Beam-Associated Backgrounds

As the proton beam came to rest in the beam-stop, more than a hundred

charged and neutral hadrons were produced for each neutrino. Pions and

protons were absorbed in the more than 6.3 meters of steel, concrete and

uranium shielding that shadowed the detector from the beam-stop. The

majority of high energy neutrons were produced at small angles with re-

spect to the incident proton beam, so the detector was placed at 90° to the

proton beam-line. Still, a large number of neutrons were produced at 90°

and entered the detector. The shielding provided an additional attenuation

factor of ~ 8.5 X 10~14 against neutrons produced in the direction of the

detector. Even so, an energetic neutron (En > 50MeV) entered the detector

about every two secods when the beam was on.

Neutrons can produce background triggers from three general sources,

protons from np elastic scattering, pions or protons from inelastic neutron-

nucleus reactions, or gamma-rays from (1,7) nuclear reactions.

In order to evaluate the severity of these backgrounds, it is helpful to

quantitatively understand the neutron flux. The neutron energy spectrum

has been calculated using very detailed methods[46] that were calibrated by

observations by this experiment and another experiment operating at the

beam-stop [45]. The observed neutron flux is expected to have a sharply

falling energy spectrum,

4>{En) = foE? Emin <En<Ec

-^ Ee<En<Emax

(4.3)
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The results of the calculation are 7 = 1.8 for Emin = 20MeV, Emax =

400MeV and Ec = 2/3Emax. The integral number of neutrons with energy

above 50 MeV is 200cm~2 during the life time of this experiment.

np Elastic Reaction - High Energy Recoil

A particle that triggers the detector must traverse at least 7 g/cm2(two

flash chambers, one full scintillator and enough of the two end scintillators

to surpass the LL threshold). This pathlength corresponds to the range for

a 150 MeV proton. The energy loss rate (> 20 MeV /g/cm2) is very much

higher than for an electron traveling the same distance (~ 2 MeV /g/cm2).

Such high energy proton recoils are distinguished by very high dE/dx and

so easily eliminated even at the trigger level by imposing an upper limit for

energy deposit in each scintillator. Energetic recoil protons are produced

at a rate of 0.25 Hz. After rejection for high ionization less than 1/60000

remains.

np Elastic Reaction - Multiple scatters

The np elastic scattering cross-section is about 1 barn for neutrons with

10 > En > lOOMeV. Since there are ~ 2.7 X 1022 p per cm3 of detector

a single neutron may interact several times as it crosses the detector. The

typical recoil proton will have a few MeV kinetic energy and a range of

a few millimeters. Such events can cause triggers by = activating several

consecutive counters. These events are most easily identified by the lack of

charged particle tracks, as the recoil protons do not travel through enough

FCM to leave an unabiguous track.
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{rijir^X, Charged Pion Triggers

The highest energy neutrons can create pions. Neutrons with more

than 300 MeV can produce pions. Because the neutron spectrum is falling

rapidly, most of these pions will not be energetic enough to trigger the de-

tector (and those that can cause triggers will be distinguished from electrons

by the high dE/dX as they stop). Low energy ir+ that stop in the detector

will decay into a low energy muon (4.2 MeV kinetic energy). Subsequently,

the muon will decay to an electron that may trigger the detector. The

only feature that distinguishes these events from neutrino induced electron

events is the energy deposit (from the stopping pion or decay muon) at times

~ 2/XJ prior to the trigger on the electron. The detector was designed to

record the energy deposited prior to the trigger event in order to eliminate

these backgrounds.

(n,';)X , Neutron Induced Gamma Ray Triggers

Neutron reactions with the nuclei produce a high rate of gamma-rays from

ir° production (rare), njry brehmstrahlung events, and inelastic nuclear tran-

sitions. The 7 can trigger the detector either by converting into an e+e~

pair, or by Compton scattering. The pair production and Compton scat-

tering cross-sections on carbon (the main target in this detector) are com-

parable between 10 and 100 MeV. Pair production can be separated from

single electron events by the dE/dX. Compton scattering is much harder

to distinguish from neutrino events, except that neutron events often have

disjointed energy deposit due to multiple Compton scattering of the 7 or

multiple np scattering in coincidence with the 7-production.
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B.2 Cosmic-Ray Backgrounds

Cosmic-rays produce three classes of background triggers: hadronic,

muonic and photonic. Only the penetrating component of the cosmic-ray

flux could effect this experiment due the massive overburden surrounding

the central detector. The hadronic component (cosmic-ray neutrons) pro-

duced backgrounds essentially the same as the beam-associated hadronic

backgrounds, but the flux of these particles is severely attenuated by the

inert shielding above the detector. The more common backgrounds are due

to muons, as shown in Figure 31.

Muon-Induced Cosmic-Ray Backgrounds

Because muons interact primarily through ionization energy loss, the

muon component of the cosmic-ray flux can not be attenuated to accept- '

able levels by shielding. Even with the massive shielding above and around

the detector, cosmic-ray muons entered the detector at the rate of nearly

2000 per second. Most muons pass completely through the detector. The

active anti-coincidence was used to disable the detector and veto any trig-

gers following the passage of a muon through the MWPC shield. However,

with such a high rate a significant fraction of the residual triggers were

due to inefficiencies in the veto. These muons left tracks that extended to

the edge of the detector indicating that the event was not contained and

probably originated outside the target volume. Additionally, many of the

leak-through muon triggers had very long path lengths or very high total

energy deposits, and were distinguished from neutrino-induced electrons by

these simple properties.
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FIGURE 31: Schematic diagram of potential backgrounds to the neutrino
signals from penetrating cosmic-rays. From the left,
(1) muon traversing central detector.
(2) electron from decay of muon that stopped within detector volume.
(3) photon from "near miss" muon.
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About ten percent of the incident muons stopped within the detector

volume. The decay electron from stopped-nvjon decay are nearly indis-

tinguishable from a neutrino-induced electron, as they have overlappping

energy spectra. In order to reject triggers from /t-decay the detector was

disabled for period of time following the arrival of any muon. If the muon

decayed after the veto period ended, the event was identified by the energy

deposit or MWPC activity at times prior to the trigger. The experiment

recorded data for more than 14 muon lifetimes prior to the trigger, which

in principle allowed the rejection of all but (8 x 10~7) of the muon decays.

The final background considered is high-energy photons from cosmic-ray

air showers that do not register in the MWPC shield. These come primar-

ily from muons near the edge of the MWPCs. These photons could cause

severe backgrounds if they entered the detector and Compton scattered elec-

trons or pair-produced electrons within the detector volume. A major cause

of such events are muons that barely glance the outer layer of the MWPC

shield, so are not identified by the anti-coincidence, but radiate an energetic

photon that enters the detector. In order to reduce the flux of photons, an

inner lead and steel gamma shield was placed between the central detector

and the MWPCs. Photons that were not completely absorbed would be

converted into electron-positron pairs. These electrons could be identified

as originating outside the central target region and rejected by the analysis.
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Summary

Neutrino events were signaled by the appearance of a single electron

within the detector volume without any other . The detector was designed

to identify these electrons by energy deposit and tracking information, i.e. a

minimum-ionizing particle with one continuous « 30 cm long track with end

points well within the detector volume. Electron elastic scattering events

produce electrons along the direction of the incident neutrino and are identi-

fied by the peak in the forward direction. Inverse-/3 decay of 12C is identified

by the subsequent 'return trip' /?-decay of nitrogen.
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Chapter 5

Data Collection, Calibration,

and Reduction

The data for this experiment was collected between October, 1983 and

December, 1986 during 10 LAMPF operating cycles. Section A describes

the experimental trigger conditions. Section B outlines the data acquisition

procedures and recounts the run statistics. The final sections deal with

the 'offline' processing of the data. Section C describes the calibration

and track fitting methods used to translate the raw data into physically

relevant kinematic measurements. Section D enumerates the restrictions

('cuts') applied to reduce the data sample by removing background events

and enhancing the signal-to-background ratio.

A Trigger Conditions

Whenever an event satisfying certain criteria, to be described below,

occurred within the detector, the detector was triggered and the event in-

formation (cf Table 2) was recorded. The trigger decision was based on the

proper logical combination of the Run Gate (RG), Veto gate (V) and scin-

tillation counter coincidences (S): RG • V • S. The requirements necessary
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Trigger Type Veto

V S RG Gate(V)

Scintillation Counter

Coincidence (S )

Run Gate

(EG)

Neutrino

Stopped Muon

Through-Muon

20

1.2

(IS

(IS

LLl1*-1) • MLN • LL<-m

LL<-N-V • MLN • LL^v

ML1 • LL40

)-UL

V-UL

BG4

BG4

NV

- CRG

- CRG

• S V

TABLE 9: The detector was triggered by the logical condition V • S • RG.
The notation for S is TL1, where / is the scintillation layer number, and
TL denotes the threshold level. For RG, BG is LAMPF Beam Gate, CRG
is Cosmic-Ray Gate, NV (SV) is 3/4 coincidence on North (South) wall of
MWPCs.

for the RG, V and S were different for different trigger types. Table 9 sum-

marizes the requirements for the most common and important trigger types,

the neutrino (data) trigger, stopped-muon decay triggers, and through-going

muon triggers. The detector was sensitive to one trigger type at a time, with

the trigger selected under computer control as described in section B. The

trigger types are discussed individually in the following paragraphs.

A.I Neutrino Triggers

Neutrino-event triggers were taken when there was a coincidence of scin-

tillation counters on at least three consecutive layers within 150 ns, occur-

ring at least 2Q(is after the most recent veto signal. Of the 43 combina-

tions of scintillator counters on three layers, only the 16 patterns produced

by a forward-going single particle were considered valid coincidences. Fig-

ure 32(a) displays several valid coincidence patterns. The patterns shown

in figure 32(b-d) would not be acceptable, because (b) and (c) contain non-
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counters, (d) Invalid coincidence, not consistent with forward going track.
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adjacent counters, and (d) because the pattern is not consistent with a

single, straight track. Furthermore, the energy deposit in each trigger scin-

tillation counter was loosely required to be in a range about the energy

expected from a single minimum-ionizing electron. The middle counter was

required to register energy above the ML (~ 3.4 MeV) threshold ; the two

end counters required only the LL (~ 1.0 MeV) threshold in order to keep

the total energy threshold as low as possible. On the other hand, the event

was rejected if any counter in the entire detector registered enough energy

to saturate the UL threshold (~ 18 MeV), in order to eliminate triggers

due to highly ionizing particles, such as stopping pions or protons.

The experiment collected data during a beam gate (BG) that lasted for

the duration of the LAMPF proton beam macropulse, as illustrated in Fig-

ure 33. Because the trigger was quite loose to maintain high acceptance for

signal events and the LAMPF duty cycle relatively long, nearly two-thirds

of all so-called Beam-ON triggers taken during the beam gate were due

to cosmic rays. Therefore, the experiment collected additional Beam-OFF

triggers during a separate 'Cosmic Ray Gate (CRG)' between each BG to

measure the cosmic-ray induced background rate and event characteristics.

The CRG was made 3-5 times longer than the BG to reduce the statisti-

cal uncertainties of the cosmic-ray background determination. The typical

trigger rates were 0.06 s~x during beam-OFF livetime and 0.093"1 during

beam-ON. Each minute contained about 15 seconds of live time when either

the beam-ON or beam-OFF gate was on. Triggers occurred about once per

minute. The total beam exposure and trigger sample is summarized in Sec-

tion B.
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FIGURE 33: Time sequence of LAMPF proton beam and data collection.
The experiment collected data during the entire beam-spilJ (BG) and for
a longer period between spills (CRG) to monitor cosmic-ray induced back-
ground rates.

Figure 34 is an event display of a neutrino candidate event. The two

views of tracks in the central detector are shown in the two rectangles ; on

the left is the plan view, with the beam-stop (North) beyond the top of the

figure, on the right is the elevation view, with the top of the detector on the

left, and the bottom at the far right. The horizontal lines near the track in

the plan view represent scintillation counters, with the line length propor-

tional to the energy deposit in the counter. The wall counters of MWPC

anti-coincidence shield are shown, in plan view, surrounding the central de-

tector. The roof, and floor, MWPCs are drawn edge-on above, and below,

the central detector. MWPCs are shown as filled boxes if hit within 1.2 ^s

prior to prompt trigger, crossed-boxes if hit between 5.0 and 1.2 fis before
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FIGURE 34: Event display of neutrino candidate trigger. The information
shown is described on page 113.
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the trigger, and as an open box if hit between 32.0 and 5. •.•_. early. The two

top small rectangles on the far right illustrate the pre-trigger and prompt

trigger scintillator activity as measured by the '2-bit ADC, and the bot-

tom box is used to illustrate counters active during the 65.5 ms post-trigger

time. Information on live times, MWPC activity rates, proton beam, and

event kinematics (visible energy and track angle) are also given.

The neutrino candidate event shown has many of the signature charac-

teristics for a neutrino-induced trigger. These include the clean single track,

the uniform dE/dx, and the lack of pre-trigger activity in the MPWCs or

scintillation counters. Also, the LAMPF beam was ON.

A.2 Stopped-Muon Decay Triggers

To provide a large, clean sample of electrons (and positrons) with

an energy spectrum that overlapped with the neutrino signals, triggers were

taken on the decay of muons stopping within the detector. The trigger

requirements were identical to the neutrino-event trigger, except the pre-

trigger veto gate was reduced to 1.2 (is instead of 20 fis. The veto gate

length was chosen to eliminate triggers on the incoming muon's energy de-

posit, while allowing triggers on 54 % of the subsequent decays. The stopped

muon triggerable rate was about 18 Hz, arising from the muon stopping rate

of 100a"1 multiplied by the fraction (one-third) of decay electrons that tra-

verse three scintillation layers. Since the normal 'neutrino' trigger rate was

about 0.06 Hz, the stopped muon trigger sample was essentially free of other

event types and represented a set of identified electrons. These data were
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FIGURE 35: Event display of stopped-muon decay trigger.
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used to check the Monte Carlo simulation codes (c/. Appendix I) and to

fine-tune the overall energy calibration (pg. 138).

These calibration triggers were taken at regular intervals varying be-

tween 4 and 10 minutes throughout nearly all normi_l data runs. Additional

samples were obtained during dedicated runs semi-monthly on LAMPF

maintainence days, when the beam was unavailable. For those runs, the

trigger rate was reduced to 0.05 s~x by means of a 20-second hold-off cir-

cuit activated by each trigger.

Figure 35 shows an event display of a muon-decay trigger. The incoming

muon is seen entering from the west, about midway from the bottom edge,

as indicated by both the pre-trigger scintillator and MWPC information.

Also, notice that the flash chambers are still sensitive to the incoming muon

track, despite the several microsecond delay between the muons' arrival and

the trigger on the decay electron.

A.3 Through-Going Muon Triggers

A large sample of muons traversing the entire detector was used to pro-

vide the energy calibration for the scintillation counters and to evaluate the

flash chamber performance. The through-muon trigger required a coinci-

dence of scintillators on the first and last layers, in coincidence with signals

from MWPCs on at least three of four layers on the North and South walls.

Because this prompt trigger was unassociated with activity during the

pre- or post-trigger periods, these events were also used to provide pre-
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trigger and post-trigger scintillator activity noise patterns for use in the

detector simulation. Through-muon triggers were collected at regular in-

tervals, typically one event every 5 minutes, throughout all data runs. Ad-

ditional large samples were collected on LAMPF maintainence days, again

using a trigger induced hold-off to limit triggers to a rate of 0.05 a"1.

Figure 36 shows an event display of a through-muon event. The solid

boxes indicate the muon's path through the North and South wall MWPCs

in coincidence with the prompt trigger. This muon entered from the south,

crossing the anticoincidence shield above the door MWPCs.

A.4 Other Calibration Triggers

Energetic Neutron Trigger (Integral Mode)

To investigate characteristics of the neutron flux incident on the de-

tector, the detector was triggered by recoil protons produced in np elastic

scattering events. The trigger requirements were identical to those for neu-

trino data, except the UL threshold against events with high energy deposit

in any scintillator was removed. These triggers were called 'integral mode'

in contrast to the 'differential' thresholds placed on the neutrino-data trig-

gers. The Integral Mode trigger rate was about 0.3 a"1, three times the

normal neutrino trigger rate. Assuming the increase was due solely to pro-

tons with Ep > 100 MeV, the measured rate indicated an incident neutron

flux of approximately 0.4 xl0~6n/cm2 s with energy En > 200 MeV [46].

Further analysis made use of the tracking capabilities to distinguish tracks

due to protons from other inelastic neutron interactions. The rate before
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FIGURE 36: Event display of through-going muon trigger.
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Rates Before and After Beam-Stop Shielding

Event

Rate

Integral Trigger

Recoil p Trigger

( Events
Improvements
/ A-hr )

Trigger Rate

Before

110 ± 5

56 ± 3

Beam-Assoc. j/-type Trigger 15.2 ± 0.1

(after cuts) 0.330 ±0.041

After

47 ± 3

27 ±2

12.7 ±0.1

0.479 ± 0.028

TABLE 10: Effect of additional uranium shielding block on trigger rate

in detector. The energetic neutron flux was reduced by in half, the

beam-associated trigger rate was reduced about 15 percent. The event rate

'after cuts' increased due to the higher neutrino flux per incident proton

during later runs.

the shielding improvement was 56 events per mA-hr. This corresponds to

about 200 uj mA-hr through the detector.

After additional shielding was placed between the detector and the

beam-stop neutrino source, the observed Energetic. Neutron trigger rate

was reduced by 60 %, reflecting the decrease in neutron flux. Table 10 lists

the proton recoil trigger rate, and neutrino trigger rate, before and after

the additional shielding. Both the total neutron inelastic interaction rate

and the energetic recoil proton rate were reduced in half by the additional

absorbtion in the newer shield. The neutrino-trigger rate was reduced by

a smaller fraction, indicated that these energetic events were already being
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removed by the online differential threshold requirements. Interestingly, the

event rate after offline analysis restrictions were applied was higher for the

later data than for the early runs. This is actually an important confir-

mation of the neutrino-induced nature of the observed events, as detailed

analysis indicated that the neutrino production per proton was higher for

the later data.

Pulse-Height Analysis Mode

The custom hardware allowed triggers on many different user selected

coincidence patterns. One particularly useful option was to trigger each

scintillation counter separately on any activity within it, independently of

the remaining counters. Each counter could then function as an indepen-

dent 'pulse-height analyzer' (PHA) for the associated energy deposits. This

technique was used as the first step of the energy scale calibration, described

in section C.

Random Coincidences in MWPCs

At regular intervals we would perform special runs to determine

which counters, if any, were inactive or conversely, producing veto signals

at an abnormally high rate. This was accomplished by reading the MWPC

history at random intervals and recording a histogram of the location of hits

in coincidence. Figure 37 is a plot of the number of random coincidences

as a function of MWPC channel for a typical twenty minute test run. It is

interesting to note the higher count rate among the roof counters (channels

575-700), South wall counters, and counters towards the southern end of
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MWPC TEST

0 X OV'50 '100 '150 '200 '250 '300
VETO '00 X INO 1 Siqnal Rate oer MWPC Channel

135O

south}door roof floor
40.00

- 30.00

• 20.00

- 10.00

z
.0000'380 X OV'430

VETO
'480 '530 '580 '630 '680

Signal Rate per KMPC Channel
'730

FIGURE 37: Counts per channel during test of random coincidences in
MWPC system.
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the East and West walls (smallest channel numbers for counters on each

layer). The roof counters subtend greater solid angle than wall counters

for cosmic-rays, which are primarily traveling in the vertical direction ; the

higher count rate in southern counters is due to the asymmetric stacking of

the concrete and steel cosmic-ray shielding blocks which resulted in higher

cosmic-ray flux at the Southern end.

The arrows indicate 'missing counters' that were non-functional at that

time. These particular counters had inoperable amplifiers, but were inacces-

sible and could not be fixed. The double arrows indicate a counter with an

unacceptably high rate. The problem was solved by replacing a component

of the custom electronics responsible for that channel.

B Data Acquisition / Run Statistics

The data was collected using the LAMPF Q data acquisition system[47].

The event information was read via CAMAC serially from the sealers, ADLs,

MWPCs, and FCM microprocessors by a Micro-Programmable Branch Driver

(MBD). Data was recorded on magnetic tape and was also available in com-

puter memory regions for online processing programs. The data acquisition

was controlled by a central computer. Originally a PDP 11/34, it was up-

graded to a VAX 11/730 prior to the 1985 run. Various nomitors were

implemented to maintain uniformly high quality data throughout the ex-

periment.

The online software had three major components which were used to
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verify the quality of data as it was taken. The lowest level was the 'Q-

analyzer' which read each event from CAMAC modules, formated the data

and wrote it to tape. The Q-analyzer checked for data from each detec-

tor component ( sealers, 40 ADLs, MWPCs, 5 FCM microprocessors) and

maintained running totals of the various event and livetime sealers.

The 'ONLINE-analyzer' performed the full offline analysis on each trig-

ger taken when the computer was not busy analyzing a previous event. On

average 70 percent of all triggers were analyzed by ONLINE. Th° analysis

included full track fitting and energy calibration, except with gains con-

stants determined during at the start of each LAMPF cycle instead of on a

run-by-run basis. Importantly, the program displayed each processed event

on a video monitor and alerted the shift operator to major problems such

as hardware failures or excessive veto rates. Additionally the program pro-

cessed data from calibration triggers to allow almost immediate feedback

on each scintillator and FCM performance.

Another set of programs were activated at uniform intervals and recorded

information that provided a series of snapshots of the detector and beam

performance. Calibration triggers were collected at regular intervals, or on

request by the shift operator. Special programs were used to monitor the

effectiveness of the anticoincidence system and the FCM gas system as well.

A total of 786,578 neutrino triggers were collected, 223,839 during 550.2

hours of beam-ON livetime, and 562,739 during 2049.3 hours of beam-OFF

livetime. Table 11 summarizes the live times and triggers obtained during
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Data Statistics

LAMPF Dates Livetime (hr) Triggers

CYCLE ON OFF ON OFF 'XS'

38 Sep. 83 - Oct. 83 37.95 193.75 16,794 70,154 3,070

39 Oct. 83 - Nov. 83 40.20 169.95 23,723 55,167 4,684

40 Dec. 83 - Feb. 84 48.20 234.02 23,723 87,642 5,727

41 Jun. 84 - Oct. 84 119.02 492.22 43,672 114,415 16,036

42 May 85 - Jul. 85 54.53 181.43 18,400 44,450 5,140

43 Jul. 85 - Sep. 85 62.00 189.40 23,757 45,401 8,920

44 Oct. 85 - Dec. 85 68.58 211.20 23,570 42,023 9,926

45 Jun. 86 - Aug. 86 23.83 74.87 9,379 20,458 2,864

46 Aug. 86 - Oct. 86 58.85 183.48 23,487 50,428 7,324

47 Oct. 86 - Dec. 86 37.02 119.02 17,246 32,601 7,121

550.18 2049.34 223,751 562,739 70,812

TOTAL

TABLE 11; Livetime and Trigger statistics.
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Beam Exposure Dming The Run Periods

LAMPF

CYCLE

1983-84

38

39

40

1984

41

1985

42

43

44

1986

45

46

47

TOTALS

P.O.T.'s

1021p (mA-hr)

5.68 (253)

6.95 (309)

8.96 (399)

22.06 (981)

10.34 (460)

14.00 (623)

16.11 (717)

5.80 (258)

11.51 (512)

10.11 (450)

111.5 (4962)

7T+/P

%

8.31

8.31

8.31

6.79

8.94

8.94

8.94

8.94

8.94

8.94

8.40

ue Exposure

1013cm-2

4.66

5.70

7.35

14.78

9.12

12.35

14.21

5.12

10.15

8.92

92.36

Fraction of

Total (%)

5.05

6.17

7.96

16.00

9.87

13.37

15.38

5.54

10.99

9.66

100.00

TABLE 12: Beam exposure during the run periods.
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each of the ten LAMPF cycles. The 'beam-associated' event rate is de-

termined by subtracting the livetime-corrected cosmic-ray background rate

from the observed Beam-ON event sample,

1™*™ (5.!)
CRG live time

To properly account for the different cosmic-ray induced trigger rates as the

experiment progressed, the livetime normalization was calculated separately

for each LAMPF operating cycle.

The neutrino exposure during each of the run cycles is listed in table 12.

The measurement of the proton-to-neutrino conversion factor ir+/p is de-

tailed in appendix II. The leftmost column lists the fraction of the total

neutrino exposure obtained during each cycle. This quantity was used to

determine the number of monte carlo events generated for each cycle as

described in appendix I.

C Calibration and Offline Analysis

In order to interpret the data, information from each event was con-

verted into the kinematic variables (energy, track angle, track location).

After rejection of events with hardware failures, the offline analysis began

by fitting a track to the flash chamber data using a linear-least squares

technique. Then the energy was calibrated from the ADC channel values

to visible energy. The energy calibration included a correction for the light

attenuation in the scintillator as a function of distance from the PMTs as

well as the gain and pedestal for each PMT.
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C.I Track Fitting

The tracking algorithms attempt to describe the pattern of hit tubes in

each view by a straight line determined from a least-squares fit to the tube

locations. As described in reference [48], the track fitting algorithms were

very sensitive to 'noise' patterns in the flash chamber data. These patterns,

due primarily to regular and reproducible offsets in the read-in timing that

placed the fiducials into the data stream, were eliminated by a dynamic

noise masking algorithm. This algorithm increased the track finding effi-

ciency from 70% to 85% for i/ee~events.

Track fitting was performed in two stages, the 'overall fit' and the '1-2

(electron) fit'. First, the overall fit determined the best fit for all hit tubes

in FCMs between the first and last scintillator layers with energy deposit.

The horizontal view was restricted to those tubes between the scintillation

slabs active in the prompt trigger. Then, the fit was repeated, but only

using the tubes hit within a 10 cm corridor about the original best-fit line.

This reduced sesitivity to outlying random hit tubes. If this 'overall fit1 de-

termined a track with good enough resolution, the fit region was extended

to the FCM preceding the first trigger scintillator, and FCM following the

last trigger scintillator, to better determine the track end points.

The track location and particle direction determined from the overall

fit were used in the energy correction and fiducial volume cuts, described

below. Although the overall track gave a good estimate of the 'average'

track parameters, it did not give the best possible measure of the original

electron angle. This is because electrons multiply scat.ter by as much as 10
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degrees over the course of three scintillators and FCMs. A second algorithm

was used to estimate the initial electron direction from the hit tubes in the

first (closest to beam-stop) flash chamber containing the track. The North

end was chosen because it is the first FCM for a i>ee~track, for which high

resolution tracking is important. If there were not enough hits in this first

FCM to estimate the track reliably, the first two flash chamber modules

were used. The fitter fails to find a track for about 5 percent of the events

with successful 'overall' fits.

Both the overall resolution and acceptance of the tracking algorithms

were sensitive to the FCM efficiency (hit tubes / tubes traversed by track).

Due to the redundancy of five panels per view per FCM, the acceptance of

the track finding criteria was about 85 % even for average panel efficiency

of 50 %. The resolution was discussed in Chapter 3; for elastically scattered

electrons the resolution was 9.3 degrees.

C.2 Energy Calibration

The amount of energy deposited in the scintillators was determined from

the measured 8-bit ADC information. The conversion from pulse height

(ADC) to energy deposited in the scintillator (A.E) was

AE = g- (ADC - P)/A (5.2)

where g was the photomultiplier gain ( MeV / channel), P was the electronic

pedestal, A was the light attenuation in the scintillator and ADC was the

ADC channel member. The attenuation A was measured for each scintilla-

tor prior to installation of the detector and the pedestals P were measured

for each channel at the start of each LAMPF run cycle. The PMT gains, g
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were determined from calibration triggers obtained at the same time with

the data.

Attenuation Map

The response map for each scintillator was determined using a 137Cs

source prior to installation. The source was placed at 174 different points

of each scintillator and the amount of scintillation light reaching the pho-

tomultiplier was recorded. The attenuation response was defined as

A(x,y) = L(x,y)/L(xQ,y0) (5.3)

where R = y/x2 + y2 was the distance from the PMT to the location in

scintillator, and L{x,y) was the light output when the source was at (x,y).

The map was normalized to the output for the source at the center of the

slab, [xo,yo). A fit to an analytic expression was used to determine the

mean attenuation length, A = 3.5m. The attenuation correction for light

emitted at any point was obtained by linear interpolation of the measured

values of the four closest calibration points. For data analysis, (x,y) were

determined from the fitted track's intersection with the scintillator.

The attenuation map was never remeasured after installation of the de-

tector, but it was apparently quite stable over the course of the experiment.

From the consistency of the light output, a limit of about 5 % can be placed

on the magnitude of any deterioration or changes to the original map.

Pedestals
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FIGURE 38: ADC channel for three calibrated pulses into the scintillation
counter pre-amp. The pedestal is determined by the 0 V intercept.
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FIGURE 39: The correlation in pedestals between consecutive measure-
ments (three months)
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Pedestals were determined for every PMT channel prior to each LAMPF

operating cycle. Calibrated pulses from a tail-pulse generator were fed into

the scintillation counter's pre-amp input. The ADC channel correspond-

ing to the amplifier output was recorded for three different input voltages,

as shown in figure 38. Assuming the output ADC channel O(V), to be a

linear function of the input voltage (V), the intercept O(0) was the pedestal.

Pedestal values were found to be generally stable. The data analysis did

not compensate for the unknown time dependence of this drift, but instead

used the value determined at the start of each LAMPF cycle to calibrate

all data collected during that cycle.

Determination of Gains

The photomultiplier gains were determined in a series of continually

more refined steps. The first step towards calibration of the PMT gains was

to adjust the PMT high voltage online. At the start of each LAMPF cycle,

the voltages for each counter were adjusted so that the peak of the ADC

spectrum for single counter activity fell at roughly channel 100. Figure 40 is

an example of one such ADC spectrum after adjustment. The pulse heights

were recorded for all incident cosmic-ray muons, which have a cos2 Ozenith

distribution, for which the mean is 0.75. This calibration put the ADC

value for a normally incident (cos Bzmnh = 0, minimum-ionizing particle at

about channel 75.

The next step utilized the large sample of through-going muons to de-

132



PHA spectrum for incident cosmic-rays
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FIGURE 40: Pulse-height spectrum for a single scintillation counter for
incident cosmic-rays. The PMT voltage was adjusted to place the peak
of this spectrum near channel 100. Inset is full range showing noise and
overflows.
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termine the MeV per channel from the equation :

(AE) = g(ADC) (5.4)

d_E^= (ADC-P)
dX g 6X A { '

The path length through the scintillator slab, SX, and location relative to

the PMT, were determined from the fitted muon track. Figure 41(a) is the

raw ADC spectrum for the through-going muon sample in counters for a

single run. In figure 41(b) the ADC channel has been normalized by the

path-length in the scintillator ( 1/ cos 6Z) and the attenuation of light in the

scintillator. The 'normalized' distribution noticably less broad, with the full

width at half maximum (FWHM) reduced from 45 channels to 25 channels.

To determine the gain constant, g, we use the Vavilov prediction for the

average energy loss, (dE/dX) = 5.16 MeV/inch = 3.85 MeV/g/cm2for min-

imum ionizing muons traversing scintillator. Muons are minimum ionizing

when their velocity is f3 = 0.9629 times the speed of light, corresponding

to E^ = 389MeV. The threshold for the TM trigger was 250 MeV kinetic

energy at the entrance to the detector. The cosmic-ray muon spectrum

is dN/dEmu oc E~2 so this is probably not far from the mean for muons

penetrating the shield and entire detector. Dividing the calculated average

energy, 5.16 MeV, by the average corrected ADC channel, the gain was ob-

tained. The values were typically 0.07 MeV / channel.

Gain constants were determined for each counter for each run, using the

calibration triggers interspersed with the neutrino data. To achieve maxi-

mum resolution, it was desirable to use the gain constants determined most
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FIGURE 41: The ADC spectrum for through-going muon triggers, all coun-
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(top) Raw ADC output
(bottom) ADC channel corrected for path-length and light attenuation.
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near in time with the data calibrated, but often a single run would col-

lect insufficient triggers to determine the gains with statistical significance.

To reduce sensitivity to possible statistical fluctuations in the gains con-

stants determined during these short intervals, the long-term drift in these

gain was determined from a fit. The best fit is obtained by minimizing the

quantity,

where gexp and 8gexp is the gains constant, and its statistical error, deter-

mined for run number i , and

gflt(i) = go+m-i

The free parameters of the fit were g0 and m. Results from high statistics

calibration runs taken between normal data runs were included in the fit.

The drift in gains constants and the fitted value for the gains for a typical

counter is shown in figure 42. The data in Table 13 shows that a linear

fit to the gains drift gives much better x2 values than either using gains

determined on the first day of each cycle, or using the average gains of the

individual runs (771 = 0).

This procedure optimized relative energy calibration, but there remained

a few percent uncertainty in the absolute energy scale because of the lack of

information on the energy spectrum of muons used to determine the gains

constants. The final tuning of the absolute energy scale was accomplished

using electrons and positrons from stopped-muon decay. The energy spec-

trum for these electrons is well known. Figure 43(a) compares the observed

energy spectrum (using the above calibration method to determine cali-

bration constants) with the result of the monte carlo simulation of these
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Chi-Squared for

LAMPF

CYCLE

38

39

40

41

42

43

44

45

46

47

Average

Linear Fit

1.7

2.6

1.8

6.5

1.8

1.8

3.8

1.5

1.3

1.7

2.4

Gains Calibration
Chi-Squared

Average (m = 0)

2.0

3.4

2.0

7.8

2.4

2.3

7.6

2.5

1.6

1.9

3.4

Fits

First Day

5.5

5.1

10.7

24.2

17.7

3.8

20.5

6.1

3.2

11.1

10.8

TABLE 13: Chi-squared for different fits to the gain constants measured on
a run-by-run basis. The improvement over no gain drift correction (right
column) is obvious.
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FIGURE 42: The gains constant measured for each run in a typical counter.
The result of the fit used to determine the constants used in the data analysis
are shown as the solid line.

electrons. The observed spectrum is seen to have a slight offset towards

lower energy than the monte carlo simulated spectrum. The data agrees

very well with the simulation when the calibration constants are increased

by 5 percent (Figure 43(b)). Such a shift is consistent with the uncertainty

in the mean energy deposited by the through-muon sample and the shift is

in the expected direction (to higher energy) compared to minimum-ionizing.

For the data analysis the gains constants were evaluated with {E) = (5.418)

reflecting the 5 percent energy scale correction.

138



M.C +++ DataCycle 38 - 47, -

Total Energy

100 200 300 400 500 600 700
M= 20182. H= 1031

E

FIGURE 43: Comparison of spectrum of electrons observed in
stopped-muon decay triggers with results of the monte carlo simulation.
The small offset in energy scales is discussed on page 138
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D Data Reduction Techniques

During the four years of data acquisition, over 750000 neutrino trig-

gers were obtained during 800 separate runs and recorded onto nearly 500

data tapes. Because the trigger was loose, the vast majority of triggers

were composed of background events. These were eliminated by a stan-

dard set of cuts. These cuts were designed to eliminate the backgrounds

from cosmic-ray muons that traversed the detector, muons that stopped

and decayed within the detector, neutral particles that eluded the antico-

incidence system, and beam-associated neutrons that produced photons or

recoil protons. All of the cuts were designed to maintain good acceptance

for electrons with 15MeV >Ee> 50MeV.

The cuts were applied in three sequential stages with several restrictions

applied in parallel at each stage. The first stage used mainly hardware ori-

ented cuts to remove obvious background events. The second stage imposed

a simple dEjdX cut to enhance the fraction of electrons relative to highly

ionizing particles. The third stage applied cuts specifically designed to select

electrons over neutron induced background events. The events surviving re-

strictions to this stage are collectively called the 'neutrino event sample'.

Table 14 details the reduction of the data sample, and Table 15 gives a cut-

by-cut account of the effect on the backgrounds and signals. It is important

that the restrictions reduce the background, but not excessively remove

signal events. The reduction in both cosmic-ray and beam-associated back-

ground samples is listed separately for each cut. For the first stage cuts,

the uncertainties assigned to the effectiveness of the background reduction

was approximated using the results of analysis of about 7 % of the full data
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set. No errors are given for cuts made beyond that level, where the reduc-

tion factors were determined exactly as the fraction of all events that were

removed by the restriction.

The following paragraphs describe the motivation and results for each

of the restrictions applied to the data. The steps used to determine the ac-

ceptance of each cut for the signal events are also described. Over 500,000

simulated i/e
 17C and vce~ —•> vse~ events were used, so the statistical errors

were very small compared to the systematic uncertainties. The systematic

errors are described in Chapter 6 Section C and Chapter 8 Section B.

D.I Cuts Against Obvious Backgrounds

Neutral Particle Cuts (track requirements)

The information from the fitted track was necessary to perform the

detailed energy calibration and to determine the event's location in the

detector. A good track was a simple, yet primary, signature of electrons

moving through the detector. Each event was required to contain at least

one fitted track ('overall fit') in either view of the the flash chambers. A

second cut made the more stringent requirement that the event have one,

and only one, track in each view.

These requirements were effective at cutting out triggers caused by neu-

trons. A neutron that multiply scattered in several counters could produce

several low energy recoil protons. These recoil protons typically had very
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E225 Data Reduction

October 1983 - December 1986

1.12 x 1023 P.O.T.s

(9.24 ± 0.70) x 1014i/e/cm2

Triggers ->

• Inside Fiducial Volume

• No Pre-Trigger Act. in Veto or Scint

• Reconstructed Track

• 7 MeV < Visible Energy < 100 MeV

• 3 < Total Scint Layers < 14

No Obvious Backgrounds

•dE/dx < 1.7 mips

Electron Sample

550.2 hrs 2049.3 hrs

Beam Beam

OFF ON

562,739 223,751

II
II

||

xO.10

x0.6

32,494 12,695

Detection

Efficiency

I/eC" VC
 12C

0.260 0.158

xO.86 xO.88

xO.94 xO.94

x0.82 xO.79

xO.99 xO.99

xO.99 xO.99

xO.95 xO.98

0.193 0.112

Electron Sample plus

• Hits in Both Views of 1" FCM

• No More Than 1 'Gap'

Neutrino Data Set

xO.60

21,812

xO.65

7,792

xO.98

xO.98

0.187

xO.97

xO.98

0.106

TABLE 14:
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Fraction of Events Removed by Specific Cuts

Cut
Description
Track Found
1 and only 1 , each view

2/4 layers MWPC per Wall
2 adjacent MWPC

Pre-Trigger Activity in Scint.
Late Pre-Trigger Activity

Fiducial Volume (horiz.)
Fiducial Volume (vert.)
Fiducial Volume (first/last scint)

3 < Layers < 14
7.0 < Evi' < 60. MeV
ABOVE CUTS COMBINED

dE/dx < 3.85 MeV / g/cm2

ALL ABOVE COMBINED

Cosmic
Ray

23.6 ± 0.3
33.2 ± 0.3

15.3 ± 0.2
10.6 ±0.2

3.3 ±0.1
13.7 ±0.2

16.3 ± 0.2
24.7 ± 0.3
37.1 ±0.4

17.5 ± 0.2
24.4 ± 0.3
89.5 ± 0.6

42.4 ± 2.2
94.0 ±0.6

Beam
Assoc.

69.2 ±1.6
79.3 ± 1.8

0.0 ±0.9
0.0 ±0.8

0.7 ±0.5
6.1 ±0.9

0.9 ±1.0
0.7 ±1.2
8.6 ± 1.5

6.0 ±1.1
2.4 ±1.2
84.7 ±0.9

41.4 ±8.6
91.0 ±0.9

i/ee

3.0
15.0

1.0
0.4

0.6
4.4

3.6
3.6
6.5

0.1
0.4

29.3

4.9
32.8

3.4
17.6

1.0
0.4

0.6
4.4

3.3
3.3
5.8

0.0
0.2
28.6

1.6
29.7

Track in Northmost FCM
1 or 2 "Groups" of Scint.
ELECTRON/GAMMA CUTS

20.8
16.6
32.9

47.0
5.7

49.8

1.5
2.4
3.6

3.3
2.0
5.1

TABLE 15: Percentage of events removed by the standard analysis cuts.
For the neutrino signals, the percentages were determined using the Monte
Carlo simulation and calibration data.
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FIGURE 44: Track finding efficiency as a function of FCM panel efficiency.
The experiment operated with an FCM efficiency of about 55 % .

low energy (~ lOMeV) and very short range, so would not escape from the

scintillator, or would not have enough path length in the flash chambers to

leave a clear track. Nearly a third of all cosmic-ray triggers were removed

by these cuts, primarily due to rejection of showering particles, and neutron

triggers. More dramatically, the beam-associated sample was reduced by 80

% by the track requirement.

The rate at which signal events were rejected by these requirements was

determined by applying the cuts to Monte Carlo simulated signal events.

The efficiency for passing good neutrino events was sensitive to the overall

144



FCM efficiency. Figure 44 shows the track finding efficiency as a function

of FCM efficiency. Also indicated is the average FCM efficiency for Cycle

38 (the worst) and Cycle 44 (the best).

Charged Particle Rejection

Although the anticoincidence system was designed to eliminate triggers

on incoming charged particles, a small inefficiency allowed some triggers on

'punch-through' muons. Figure 45 shows the time of the hits in the veto

counters. The prominent peak at times close to the trigger are due to

the residual inefficiencies prior to this cut. These triggers were rejected

by requiring, in software, the hardware veto conditions. Any event with

activities in two of four layers on any wall or the roof during the time 1.2

(is prior to the trigger failed this cut. One-sixth of all cosmic-ray triggers

were eliminated by this cut alone. (For these purposes, the coincidence

gate was effectively enlarged to ±1 bin (±600n3).) Additionally, events

were eliminated if there were two or more adjacent MWPCs on the same

layer with hits in coincidence during the 1.2 fis prior to the trigger. This

cut removed 1/10 of the cosmic-ray background. These cuts were intended

to remove cosmic-ray muon induced triggers and Table 15 confirms that the

beam-associated background was unaffected by these restrictions.

The neutrino signals were affected by these cuts only by the increased

'dead-time' caused by the additional veto. The effect was determined from

the rate of random coincidences found in through-muon triggers at times

separated from the trigger. For the final simulation, the random MWPC
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FIGURE 45: Histogram of time of MWPC signals relative to trigger event.
The high rate near the trigger time is due to 'punch-through' muons that
are not vetoed. The increase at ~ —20̂ 13 is caused by incoming muons that
do not decay until the 20 y.s veto gate has expired.
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hits were incorporated directly into the simulation on an event-by-event ba-

sis.

The large rise in activity rates at times more than 20 (is prior to the

trigger and at times several fis prior to the trigger were also due to resid-

ual backgrounds from muons. However, those events were removed using

restrictions on the pre-trigger activity in the scintillation counters as de-

scribed next.

Early Activity Cuts

The 20 microsecond nominal anticoincidence did not eliminate all muon

decays in the trigger sample. Because the muons stopped in the detector

at a rate of nearly 100 Hz, a nonnegligible number were able to decay after

the veto gate had expired. Figure 46 is a histogram of the number of

scintillator activities above the ML threshold as a function of time prior

to the trigger. The rise in activity rate near 20 fis was due to decay of

these long lived muons. The increase in activities at later times (-10 to 0 fis

before the trigger) also shows the muon lifetime and was assumed to be due

to inefficiencies in the veto shield. Some of these late events are also due

to neutron induced pion production, where the pion stopped and decayed

within the detector into a muon and the trigger occurred on the subsequent

electron from muon decay.

Two cuts were implemented to reduce these backgrounds. The first re-

moved any event with any activity above the LL threshold in the trigger
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FIGURE 46: Number of scintillator activities above the ML threshold per
400 ns time bin before trigger.
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counters during the time period 32/is < t < 20fj,s prior to the trigger. This

cut removed triggers from the decay of long-lived cosmic-ray muons. Al-

though these accounted for only about (1/30) of all triggers, the cut was

important because no other restrictions could be expected to remove these

decay electrons from the data sample. The few thousand electrons removed

from the beam-ON data set by this cut would have been an impossibly large

background at later stages of the analysis.

The second cut removed events with any scintillator activities above

the ML threshold during the time 20fis < t < 0fi3 prior to the trigger.

The rejection rate for cosmic-ray backgrounds is consistent with the pre-

viously mentioned anticoincidence cuts. The elimination of 6.1 ± 0.9% of

the beam-associated triggers, which was about 2 <r more than expected from

the cut-induced dead-time, may be an indication of the presence of neutron-

induced TV —> fi —> e events.

These cuts introduce additional dead-time that reduces the neutrino-

induced event sample by about 5 percent. The effect of these cuts were

evaluated by applying the same cuts to through-muon events, where the pre-

trigger scintillation activity is expected to be unassociated with tAe trigger

event. The simulation included these random activities from through-muon

triggers on an event-by-event basis.
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Other Entering Particles (Fiducial Volume)

The previously mentioned cuts were quite effective at removing triggers

on incoming muons from the data sample, but were not effective against

triggers caused by cosmic-ray induced gamma-rays, or prompt muons miss-

ing the shield. Photons have a very low probability of registering in the

anticoincidence shield. The lead/steel inner gamma shield was used to con-

vert such photons into positron/electron pairs which left tracks (or showers)

that extended to the edge of the detector. Therefore, any event which had

a track extending to within 5 cm of any edge (top/bottom/side) of the de-

tector was rejected. Figure 47 shows the distribution of track endpoints in

both views for cosmic-ray induced triggers. There are two entries per plot

per trigger. The excess of events with track endpoints near the edge are

due to particles entering from outside and are removed by this restriction.

The excess events removed by this cut, relative to the above anticoincidence

cuts, (24.7 % vs. 15.3 %) include these photons. Most muons that would

otherwise have avoided detection were also removed.

The fiducial volume was also restricted to detector layers 2 through 39,

so that any event with energy deposit in Layer 1 or Layer 40 was rejected.

These are primarily leak-through muons, although the beam-associated data

show evidence that neutron interactions in the first layer were also detected

and rejected.

The Monte Carlo simulation indicated that approximately 12 % of the

recoil electrons were not contained within the fiducial volume. Note that

unlike the previous 'early activity' cuts, the fraction of signal removed was
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FIGURE 47: Location of track endpoints for cosmic-ray induced events.
The top figure is for the horizontal (west/east) coordinate, the bottom is for
the vertical (bottom/top) coordinate. There are two entries per histogram
per event. The excess at the edge of the detector is due to events entering
from outside.
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different for each reaction because of the different distributions of targets

and recoil energies.

High Energy Deposit

Neutrino-induced events were kinematicaliy restricted to have less than 53

MeV kinetic energy and therefore were unlikely to traverse more than 7

layer ( average energy deposit = 8 MeV per layer). Any event traversing 14

or more layers (primarily cosmic-ray muon punch-throughs) was rejected.

Also, any event with more than 100 MeV visible energy (160 MeV total en-

ergy) was eliminated to reduce backgrounds primarily from energetic neu-

tron or cosmic-ray hadron interactions. These restrictions were exceedingly

loose because the intention was to apply only 'hardware' based cuts and not

imply any physics until the next cut level.

The energy restrictions seemed to help eliminate punch-through muons

with long tracks through the detector. The restriction on number of layers

reduced the number of triggers from large cosmic-ray air showers and also

from neutron induced events with several gamma-rays.

No simulated neutrino events were eliminated by the upper level restric-

tions, but a small fraction were removed by the lower bound. Such cuts

helped define the thresholds and thereby reduce systematic errors on the

cut efficiencies.
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Summary

Nearly 90 % of the cosmic-ray induced backgrounds and 85 % of the beam-

associated backgrounds were removed by these hardware oriented cuts. The

signal was reduced by about 30 %, primarily due to inefficiencies in the FCM

tracking and the reduction of the fiducial volume.

D.2 Electron Identification- dE/dX

At this stage more than 90 % of the triggers were rejected as obvious

backgrounds. It was still not possible to identify the elastic scattering

signal with any statistical significance with the resulting event sample.

A particle identification cut was imposed by requiring the event to have

at most <LE/dX < 3.85MeV/g/cm2or about 1.7 times the dE/dx of a

minimum-ionizing particle. The cut was applied separately to each scin-

tillation counter in each trigger.

This eliminated over 40 % of the events, about one quarter of all events

failed the restrictions on the middle scintillators and one fifth failed restric-

tions applied to scintillators on either end of the prompt track. There was

only a 4 % reduction in the neutrino signals according to the Monte Carlo

simulation. This was an exceedingly nice cut.

D.3 Final Electron Cuts

The remaining 32,494 Cosmic ray triggers and 12,694 beam-ON triggers

were already 'clean' enough to allow observation of the ve
 12C —* e~ 12N(gs)
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signal. The 'forward peak' for elastic scattering was apparent but esti-

mates of the neutrino event rates indicated that more than 50 percent of

all beam-associated events were due to neutron induced triggers. Such high

backgrounds limited the statistical and systematic significance of any ob-

servations. Two more simple cuts were imposed to increase the Signal to

Noise ratio (S/N) and allow the final determination of the neutrino signals.

Good Track

The simple track requirement was shown to reject a high fraction of neutron-

like beam-associated backgrounds. A more sophisticated tracking cut re-

quiring sparks in both views of the North-most FCM was imposed at this

stage. This cut was intended to ensure a good track fit in the 'first' flash

chamber module struck by elastically scattered electrons. Furthermore it

was intended to eliminate neutrons and neutron-induced photon initiated

events. This single requirement deleted 1/5 of the cosmic ray event sample

but amazingly removed more than half of the beam-associated sample. This

indicated that this cut was preferentially removing neutron-induced events.

Less than five percent of the elastic scattering events were removed by

this restriction, with about 7 percent of the neutrino-carbon signal removed.

This difference probably reflects the difference in the angular distributions

of the prompt electrons for the two types of events.
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Contiguous Energy Deposit

The final standard cut removed events with more than two groups of

scintillators, where a group is any set of contiguous scintillation layers with

energy deposit. About one-sixth of the remaining cosmic-ray induced back-

grounds were removed by this restriction, but the beam-associated event

rate was reduced by less than 6 percent. This cut was primarily effective at

removing cosmic-ray neutron induced showers which would activate several

groups of scintillation counters spread throughout the detector volume. An

event display for one such neutron induced event is shown in figure 48.

Summary

Two simple restrictions that passed neutrino induced events with high effi-

ciency were used to reduce the beam-associated background rate by a factor

of two and reduce the cosmic ray induced backgrounds by one-third. The

remaining sample contained 2083 beam-associated events, of which more

than 1500 were expected to be due to neutrino reactions. This was an en-

riched enough sample to allow the observation of both i/e
 12C —* e~ 12N(gs)

and vee~ —* vee~ reactions with S/N better than 1:1 and better than 15%

statistical precision.
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FIGURE 48: Event display for an event removed by the contiguous scintil-
lation counter requirement. This event is presumably due to a cosmic-ray
neutron interaction.
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Chapter 6

The ve
 12C -» e~ 12N(gs) Signal

Electrons produced in ve
 12C interactions are constrained to have less

than 35 MeV kinetic energy by the reaction's threshold (Q-value) of 17.4

MeV and maximum neutrino energy of 52.8 MeV. The i/e
 12C —> e~ 12N(gs)

signal was identified by the delayed coincidence of the ™N(gs) /3+-decay,

12

Delayed coincidences due to 12N(gs) decay were statistically distinguished

from random background coincidences by the time spectium of coincidences

relative to the prompt trigger event. The 12N(gs) decay signal was apparent

as the exponential decrease in delayed coincidences with a 15.87 ms decay

constant. Section A describes the analysis procedure and the signal event

sample. Section B continues with an investigation of time spectra of back-

ground data sets and limits on the magnitude of background contributions

to the exponential signal. Section C examines the systematic corrections

and uncertainties for this analysis ; special attention is drawn to the insen-

sitivity of the final result to changes in the analysis procedures. Section D

concludes by presenting the measured cross-section and compares the result

with recent theoretical predictions.
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Additional Cuts Used to Obtain ue
 X2C —* e 12N(gs) Event Sample

7.0 <

2

Cut

Description

Ev" < 24.0 MeV

< Layer < 33

TOTAL

ue
 12C -> e" 12N(gs)

Events

Removed (%)

1.8

11.7

13.5

Cosmic-Ray

Backgrounds

Removed (%)

38.1

25.7

53.7

TABLE 16: Effect of additional restrictions imposed on prompt event.

A Analysis Procedure

Restrictions were imposed on the prompt event sample to specifically

select electrons satisfying 12C(ue,e~) 12N(gs) energetics. If an event passed

these restrictions, the scintillation counters were examined for delayed ac-

tivities consistent with the 12N(gs) decay positron. The 12N(gs) decay

signal was obvious as the increased coincidence rate at early delay times.

The amount of signal was estimated by a fit to the time spectrum. The

analysis has been divided into distinct steps to allow easier categorization

of the systematic sensitivities.

Prompt Cuts

Two simple restrictions were applied to the event sample to enhance

the fraction due to ve
 12C interactions. The fraction of prompt events in

the beam-OFF data set (cosmic-ray backgrounds) and fraction of simulated

ve
 12C -> e~ 12N(gs) events removed by these cuts is listed in Table 16. The
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most obvious restriction was against events with more than 35 MeV total en-

ergy, the energetic upper limit for ve
 12C events. Events with Emt > 24 MeV

were removed from the data sample. Figure 49(a) shows the visible energy

spectrum for beam-OFF events in the neutrino event sample prior to this

restriction. The visible energy spectrum for simulated ve
 12C —* e~ 12N(gs)

events is shown ir Figure 49(b). This cut retained more than 98 percent

of the signal events, while reducing the cosmic-ray backgrounds by about

two-fifths.

The second restriction required the event to be contained within a smaller

fiducial volume. Figure 50 displays the number of 12N(gs) decay candidates

observed in the beam-OFF data set as a function of detector scintillation

layer. (The method of selecting these candidate delayed-coincidences is

described in the subsequent paragraphs.) The increased background rate

towards the southern end of the detector (larger layer number) reflects both

the increased beam-OFF trigger rate and increased random coincidence rate

towards the back of the detector, where the cosmic-ray shielding was less

effective. To eliminate these backgrounds, the prompt event was required

to be contained within the first 33 layers of the detector. This restriction

removed more than a quarter of the cosmic-ray prompt events, while sacrific-

ing about one-eighth of the signal. Because the random delayed coincidence

rate per trigger was higher in the eliminated layers, the actual percentage of

background delayed coincidence candidates removed was about three times

the percentage of signal lost to this cut.

Table 17 lists the effects of the cuts on the data sample. These prompt
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Visible Energy Spectra

o.oaao~ — '10.00 '20.00 '30.00 '40.00
Vis ib le Energy (MeV)

50.00

-60 .00

^ 0 0 0 0 ' - ' 1 0 . 0 0 '20 00 "" '30.00 '40.00
• V is ib le Energy (MeV)

FIGURE 49: The visible energy spectra before restrictions to specifically
select ve

 12C —* e~ 12N(gs) events were imposed.
(a) The observed energy spectrum for all beam-ON data in the neutrino
event sample.
(b) The visible energy spectrum for electrons from ve

 l2C —> e~ X2N{gs)
according to the monte carlo simulation.
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Delayed Coincidence Activities per Scintillation Layer
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FIGURE 50: The number of 12N(g3) candidate events per scintillation
layer for cosmic-ray induced events.
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Data Redaction to Final ue
 12C Event Sample

October 1983 - December 1986
1.12 x 1023 P.O.T.a

(9.2 ± 0.7) x 1014t/e/cm2

550.2 hrs
Beam
OFF

2049.3 hrs
Beam

ON

Detect
Effic.
ve

 l2C

Neutrino Data Sample 21,812 7,792 0.106

Neutrino Data Set plus
Visible Energy < 24 MeV
Contained In First 33 Layers xO.43 xO.36

xO.98
xO.88

ve
 X3C -* e~ "N Data Set 10,072 4,059 0.092

4.5 MeV < < 12.0 MeV I 424 304 0.030

187 ±17

TABLE 17: Data reduction to final i/e
 12C event sample.

cuts reduce the beam-ON data sample from 7,792 to 4,059 events. The

beam-OFF data set was reduced from 21,812 events to 10,072. A larger

fraction of beam-OFF events was removed because these events were more

highly concentrated in the excluded layers of the detector. The beam-

associated event sample was reduced from 2083 to 1430 events. The ac-

ceptance for the i/c
 12C —> e~ 12N(gs) signal was reduced by a factor of 0.88

from 10.60 percent to 9.17 percent.

Delayed Coincidences in Limited Search Region

All prompt events surviving the above restrictions were examined for

post-trigger activity in the scintillation counters. The nitrogen ground state

has lifetime of 15.87 ms and produces e+ with mean energy of 8.6 MeV. The

decay is isotropic with respect to the incident neutrino that produced the

nitrogen. Because the threshold per scintillation counter was about 2.5 MeV
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and it required at least 3.5 MeV for an electron to traverse the interven-

ing FCM (normal incidence) it was expected that less than 3 percent of all
12N(gs) decays would be detected in two or more counters. Therefore the

delayed coincidence observation relied on a 'single tag', a signal in just one

counter. The number of background 'tags', due to random coincidences,

was expected to increase proportionally to the number of scintillation coun-

ters examined. In order to reduce backgrounds from random coincidences

only the scintillation counters most likely to detect the 12N(gs) , accord-

ing to the prompt event trigger location, were examined for delayed activity.

Figure 51 shows the topology for the neutrino-carbon trigger event and

the subsequent delayed-coincidence activity. The prompt electron was pro-

duced into both the forward (fig. 51(a) ) and backwards(fig. 51(b) ) hemi-

sphere with respect to the incident neutrino direction. The detector infor-

mation could not resolve the absolute direction of the prompt electron so it

was impossible to distinguish the beginning of the track (where the subse-

quent decay would occur) from the end. By searching in the furthest north

and south slabs, topologies shown in figure 51 (a-c), with the positron in

one of the end trigger scintillators, could be detected. The topology of the

event shown in figure 5l(d), with the decay positron emitted in the oppo-

site direction from the prompt electron from a target nuclei in an FCM was

expected to occur for less than one-sixth of all ve
 12C —> e~ 12N(gs) events

- one-third of all target carbon nuclei were found in the FCMs and one-half

of the positrons were emitted in the opposite direction from the prompt

electron.
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Topology for ve
 12C ->• e~ 12N{ga) triggers with subsequent 12JV(/3+) 12C

decay.
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FIGURE 51: Topology for electrons from ue
 12C -> e" 12N{gs) and the sub-

sequent positron from 12JV(/3+) 12C .
(a) Target 12C in scintillator, prompt electron produced with cosfle > 0
('forward')
(b) Target 17C in scintillator, prompt electron produced with cos $. < 0.
('backward')
(c) Target l3C in flash chamber module, delayed positron emitted in same
direction as prompt electron.
(d) Target 13C in flash chamber module, delayed positron emitted in oppo-
site direction to prompt electron.
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In order to be considered acceptable as a legitimate delayed coin-

cidence activity, the post-trigger activities in the selected counters had to

satisfy certain requirements. Coincidences were accepted between 50 fis and

66800 us (3 to 4000 TDC channels) following the trigger. The 50 microsec-

ond delay was instituted because the hardware was insensitive for first 28

microseconds after each trigger. The additional delay was to ensure uni-

form sensitivity for all counters. The later time limit also served to define a

uniform acceptance for each counter. Times were measured relative to the

prompt trigger, which was recorded at times varying between TDC channel

1 and 3.

The activity was rejected if it was in coincidence with MWPC veto

signals or activity in an adjacent layer during the time ±25fis (±1 TDC

channel). The 20 ^s MWPC veto was recorded as a single bit. For the lat-

ter three-quarters of the data, this requirement was instituted in hardware

so that activities in time with a veto signal were not recorded. The anti-

coincidence with adjacent layers was implemented to guard against events

caused by muons that were not detected due to residual inefficiencies in the

MWPC system. About one trigger event in two hundred contained a leak-

through muon somewhere in the detector during the post-trigger period.

Each muon could traverse several scintillation counters, which would result

in a high probability of producing, a background for the delayed coincidence

without this requirement.
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FIGURE 52: The number of post-trigger activities per prompt event. This
includes activities in scintillation counters at both ends of the prompt track.

Final Candidate Cuts

The 4,059 beam-ON and 10,072 beam-OFF events passing the prompt

event restrictions were examined for delayed-coincidence activity in the scin-

tillators at either end of the prompt event as described above. Figure 52

shows how many activities satisfying the above requirements were found per

prompt event. Prompt events with no acceptable post-trigger candidates

are not included in the figure. On average, there were 1.6 activities per

prompt event with at least one acceptable post-trigger activity. Of course,

only one post-trigger activity per prompt event could be the true 12N(gs)

decay so a method of choosing th« most likely candidate was devised. The

final selection criteria were based on the observed energy deposit of the ac-

tivity.
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The energy deposit AE^iay was determined from the observed 8-bit

ADC value using the standard gain and pedestal calibrations for the PMT.

The prompt track information was used to determine the location of the

activity for the light attenuation correction. There was no post-trigger

tracking information to identify whether or not the activity actually was

associated with the prompt event, but the correction was proper for true
12N(gs) decays.

Figure 53 is a plot of the observed energy spectrum of post-trigger ac-

tivities for beam-OFF events. Overlaid on that noise activity spectrum

is the result for the Monte Carlo generated spectrum for the signal. The

signal spectrum is relatively flat and extends to high energy compared to

the noise spectrum, which is peaked at low energy and falls exponentially

with increasing energy. The candidate most likely to be a 12N(gs) decay

was chosen by selecting the activity with the largest energy deposit. For

activities occurring in the same scintillator, this was equivalent to choosing

the activity with largest ADC value.

After selecting the most likely candidate activity, a final restriction on

AEdciay was applied to obtain the 12N(f3+)12C candidate event sample.

The final sample satisfied the restriction 4.5MeV < bE^uy < 12.0MeV.

These cut values were selected to maximize the statistical significance of

the signal without introducing large systematic uncertainties. There were

304 candidates in the beam-ON data set and 424 candidates in the beam-

OFF data set. Recall that beam-OFF data was collected with roughly 3.8
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times the livetime of the beam-ON data.

Fit Time Spectrum To Determine Signal

Figure 54 shows the time spectra for the beam-ON and beam-OFF can-

didates. The spectra were assumed to contain contributions from the expo-

nential decay of 12N(gs) (the signal) and uniformly distributed background

coincidences. The net signal was determined from a fit using a maximum

likelihood procedure.

For each event i, a likelihood was computed using th» function

Li{R) = R * X * exp(-«i/r) + (1 - R)/G (6.1)

ti - The time of the delayed coincidence relative to the trigger event.

G - Length of the coincidence gate which opens at to and closes at tc,
G = (tc- to) « 64ms.

r - Meanlife for 12N(gs) decay, r = 15.87ms.

X - Normalization factor,[(exp(-*0/7-)*(l - exp ( -G/ r ) )* r ) ] - 1 = 1.018r.

R - The fraction of all events that are due to 12N(gs) decay, 0 < R < 1.
(l-R) is the fraction associated with random backgrounds.

The functional form was chosen such that / £ L(R)dt = 1. The total

likelihood function was L(i2) = ILLi(R), where i represents the event index,

which runs from 1 to N, the number of candidate events. The value of R

that maximized L(R) was called Rmax and Rmax * N was the fitted signal

contained among the N candidate events. In practice the negative log-

likelihood function w(i2) = — log(L(iZ)) = Y.i~ l°g(£;(-R)) was evaluated

numerically in steps of SR = 0.001. Rmax was estimated by the i? that
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maximized the w(i2). The uncertainty in Rmax was estimated from

_ lf[JCexpK/r)-(l/G)]2

Figure 55 shows the normalized likelihood functions L(i2)/L(^moi) for

the beam-ON and beam-OFF data sets. For the beam-ON data Rmax was

0.597 ± 0.057. These values agreed well with the mean and standard devia-

tion of the mean of L(JR) which was 0.596 ± 0.058 which indicates that the

likelihood fit procedure was good estimator of the true signal. For beam-

OFF the data was consistent with uniform distribution, and the fitted value

of Rnax was 0.040 ± 0.051.

This analysis procedure identified 181 ± 17(stat) i/e
 12C -> e~ 12N(gs)

events with subsequent 12N(gs) —>• 12Ce+ve decay.

B Investigation of Potential Backgrounds

All further analysis and interpretation of the ue
 12C —» e~ 12N(gs) signal

relies on the assumption that the observed time spectrum of delayed coin-

cidences contains only the exponential contribution from the 12N(gs) —»
12Ce+ve decay plus a uniformly distributed background. Several tests of

the fitting routines with Monte Carlo-generated time spectra data sets indi-

cated that if those assumptions were met, the likelihood fit technique would

give an unbiased estimate of the signal with the minimum possible statis-

tical uncertainty. However, it was necessary to rule out the possibility of

non-uniform backgrounds due to hardware and/or software bias, or possible
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FIGURE 55: The normalized likelihood

Beam-ON and Beam-OFF data.

function for the fit to the
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continuation by background processes.

The hardware and software bias were investigated by applying the post-

trigger analysis to data sets that were not expected to contain any i/e
 12C —>

e~ 12N(gs) signal. As an example, the 4059 beam-ON and 10072 beam-

OFF events passing the prompt cuts were examined for delayed coinci-

dences in scintillation counters separated from the prompt trigger by three

detector layers. Other than restricting the search region to two unassoci-

ated counters, the entire analysis was identical to that used to obtain the

ve
 12C -> e" 12N(gs) signal. The time specta for the 438 beam-OFF and

176 beam-ON candidates found in these random counters are shown in fig-

ure 56. Rna* from the likelihod fit was 0.024 ± 0.052 for the beam-OFF

and 0.023 ± 0.077 for the beam-On. This suggested that increased delayed

coincidence rate at early times was associated with the prompt trigger and

not an artifact of the analysis procedure or a. hardware bias.

Empirical limits on backgound processes that might give rise to the ex-

ponential signal were also obtained using other data sets unlikely to contain

any 12C(ve,e~) 12N(gs) signal. The fit to the beam-OFF data mentioned

above can be used to place a 90 percent confidence limit of R < 0.109 on the

cosmic-ray background contribution to the 12A(ps) signal (All confidence

limits (ad) quoted in this section were derived by numerically solving for

Rci in the expression /0
 cl L{R)/ f$ L(R) = Q^.) A possible hardware bias

associated with the beam-ON signal, such as trigger rate effect was inves-

tigated using data kinematically distinct from the neutrino-carbon events.

This analysis selected events with 26.0MeV < Evit < 60.0MeV which is be-
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 12C events.

yond the kinematic limit for vt +
 12C -» e" + 12N. 1484 beam-ON and 4290

beam-OFF events passed the prompt cuts ; the post-trigger analysis was

identical to that used to find the signal. There were 92 candidates in the

beam-ON data set and 223 in the beam-OFF data set ; the delay coincidence

time spectra are shown in figure 57. The maximum likelihood fit determined

the 90 percent confidence level upper limit for the exponential decay signal

in the beam-ON data set was i29O = 0.136. #,»«« was negative. The beam-

OFF data set was also consistent with no signal, Rmax = 0.041 ± 0.073 and
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Ra0 = 0.173.

Background Reactions

Of all the background reactions considered only the cosmic-ray pro-

duction and subsequent decay of 12B can not be shown to be negligible.

The 12B(gs) ^-decays with a lifetime of 29 ms and an endpoint energy of

E/3 — 13.7MeV. Given that the signal to flat-background was about 2:1 for

this data, it was impossible to statistically separate the 12B from 12iV decays

by distinguishing the different exponential decay constants. It will be shown

that 12B may account for up to 3 percent of the observed exponential decay

signal.

12Z? may be produced by the capture of cosmic-ray stopped muons,

p - + ™C -> ^ + l2B*

Such events, if not vetoed by the anticoincidence system, could trigger the

detector on the neutrons or gamma-rays produced by the boron capture.

The muons themselves are unlikely to trigger the detector without later

failing one of the 'standard cuts' of section D . In order to produce a

background to the ve
 12C —> e~ 12N(gs) signal the capture would have to

leave the nucleus in the boron ground state, so the trigger would have to be

caused by one or several gamma-rays.

About half of all muons stopping in the detector are fi~ and about ten

percent of these will be captured by carbon, which results in a muon capture

rate of roughly (100 X 0.5 X 0.1) = 5 per second. It is estimated that 10
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percent of all muon captures leave the boron nucleus in the ground state, or

one of the three low-lying states that decay to the ground state. Accounting

for a residual MWPC shield inefficiency of 3 X 10~5 there will be roughly

one boron nucleus created in a triggerable event per live-day. Although this

rate seems quite low, it is also quite uncertain and certainly does not rule

out a possible contamination to the 12N(gs) signal.

When the time spectrum for the 424 beam-OFF data set were fit using

a flat background and an exponential described by the boron lifetime, the

fit result was fs — 0.072 ± 0.029. This corresponds to a boron signal of

31 ± 12 events. In light of this result, the beam-ON data was refit using

the observed cosmic-ray data time spectrum as the background distribution,

instead of a uniformly distributed background. The likelihood function was,

L{R) = R*(X*exp(-ti/r))+(l-R) {(0.928/G) + 0.072 * XB * exp(-fi/r s)}

In this expression, TQ is the 12B(gs) lifetime, 29.29 ms, XB is a normaliza-

tion constant equal to 1.129 rg and the other terms are the same as for

expression 6.1. The relative normalization of the boron and uniform con-

tributions to the background (0.072 / 0.928) was determined from the fit

to the beam-OFF time spectrum. With this new likelihood function the

nitrogen decay signal was estimated to be 182 ± 17 events. This represented

a reduction of 5 nitrogen decays in favor of 8.7 boron decays. This result

is consistent with the livetime normalized boron signal expected from the

beam-OFF data (31 events / 3.8 ). Because the evidence for the boron

signal was on the edge of statistical significance, no background subtraction

was performed. However, the statistical uncertainty for the 12N(gs) decay

signal was increased by ±5 events to account for the possible boron decay
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backgrounds. The final value for the ve
 12C -+ e uN(ga) signal used for

the cross section measurement was 187 ± 22 events.

The beam-associated backgrounds were all found to be negligibly small,

as shown below. There are no other radionuclides with lifetimes similiar

to 12N(gs) , besides l2B, produced in possible reactions in the detector.

All neutrino-nucleus reactions listed in table 6 produce nuclei with lifetimes

greater than 1.78 seconds (35Ar). The delayed coincidence gate was less

than 10 percent of the 35Ar lifetime (and less than 0.06 of the much more

commonly produced 27Si nucleus) so could not account for the exponential

fall-off observed in the data.

Beam-associated production of 12B is possible through 12C(n,p)12B re-

actions. However, consideration of the relative cross-section and targets

indicates that the rate should be small compared to the total neutron-

induced trigger rate. The cross-section for 12C(n,p)12B with a final state

that eventually /3-decays is 10 mb for 60 MeV neutrons[54]. The total

reaction cross-section is about 250 mb, and carbon makes up only about

forty percent of the nuclear targets in the detector. Therefore the (n,p)

rate should be about 1/50 of the inclusive neutron-induced trigger rate.

Less than 400 neutron induced events satisfy all of the requirements for

the prompt event used in this analysis. (This number is estimated from

the number of beam-associated events and estimated event rates for the ex-

pected neutrino reactions.) Therefore there should be less ten 12C(n,p)12B

events in the final data sample, of which less than three could be expected

to produce detectable /?-decays. The possible contamination from these
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events was therefore quite small. The additional ±5 event error introduced

for the possible cosmic-ray production of boron was assumed to cover the

uncertainty in this background also.

Since the exponential decay signal must be due to 12N(g3) from ve
 12C

reactions, it is important to verify that the signal behaves as expected. Ta-

ble 18 shows the number of 12N(gs) decay events with energy above certain

thresholds (this is an integral spectrum). The data follows expectations

from the Monte Carlo between 4.0MeV < L < 6.5MeV as shown by the

constancy of the acceptance corrected rate. For lower thresholds there is

greater uncertainty due to the possibility of 'noise' activities being chosen

the most likely candidate instead of the true signal. There are essentially

no events below the online threshold of « 2.5MeV regardless of whether or

not a 'choice' of one or several candidates is made.

Next, we look at the kinematic distributions of prompt events that have

delayed activities. It is impossible to independently determine backgrounds

which can then be subtracted bin-by-bin ; instead, we select a data set with

good S/N and examine all events. To achieve a clean data sample, we re-

strict ourselves to events with delay-coincidence times less of less than 16

ms (about 1 12N(gs) lifetime). Of the 304 beam-ON candidates, 68 % of the

181 signal events should be selected, but only 25 % of the 123 backgrounds

events. The signal/noise should be increased to about 4:1. A fit to the 150

events selected in this manner estimates the signal to be 124 ± 14 events, in

good agreement with expectations just mentioned. An alternative 'clean'

data sample is is selected by raising the energy threshold for the delayed
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Threshold

MeV

3.6

4.0

4.2

4.4

4.6

4.8

5.0

5.2

5.4

5.6

5.8

6.0

6.4

6.8

12N(gs) Candidates

Beam-ON Beam-OFF

717 1505

488 900

414 697

352 532

306 424

260 340

232 271

204 210

195 180

176 156

165 145

143 129

121 110

102 97

Fitted

Signal

221 ± 24.9

217 ±20.6

209 ± 19.4

202 ± 18.0

187 ±17.1

175 ± 16.2

160 ± 15.5

147 ± 14.6

146 ± 14.5

139 ± 14.5

134 ± 14.1

119 ± 13.6

99 ± 12.4

87 ± 12.2

Detection

Efficiency

0.49

0.43

0.41

0.39

0.36

0.34

0.32

0.30

0.29

0.27

0.25

0.24

0.21

0.18

Acceptance

Corrected

451 ± 51

505 ± 49

510 ± 46

518 ±46

519 ± 47

515 ±47

500 ± 50

490 ± 50

503 ± 52

515 ± 56

536 ± 56

496 ± 58

471 ± 57

483 ± 67

TABLE 18: Number of ve
 12C -> e~ 12N(gs) candidates and fitted 12N(gs)

decay signal as a function of post-trigger threshold. The acceptance cor-
rected signal is the fitted 12N(gs) signal divided by the post-trigger detec-
tion efficiency.
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coincidence to 5.5 MeV. That data set contains 161 beam-ON candidates

and the likelihood fit finds a signal of 128 ± 14 events. Of these candidates,

89 are found in the first 16 ms and are also included in the first optimized

data set, but the remainder are an independent sample.

Figures 58 and 5S display the angular and visible energy distribution

of the events in the clean data samples compared to the expectations from

the Monte Carlo. For the bottom plot, the location of the delayed tag

was used to determine the absolute direction of the prompt electron for the

data. There is very good agreement for all three distributions for both sets

which enhances both the confidence in that the delayed coincidence is due

to i/e
 12C —• e~ 12N(gs) and enhances the confidence in the Monte Carlos

ability to simulate the data. The Monte Carlo generated distributions for

these variables were used in distribution fits to determine the elastic scat-

tering signal as described in the next chapter.

C Investigations into Systematic Uncertain-

ties of the Analysis

In order to determine the absolute cross-section it is necessary to esti-

mate the efficiency for observing the signal. The detection efficiency was

defined as the ratio of the number of simulated ve
 12C —* e~ 12N(gs) events

that satisfied all of the analysis requirements divided by the total number

of events simulated. More than 300,000 i/e
 12C -> e~ 12N(gs) and subse-

quent /3-decay events were simulated. The total detection efficiency was the
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product of the efficiency for detecting the prompt electron, (prompt times the

efficiency for detecting the post-trigger delayed coincidence of the /?- decay,

Cdciay The simulation included both the prompt and post-trigger portion

of the event, but separate investigation indicated that the two efficiencies

were uncorrelated.

As indicated in table 17, 10.60 percent of these electrons satisfied all

of the requirements imposed on the prompt trigger. Table 18 lists the ef-

ficiency for detecting the post-trigger 12N(gs) decay as a function of the

energy threshold, L, used in the requirement L < Ejeiay < 12.0MeV. For

the energy cuts used the efficiency was 36.5 percent. The dead-time in-

troduced by the post-trigger MWPC anticoincidence requirement were not

simulated. The average MWPC rate during this experiment was 6.5 ± 0.2

kHz, so the detection efficiency must be reduced by a factor or 0.87 to a

total efficiency of e = 0.0917 x 0.36 x 0.87 = 0.0297.

Table 19 lists the systematic uncertainties of the efficiency calculation.

The overall energy scale was considered known to about three percent ab-

solute precision. The sensitivity to the restrictions applied to the energy

(dE/dX,Ev") were determined by the fraction of Monte Carlo events re-

moved when the cut limits were shifted by three percent. An additional

Monte Carlo error was introduced by the uncertainty in the ratio of mate-

rial in the scintillators (where energy was measured) and the FCM material.

The post-trigger requirements introduce an additional uncertainty, which is

correlated with the prompt trigger sensitivity to the energy scale. The

systematic uncertainty of the tracking efficiencies was estimated from the
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Complete Listing of Systematic Uncertainties
for the ve

 12C —> e~ 12N(gs) measurement.
Category

Detection
Efficiency

Se

Targets

ST

Neutrino
Flux

SF
TOTAL

FCM

SCINT

NOISE

DELAY

TOTAL

TOTAL

7T+/P

TOTAL

Source of Error
Overall Track Fit
Good Track

Evi' , dE/dX cuts
Overall Energy Scale

Scintillation Activity
MWPC Veto Activity

A E'deiay
Candidate selection
Time Thresholds
MWPC Veto Dead-Time

12C in scint.
12C in FCM

P.O.T.s
Geometrical Factors
Calibration Exp
Monte Carlo

SYSTEMATIC UNCERTAINTY

page no.
150
154

159,153
184

147
145

168
166

165

36
36

184
184

Percent Error
3.5
2.0

3.1
0.7

1.0
0.5

3.5
0.5
0.0
1.5

6.5

1.0
3.5
1.7
2.0
1.5
5.0
5.0
7.5
10.0

TABLE 19: Systematic uncertainties of the i/e
 17C —> e~ 12N(gs) analysis.

The total uncertainty has been calculated by adding the components in
quadrature taking into account correlations.
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change in detection efficiency when the FCM efficiencies used in the simu-

lation were altered by ±10%.

Errors in the total neutrino flux came primarily from uncertainty in the

number of stopping pions produced per incident proton. The calibration

experiment determined the production in the beam-stop mock-up to a pre-

cision of 7 percent. The results of two separate analysis were in agreement

to within 3 percent, which was less than the independent errors of the two

analyis. The neutrino flux observed by this experiment was determined

by a Monte Carlo simulation of the beam-stop neutrino source that was

'calibrated' by the calibration experiment. By performing a global fit to

the production rates in three different materials at three different energies,

it was possible to reduce the total errors below the measurement errors

obtained for each individual data point. The remaining uncertainty of 5

% reflects this improvement. The Monte Carlo itself was assumed to in-

troduce an additional error of about 5 percent due to uncertainties in the

time-dependant beam-stop enviroment and extrapolations to materials and

energies not covered by the calibration experiment.

D Measured Cross-section

The observation of 181 ± 22 z/e
 12C —> e~ uN(gs) events can be combined

with the experimental values of the neutrino flux, carbon targets and de-

tection efficiency to determine the total cross-section.

181 ± 22
r(i/e

 12C -> e" 12N(gs)) =
(0.030 ± 0.002)((9.24 ± 0.70) X 10")((6.36 ± 0.11)
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c{ve
 12C -> e~ 12N(gs)) = (1.03 X 0.12(stat) X O.lO(syst)) x 10"41cm2

(6.3)

There are three recent calculations for the ve
 12C —* e~ 12N(gs) cross-

section. Donnelly[27] has calculated the cross-section for this reaction using

muon-decay neutrinos is 0.94 x 10~41cm2 . Much effort has gone into

careful considerations of all of the experimental information available to

constrain the matrix elements. Donnelly estimates that this calculation is

uncertain by 5 to ten percent (closer too five probably). In a recent pa-

per Fukugita,eZ a/.[2l] calculated the neutrino flux weighted cross-section

to be 0.92 X 10~*1cm2 . Those authors used shell model wavefunctions to

determine the nuclear response. Their answer agrees very well Donnelly's

results. Mintz[35] does not calculate the cross-section for beam-stop neu-

trinos, but presents his results as the cross-section as a function of energy.

If the total cross-section were proportional to [Eu — Q)2 then the spectrum

averaged cross-section would be equivalent to the total cross-section for neu-

trinos with Ev = 35.0 MeV. Mintz calculates the cross-section of 35.0 MeV

neutrinos to be 1.0xl0~41cm2 according to unpublished graphical results

supplied by him.

There is good agreement between the measured cross-section and the

theoretical calculations.
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Chapter 7

The ve~ —> ve~ Signal

Electrons recoiling from the i/e elastic scattering reaction are kinemati-

cally constrained to the 'forward cone' about the incident neutrino direction.

Therefore the elastic scattering signal is apparent as an excess of electrons

with small recoil angles. The cuts described in Chapter 5 are already strict

enough to allow identification of the neutrino electron signal, so with excep-

tion of limiting the kinematic regions used in the fit procedures, no further

cuts are applied.

A multiparameter fit to the observed distributions of the electron scatter-

ing angle, visible energy and track location (8e,Ee,R) is used to determine

the elastic scattering signal. The components of the fit are the distributions

of these variables for the signal events and expected backgrounds, and the

fit parameters are the normalizations for each component. Section A de-

scribes the result of this fitting procedure. Section B describes investigations

into the systematics uncertainties introduced by the fitting procedure. The

magnitude of the ve~ signal does not depend on the assumed background

components and fit procedures. However, the fitted number of events as-

signed to each individual background reaction is not independent of the

fitting procedures. The number of vee~ —> isee~ events is determined from
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the observed ve sample by subtracting the contributions from v^e —> v^e

and F^e" —* Vy.e~ reactions. Section C describes the method and results of

this subtraction procedure. The following chapter interprets the observed

event rates in terms of the vee~ —> vee~ cross-section, NC/CC interference

and weak neutral current parameters sin2 6w a*id

A Fit to Observed Distributions

There were 7,792 events in the Beam-ON data sample. The observed

event rate is expected to have contributions from the elastic scattering re-

action, ve~, from the various i/e-nuclear reactions, as well as from cosmic-

ray backgrounds and additional beam-associated non-neutrino backgrounds.

These reactions each result in different observed energy and angular distri-

bution which are used to distinguish and identify the individual reactions.

The primary signal for the elastic scattering reaction is the excess events

at small angles. Figure 60 shows the cos 6e distribution of reconstructed

recoil angles. There is a clear enhancement at small scattering angles in

the beam-ON data. The excess is more apparent in Figure 60(b) where the

cosmic-ray backgrounds have been removed by a bin-by-bin subtraction of

the beam-OFF data. The excess events at small recoil angles are primarily

due to the ve signal.

The amount of signal is determined from the result of least-square fit
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which minimizes the quantity,

X3 = £(D(i) - F{i)f/D(i) (7.1)

«=i

In (7.1) D(i) is the number of events observed in bin i and F(i) is the

number of events expected in bin i from the fit,

3=1

where Nj is the total number of events of type j and fj(i) is fraction of

events of type j in bin i. The final results are based on a fit with J — 6

components, with data divided into 10 bins in the distance from the beam-

stop (JR), 10 bins in visible energy (Ee) and 9 bins in the reconstructed track

angle (6e). The 6 components to the fit were :

Ni = Number of ve~ elastic scattering events

N2 = Number of ve
 17C -> e" 12N(gs) events

iV3 = Number of ve
 12C -» e~ 12N* events

N4 = Number of Cosmic-Ray events

N5 = Number of ue{
 13C, 37Al} events

iV6 = Number of neutron-induced events

To reduce sensitivity to the unknown backgrounds, the fit region was

restricted to Ee < 50MeV. There were 7392 events in the fitting region.

There were 20,810 in the beam-OFF data with an ON/OFF livetime ratio

of 0.261 . The data is shown in figure 61. The cos 6C distributions for the 6

components are shown in figure 62, the visible energy distributions is shown

in figure 63 and the distribution of distance from the beam-stop v source
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are shown in 64.

The distributions for the v -induced events were calculated by the Monte

Carlo simulation. The cosmic-ray and neutron-induced distributions were

taken from data. The "neutron" data was obtained from the sample of

beam-associated events that failed the cuts listed in Section 5D.3. No sim-

ulations of neutron-induced events were used to obtain these results.

The angular distributions are critical for identifying the ue signal but also

for distinguishing the other event types. Due to the varying acceptance for

each reaction the angular distributions had different "slopes" for different

data sets. The energy distributions were useful for identifying non-neutrino

backgrounds which occurred with energy beyond the 50 MeV total energy

limit for v -induced events. Also the ue
 12C signal was separated from the

others because it did not extend beyond ~ 24 MeV visible energy. Finally,

the R distribution clearly separated the cosmic-ray events which were con-

centrated toward the south end, from the ve which are concentrated on the

north.

Parameters N2 and N+ describing the ve
 l2C —+ e~ 12N(gs) and cosmic-

ray event rates were fixed according to independent measurements. By scal-

ing the cosmic-ray background rate by Beam-ON /Beam-OFF livetimes, N+

was fixed at Nt = 5309 ± 36. The cross-section measured in Chapter 6 was

used to fix N2, the exclusive ue
 12C rate. The ue

 17C - • e" 12N(gs) detection

efficiency at this cut level is 10.6 %. Combining with the measured cross-

section, neutrino exposure and nuclear targets, the expected event rate is
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{eFTa{ve
 12C -» e" uN{gs))) = (0.106 ± 0.05) x (9.24 ± 0.70 x 1014) x

(6.36 x 1029) x (1.03 ± 0.16 x 10~43cm2 ) = 646 ± 115 events. This can be

checked by applying the post-trigger analysis to the full event sample. Such

a test finds a signal of 190 ± 25 events with 12N(gs) —* 12Ce+ve , which

corresponds to 594 ±81 prompt events in the full data sample.

The fit procedure was a simple chi-squared minimization using Mi-
nuit.The best fit gave the following results for the number of events (rounded
to nearest whole event)

Ni = 324 ± 45 ve~ elastic scattering events.

N2 = 646 ve
 12C -> e" 12N(gs) events (fixed)

N3 = 319 ± 74 i/e
 12C - • e" 12N" events

Ni = 5309 Cosmic-ray events (fixed)

Ns = 0 ± 146 events (normalization was forced to be non-negative)

JV6 = 771 ± 72 beam-associated background events

The x2 w a s 56.7 for 25 degrees of freedom. The result for the fit is plotted

on top of the data for the three distributions in figures 65, 66, and 67. The

fit does not achieve good x3 primarily because of the inability to match

the energy distribution between 30.0MeV < Evit < 35.MeV. That single

bin contributes Sx* of 18. The cause of this disagreement is unknown, but

detailed investigations of the events in that energy range indicated that they

were not concentrated at any particular angle or location in the detector,

and probably did not unfairly bias the final fit result.

B Tests for Systematic Bias

Although the %2 was not good, tests of the fitting procedures showed

that the amount of elastic scattering signal found was well-determined and
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independent of the background distributions or parameters used. As a sim-

ple test, 100 simulated ve events were added to the data sample. The fit

determined the ve signal in this new daia set to be 419 ±43, in good agree-

ment, with expectations.

Several alternate background distributions or normalizations were tried.

Altering the fixed number ve
 X7C —* e~ 12N(gs) events by ±225 events

(about 3 standard deviations) only changed the fitted ve signal by ±3

events. Changing the cosmic-ray normalization by ±3 sigma altered the

ve result by less than ±5 events. When all 6 parameters were allowed ar-

bitrary normalizations the best fit (x2 = 54 with 23 degrees of freedom)

was

N l = 321 ± 47

N2 = 355 ± 84

N3 = 516 ± 80

N4 = 5421 ± 44

N5 = 56 ± 92

N6 = 705 ± 92

The amount of elastic scattering signal was consistent for fits where one

or more background parameters were set to 0, although the other back-

ground normalizations naturally fluctuated in order to maintain roughly

the same number of events in the fitted distributions.
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When R was not used as a fit distribution, the amount of cosmic-ray

backgrounds in the best fit was found to increase. For example, when all

6 parameters were allowed arbitrary normalizations, a fit to the 9 9 bins

and 10 Ee resulted in 292 ± 57i/e events, 6188 ± 108 cosmic-ray events,

674 ± 304fe
 12C events and 236 ± 109 neutron backgrounds.

When the data was fit using correlated (8e,Ee) distributions the i/e sig-

nal was found to be 339 ± 47. The signal was found to be insensitive

to the actual binnings (number of bins per distribution) within the sta-

tistical errors of ±40 events. The first fit mentioned, with the number

of i/e
 12C —* e~ l2N(gs) and cosmic-ray induced events fixed, was chosen

over the other results (which were all consistent within 1.5 standard de-

viations) even though better x2 could be achieved by allowing parameters

to "float". This fit was selected because the physical assumptions inherent

in the normalization and components of the fit distributions reflected read

measurements (i.e., the i/e
 12C —* e~ 12N(gs) measurement, the beam-OFF

data) most closely.

C Subtraction of v^e —»• i/^e and l/

V^e" Event Ra te

The observed 324 ± 45 electron elastic scattering events include some

contamination due to fMe~ —> u^e~ and J7Me~ —> 17tle~ elastic scattering.

These contributions can be determined using the results of other experi-

ments. Here it is worth mentioning that the ve signal derived from the fit

is consistent with 320 events whether the elastic scattering signal compo-
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Reaction

Total

sin2 Bw =

31

30

61.

BNL

= 0.198 ±0.035

.5 ± 7.0

.0 ± 7.2

5 ± 10.0

WA

sin2 6W = 0.230

25.4 ± 3.

37.5 ± 4.

62.9 ± 5.

± 0.005

2

8

8

TABLE 20: Number of v^t and u^e events expected in final data sample.
Numbers in BNL column use the cross-sections measured by BNL E734[55],
numbers under WA column use the 'world average' of all neutral current
data[7].

nent is composed of pure i/ee or a weighted sum of v^v^v^ determined by

sin2 9\v = 0.23. The weighted sum was used to obtain these results.

Table 20 lists the number of events expected from each of the i/pe~ —>

i/lle~ and FMe~ —» V^e~ reactions. The first column determines the number

of muon events from the results for BNL E734 [55] which determines the

cross-section for the two reactions to be 1.80 x 10~42 cm2 /GeV for i/M and

1.2 X 10~42 cm2 /GeV for J/p. The number of events properly accounts for

the efficiency for detecting these events when sin2 6yy = 0.198, the value

indicated by the measured cross-section.

An alternative estimate is possible using the 'World-Average' sin2 8w [7],

which is consistent with the above. The WA value of sin2 8w is 0.230. Both

of these methods results in the expectation of nearly 62 elastic scattering
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events. Because fewer assumptions about the nature of the neutral current

are required with this choice, the value obtained by the BNL experiment

is used for the results presented here. As shown in Figure 68 the actual

number of muon-neutrino type events expected is relatively insensitive to

any assumed value of sin2 $w less than 0.35.

After subtracting the 62±10 muon-neutrino elastic scattering events, the

number of events left is 262 ± 46 electron neutrino elastic scattering events.

The interpretation of this signal in terms of the physics is accomplished in

the next chapter.
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Chapter 8

Physics Results from

vee~ —• vee~ Observations

In this chapter the observed event rates are interpreted in terms of theo-

retical possibilities. The observation of 260 ±41 vee~ —* vee~ events is used

to determine the total cross-section for i/ee~ elastic scattering. Measurement

of the cross-section leads directly to a measurement of the interference be-

tween the weak charged and neutral current amplitudes. The interference

contribution is parametrized in terms of the value expected in the WSG

model, as well as in terms of the fraction of the charged and neutral current

contributions. The agreement between the experimental and WSG values

are interpreted to place limits on the magnitude of the coupling of neutrinos

to flavor changing neutral currents. Then, under the assumption of specific

models, the elastic scattering event rate is used to deduce the values of

s\v? 8w , and the weak-neutral current couplings, (gv,9A)- The agreement

with expectations from non-neutrino measurements of the weak interactions

is then used to place laboratory limits on the magnitude of the magnetic

moments for each of the neutrino species and to derive general limits on the

strengths of exotic interactions not included in WSG theory.

206



A Remarks on Experimental Acceptance

In order to determine a total cross-section or interpret the observed

event rate in terms of a theoretical parameters it is necessary to determine

the experimental detection efficiency. The acceptance of this detector is

strongly dependent on the energy and angle of the electron. For neutrino-

electron scattering that means that the experimental detection efficiency is

a function of the recoil energy distribution, which for fixed neutrino spectra

only depends on the differential cross-section. As discussed in Chapter 2, the

difFerential cross-section for neutrino electron scattering can be described by

^ = aA + crB(l-yf (8.1)

where aA(B) represents the cross-section for scattering by electrons with the

same (opposite) helicity as the incident neutrino. The first term results in

a more energetic electron spectrum and therefore produces events that axe

detected with greater efficiency than the second term. The two terms do

not add coherently so the event rates produced by each contribution can

be determined separately then added to obtain the observed total event

rate. If the detection efficiency for electrons is denoted by eA>B for the two

contributions, then the total (observed) event rate is given by

JV06' = {eA<rA + -€*<?*) x FT (8.2)
o

where the 1/3 factor is introduced by the integration over y to get the

total cross-section and FT = 4.56 X 1045cm~2 is the product of integrated

neutrino flux and electron targets. Table 21 gives expressions for the 'flat'
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(<rA) and (1 — y)2 {<rB) contributions in terms of theoretical parameters

for some weak interaction models. The experimental detection efficiency

for each neutrino-electron reaction is also given in table 21. The detection

efficiencies were determined for each differential cross-section weighted by

the neutrino flux using the detector Monte Carlo simulation. The differing

detection efficiency for the individual ve~ reactions reflects differences in

the differential cross-section and neutrino spectra. The overall detection

efficiency for a neutrino-electron scattering reaction is

^ + 1,

Figure 69 illustrates the detection efficiency for the three neutrino electron

reactions as a function of sin2 $w •

B Total Cross-section, a(yee —> i/ee~ )

When the number of uee~ —» i/ce~ elastic scattering events observed

is JV"6* the total cross-section for vee~ —» vee~ is determined from the

expression,

This requires an estimate of the average efficiency, (e). From formula (8.3)

and the data in table 21, it is clear that for vee~ scattering the efficiency

(and corresponding <rtot) may vary up to a factor of 4.5 {=£AI^B) due to pos-

sible variations in the form of the differential cross-section. An assumption

about the form of the differential cross-section is necessary to determine the
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Neutrino-Electron Scattering Cross-Section

Neutrino —>

<ro(l0-43cm2)

Acceptance

Parameters [

WSG Model

Xw = 2 sin3 0w

<TB

"Model

Independant"

cA

aB

Interference

(Chiral a)

<TB

1.36

19.08

4.24

( I
( ;T

1.28

14.49

1.81

{-1+XwY

A
A

1.51

22.82

6.30

, £ X ,

\gv — gA)

(Sv+9A)a

A

TABLE 21: The total cross-section is atot = crA + \<rB. All cross-sections

are given in units of <r0 =
 f^* " = (4.30 X 10~45cm2/MeV).
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total cross-section.

Figure 69 shows how the detection efficiency varies with sin2 8w under

the assumption that the reaction is described by the WSG theory. To mea-

sure the total cross-section the detection efficiency is assumed to be given

by the efficiency for neutrino-electron scattering with a differential cross-

section given by the WSG model with the 'world-average' sin2 Oyr =0.23.

Although this seems to explicitly assume the WSG model, this value of

(e) reflects the efficiency expected for any model where the 'left-handed'

contribution to the total cross-section dominates the 'right-handed' term

(aA >̂ \vB)- This will be the case for most models where the weak charged

current contributes with full strength (<rcc = 4<r0) and the total event rate

is consistent with this measurement. The uncertainty in the detection effi-

ciency is increased from 6% given by consideration of uncertainties in the

simulation program (see chapter 6) to Ae/e = 10% to cover a range of pos-

sible, but unknown, differential cross-sections.

The total cross-section can now be derived using equation (8.4). The

number of target electrons is taken from table 1, T = (4.94 ± 0.1) x 1030,

the neutrino flux from table 12, F = (9.2 ± 0.8) x 1014cm~2 , and the

detection efficiency from equation (8.3) and table 21 with sin2 0w =0.23,

(e) = 0.186 ±0.19.

' 7 ( l / e e ) = (8.49 ± Lo
(8.5)

The statistical error (17.6 %) includes the systematic uncertainties of

the fitting procedure. The systematic error (12.7 %) includes the uncer-
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tainty of the experimental detection efficiency (10 %), the uncertainty in

the neutrino flux (7.5 %) and uncertainty in number of electron targets

(2 %) added in quadrature. The contributions to the systematic errors are

summarized in table 22. Many of the uncertainties were already discussed in

chapter 6 for the cr(i/e
 12C —* e~ 12N(gs)). The sensitivity to uncertainties

in the energy scale and simulation of tracking characteristics were evalu-

ated separately for the elastic scattering reaction. The elastic scattering

measurement was found to be less sensitive to the energy scale errors than

the inverse-/? reaction measurement. The elastic scattering measurement

was mainly sensitive through the effect of the lower thresholds for electron

detection in each scintillation counter, whereas the ve
 12C measurement also

involved total energy cuts and post-trigger energy thresholds. Combining

systematic and statistical errors in quadrature, the electron-neutrino elec-

tron elastic scattering total cross-section was measured to 22 % precision,

<r(vee-) = (3.09 ± 0.68) X 10"43cm2 .

The neutrino-electron cross-section is proportional to the incident neu-

trino energy. It is convenient to express the measured cross-section in terms

of the slope of the energy dependence to ease comparison between different

experiments. The mean electron-neutrino energy was 31.7 MeV, so the total

cross-section corresponds to :

3.09 ± 0.54 ± 0.39) x 1 Q - « W _ Ev.
^ ^ - (9.75 ± 1.70 ± 1.23) x 10 cm x ^

Perhaps more convenient for measurement of the NC/CC interference the

cross-section can be expressed in terms of a~o — 4.30 X 10~45cm2 /MeV as

(2.27 ± 0.40 ± 0.29)o-0 (8.6)
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Listing of Systematic Uncertainties

for the vee~ —> vee~ measurement.

Category

6T

6F

Se

Source of Error

e~ in scintillator

e~ in FCM

TOTAL

Protons on Target

Solid Angle (SR ~ 5 cm)

7r+/p calibration (exp)

Monte Carlo Extrapolation

TOTAL

Energy Scale

Tracking Simulation

Pre-Trigger

TOTAL

TOTAL SYSTEMATIC UNCERTAINTY

% Uncertainty

1.0

3.5

1.8

2.0

1.5

5.0

5.0

7.5

2.5

4.0

1.5

5.0

9.2

TABLE 22: Systematic uncertainties of the vce~ —* t/ee~ analysis. The total
uncertainty has been calculated by adding the components in quadrature
taking into account correlations.
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C The NC/CC Interference

The total elastic scattering cross-section can be expressed as the sum of

three contributions,

atot = aCC + ffNC + al

where the terms represent the charged current, the neutral current a.nd the

NC/CC interference. The conventional charged and neutral terms can be

obtained from other experiments if the weak interaction coupling strengths

are the same for all leptons regardless of flavor. The interference is de-

termined by subtracting the measured values for the charged and neutral

current contributions,

<rJ = <rtot - <rcc - <JNC (8.7)

The purely charged-current term is acc = 4oo, with a small error in

the value of <r0 arising from uncertainty in the muon lifetime. The neutral

current term is aNC — (</£ + |<7/i)<xo which is exactly the expression for the

total cross-section for vtle~ —> u^e~ . The values for gi, and gs. could be

determined by analysis of large class of neutral current data, in which case

(TNC = (0.362 ± 0.018)oo[7]. However, for this measurement the value is

taken from the most recent measurement of muon-neutrino electron elastic

scattering [55], a-NC = (0.413 ± 0.075)<r0. This method is consistent with

the method used to subtract the muon-neutrino elastic scattering events

from the ue~ sample and requires fewer assumptions about the nature of

the weak neutral current since this 'calibration' is correct as long as all neu-

trinos couple to the weak neutral current equally. Substituting these values

with the measurement of the total cross-section (8.6) into equation (8.7) the

interference is measured to be
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a1 = {(2.27 ± 0.40 ± 0.29) - 4. - (0.41 ± 0.08)} <r0

= (-2.14 ± 0.40 ± 0.29)o-0

(8.8)

The interference is clearly negative (it is 4.3 standard deviations from zero).

Converting back from units of cr0 the interference is equal to

a1 = (-2.92 ± 0.51(atat) ± 0.37(syst)) x 10-

To verify the WSG prediction and thereby infer limits on the strength

of flavor-changing neutral currents that mix neutrinos, the interference will

be compared to the expectations from the WSG model. The WSG model

is assumed to describe the weak charged and neutral currents, but possibly

not the interference between them. The total cross-section is expressed in

terms of the interference parameter a as

<rtot = ((4 + g\ + a2CLgL) + 9
2

R)cro

With this definition a measures the ratio of the observed to expected inter-

ference,
a1 a1

2CLgL<TQ ~ (-4 + 8 sin2 9w)(ro

Taking sin2 8w = 0.23[7], the interference is expected to be <r7= -2.16 a0.

To properly evaluate a, rather than just throw the above interference

cross-section into the formula, the value of a is determined from the number
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of observed events. The predicted event rate for this experiment in terms

of a is obtained by substituting the appropriate factors from table 21 into

formula (8.2) :

iV"6* = {(0.19l)(4.29 - 2.16a) + (0.0424)(.0705)} (T0FT (8.9)

The values for gz, (-0.54) and gR (0.46) when sin2 8w = 0.23 have been used

in the above expression. The dimensionless experimental factor (oo-FT) for

this experiment has the value

<r0FT = 1.36xl0-43cm2 x(9.2±0.7)xl014cm-2 x(4.94±0.10)xl03° = 621±47

The interference parameter a is measured by solving the linear equation

(8.9) for a in terms of N0*",

(ir*7621 ± 47) = 0.823 - 0.413a

With JV°*' = 262 ± 46 the result is

a = 0.97 ± 0.18(stat) ± 0.13(syst) (8.10)

The measured interference is 0.97 ± 0.22 times the WSG value with sin2 9yr

= 0.23.

The fact that the interference is non-zero, at least part of the time,

proves that the neutrino in the final state of the neutral current is the same

as the incoming neutrino for at least some fraction of the interactions. The

90 % confidence level upper limit on the fraction of interactions for which

the outgoing neutrino was not an electron neutrino is 0.36 . This is the first

accelerator based experimental limit on flavor-changing neutral currents in

the neutrino sector.
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An experiment that measured the tri-lepton process v^ + N —* fi+ -f

fi~ •+- Vp + N did not express the result on the interference in terms of the

coherent ('left-handed') and incoherent ('right-handed') portions of the sum

of the NC and CC contributions. Rather, their results were expressed in

terms of a simple parameterization of the interference by writing the total

cross-section as :

cc<r{vte~) = crcc+<rNC+2V*cc<r™ cos $ = \\Acc\\2+\\ANC\\2+2AIfCA

where $ represents a phase angle that determines the strength of the in-

terference. For this parametrization, the WSG value of the interference is

not completely destructive (3> = 180°) unless it is purely left-handed, i.e.

sin2 6W =0 . For sin2 6W = 0.23, $ = 154°.

Again using the BNL results for <rNC, the solution for cos $ is ,

ff(v-e-) - <rCG - (TNC

cos $ = - i-S— ; . = -0.84, $ = 147°

D The Weak Neutral Current Parameters

20w and

In the WSG model the neutrino-electron cross-section is a function of

one free parameter, sin2 9w • The total event rate, JV"*** in terms of sin2 $w

is
1

= (0.1908)(l + 2 sin2 9W)2 + J(0.0424)(2 sin2 6wf621 ± 4 7 v 'x ' " 3
Nob.

621 ± 50
= .1908 + .7632 sin2 6W + 0.8197(sin2 Bwf
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This is a quadratic equation for sin2 $w in terms of the number of observed

events, which is solved to yield

sm*6w = 0.241 j£|»?(5*aO 1$5&{syst)

This is in agreement with measurements of sin2 0w in many other ex-

periments.

It is customary to express neutrino-electron cross-sections in terms of

the 'model-independent' weak NC coupling constants, gv and gA. Again

substituting the values of eA'B and the expression for aA>B the observation

of 225 vee~ events

0 = 0.191(2 + gv + gAf + 0.0424^ - gAf

The solution to this equation is an ellipse in the (gvi9A.) plane. After

including experimental errors the solution is an allowed region in that plane.

The errors are obtained after the statistical and systematic errors have been

added in quadrature. The region consistent with this measurement is shown

in figure 70. The acceptable region is in agreement with the expectations of

the standard model (gA = -1 /2 , gv = -1/2+2 sin2 6W) with sin2 0w = 0.23.

E Limits on the Neutrino Magnetic Mo-

ment

In some gauge models, neutrinos can interact with electrons through elec-

tromagnetic interactions not allowed in the WSG model. If such models

are true, then we would observe extra events beyond the amount suggested

by purely weak interactions. We can place limits on possible anomalous
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interactions using the agreement of our observed event rate with the rate

expected assuming WSG model.

A simple example is scattering of a neutrino by its magnetic moment.

Such an interaction would contribute Nmag = (FT) * e(Q)<r(Q) events. Q =

(E™in/E™ax) is the detection threshold for recoil electrons. e(Q) is evaluated

using the Monte Carlo simulation. The expression for cr(Q), including the

weighting by neutrino spectrum is given by

rBM(E)if(E)dE

For the known neutrino spectra we get the following expressions,

3 - IQ3 + W - lnQ ~ 7?

(W) <T(Q) =fi(Q-

For this analysis, the full ve~ event rate (324 ± 46 events) is used and

both electron and muon neutrinos are investigated simultaneously. Assum-

ing a detection threshold of Q = 0.189, or 10 MeV, the efficiency for de-

tecting an electron that has been scattered by interactions with the mag-

netic moment of an electron-neutrino is 0.1222 . For v^eT —» vlle~ and

u^e~ —> Z7Me~ with the same thresholds the efficiencies are 0.0804 and 0.1472

respectively. It has been verified that the physical results do not depend

on the value assumed for Q, in that product e(Q)<r(Q) was constant for

thresholds between 10 and 20 MeV. The number of elastic scattering events

expected from magnetic moment scattering is

™a = fc x (6.37 x 1019)
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events from electron-neutrinos and

N™9 = V(1.34 x 1O20)

events from muon neutrinos and antineutrinos combined. These equations

can be inverted to express the magnitude of / in terms of the number of

observed events. Combining both neutrino types the magnetic moments are

given by

fl + 2.10/2 = 1.57 x 1(T20 x Nma°

The number of magnetic moment scattering events observed is deter-

mined by the number of events observed beyond the amount expected from

the WSG prediction,

For sin2 Ow = 0.23, ArWSG j s 3 ^ events. Including both systematic and

statistical errors in quadrature, the 90 percent confidence limit on the num-

ber of events due to magnetic moment scattering is 104 events. Therefore

the neutrino magnetic moments have a 90 percent confidence upper limit

value of

fl + 2.1/,J < !-64 x 10-18(90%c.i.)

which leads to the separate limits ,

/ , < 12.8 x 10-10(90%c.Z.)

and

/„ < 8.8 x 10-lo(90%c.J.)

221



The limit for the electron neutrino is about a factor of five larger than

results obtained using reactor anti-neutrinos[15,56]. Due to its importance,

since this is the only other laboratory limit for fe this may be considered

important verification of the earlier result. The limit for muon-neutrinos,

/M as restrictive as the best previous laboratory limits. The best previous

result was from the Brookhaven E734 experiment [55] which placed a limit

of ffi < 8.5 x 1O~10. This is the first experiment to obtain combined limits

for both neutrino types. Neither of the limits obtained here as restrictive

as bounds obtained from astrophysical considerations, such as the from

observations of neutrinos from supernova 1987a.

F Summary

The observation of 262 ± 46 vee~ —+ uee~ events was used to deter-

mine the total elastic scattering cross-section to be (9.75 ± 1.70 ± 1.23) X

10~4Scm2 x fjt"\r- Under the experimentally verified assumption that elec-

trons and muons couple with equal strength to the weak currents, it was

possible to subtract the purely charged current and purely neutral current

contributions. The interference contribution was —(9.24 ± 1.61 ± 1.17) x

10~4Bcm2 X fut"\r, which is destructive and four-sigma away from zero. It

is (0.97 ± 0.18 ± 0.13) times the WSG prediction for s i n 2 ^ = 0.23 . The

agreement with WSG allows a limit to be placed on flavor changing neutral

currents in the neutrino sector.

If the NC/CC interference is assumed to have the fully destructive form

predicted by WSG theory, then the observed i/ee~ elastic scattering rate can

be interpretated as a measurement of sin2 8\y = 0.241 ± 0.06 ± 0.04.

The agreement of the total elastic scattering rate (324 ± 46 events) with
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WSG can also be used to place new laboratory limits on the strength of the

neutrino magnetic moments of fe < 1.3~9/ig and /M < 8.8 X 10~wfiB-
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Appendix I

Monte Carlo Simulation

A detailed Monte Carlo simulation of electrons and positrons produced

by various reactions in this experiment was written to evaluate the detector

response to these events. The first section of this appendix gives an overview

of the operations and goals of the Monte Carlo. Section B lists the vari-

ous physical processes that were simulated and highlights special features

that ensured accurate depiction of the physical distributions. Section C de-

scribes how certain calibrations and detector parameters were incorporated

into the simulation to make it more realistic. Section D presents the re-

sults of a comparison of the detector simulation with calibration triggers to

show that the simulation reflected the detector performance quite faithfully.

A Overview

The Monte Carlo detector simulation was used for two primary pur-

poses. First, it was used to determine the experimental detection efficien-

cies for the neutrino-induced signal and background events. Secondly, it was

used to generate the expected distributions for the kinematic variables used

in the fits for the elastic scattering signal. The detector simulation was also
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useful for defining the angular and energy resolutions of the experiment,

but those studies did not directly affect the final physics analysis. In order

to achieve a satisfactory model, the simulation included individual scintil-

lation counter response, FCM efficiencies and detector 'noise' as measured

by calibration data.

The event simulation began by choosing the event characteristics (ini-

tial total electron energy, location, direction and particle type) according to

the physical reaction being simulated. All of the expected neutrino-induced

reactions were modeled, as well as calibration triggers from muon-decay

electrons. Next a standard program, EGS4[57], was used to propagate the

electron through the detector. EGS4 is a general purpose simulation that

can accurately simulate the interactions of electrons, positrons and photons

in various materials over a wide range of energies. The amount of ioniza-

tion energy deposited in each detector element by the primary particle, or

secondaries produced during its propagation, was determined. If the event

was found to have deposited enough energy in the appropriate scintillation

counters to satisfy the online trigger requirements, the energy deposited

in each scintillator and the location of all FCM tubes with ionization was

written to a file. A separate program then read this file and 'translated'

the results into offline data format. The translation routines made use of

measured detector parameters, such as FCM efficiency and scintillator re-

sponse, to properly simulate the detector characteristics on a run-by-run

basis. Time-dependent calibrations and noise in the FCM, scintillation and

MWPC systems were included using data selected from a large sample of

calibration events. Translated events were then subjected to the standard
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offline analysis using the same programs as were used for actual data. The

analysis started from raw data by fitting tracks to the hit FCM tube loca-

tions and converting ADC values to "visible energy". Then all offline cuts

were applied. The number of events passing these restrictions divided by

the total number of events simulated measured the experimental detection

efficiency. The energy, angle and location distributions of events surviving

the analysis cuts were used for fits to the data.

The efficacy of the simulation algorithms were evaluated by compar-

ing the results of simulated events with actual measurements of calibra-

tion events. The decay electrons or positrons from muons that stopped

and decayed within the detector provided a clean sample of electrons with

relatively no background. The good agreement between the results from

simulated muon-decay events and the results from the measured data is de-

scribed in Section D.

B Physical Reactions Modeled

The Monte Carlo was able to simulate electrons according to the ex-

pectations for the neutrino-induced process of interest, veT scattering and

i>eA{A = 12C, 13C, 27Al} charged current reactions. For test purposes,

electrons and positrons from the decay of cosmic-ray stopped muons were

also simulated and compared to calibration triggers. In addition, for studies

of the detector thresholds and resolutions, monoenergetic, monoangular or

uniformly distributed sets of electrons were simulated.
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The first step of the simulation was to determine the energy (Ee), track

direction (0e, (f>e) and interaction location (R) for the observed particle. The

energy and angle were selected randomly from the appropriate distributions

after folding the neutrino spectrum with the theoretical differential cross-

sections. These are discussed below in detail for each reaction.

The interaction point for a neutrino interaction was selected from the

convolution of the flux intensity with the distribution of targets in the de-

tector. This convolution was difficult to perform analytically because the

detector geometry was oriented in planes but the isotropic neutrino flux

had spherical symmetry - defining axes to be west-to-east (X), vertical (Y)

and north-to-south (Z), the detector layers were at fixed Z but the neu-

trino flux was falling like 1/R2 = l/y/X2 + Y2 + Z2. Therefore the value

of R = [X, Y, Z) was chosen using a sample/reject method. The target

weighted 'distance' from the beam stop for any point in the detector was

defined as (cos 6z = polar angle with respect to Z-axis)

R«al< = [Rp(r)dr = f' -^-dz (I.I)
Jo Jo cos tfz

The maximum value of R,caic-,RM was for the far corners of the detector,

and the minimum value was at any point on the front face of the detector.

Because the 'sandwich' structure of the detector resulted in regions of high

density (pi) and low density (^2) that alternated at regular intervals of Z, it

was easy to determine R,cau f°r any choice of (X, Y, Z) and equally simple

to convert a (R,caie^os6z,<f>e) set into the corresponding (X, Y,Z) point.

The interaction point was chosen by selecting a random value of RMcau

that was uniformly distributed between 0 < R,cau < RM and random direc-
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FIGURE 71: Distribution of vc
 l7C interaction locations chosen by the

Monte Carlo using a sample/reject algorithm to reproduce the layer-by-layer
density flucuations and 1/R2 flux decrease.
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tion uniformly distributed over the solid angle covered by the front face of

the detector (roughly ±11 degrees in 8z)- If this pair of Rtcaie and (cos &z, <f>)

corresponded to a point beyond the detector, the choice was rejected and

a new pair selected. Figure 71 shows the Z-distribution of neutrino-carbon

trigger locations. The spikes are at the location of scintillators, which are

thinner but had higher density than the intervening FCMs. The fall-off

with increasing distance is due to the 1/.R2 decrease of the neutrino flux.

Elastic Scattering

The energy distribution for elastic scattering events was chosen in two

steps. First the interacting neutrino energy was selected from the distribu-

tion

D{EV) = <pv{Ev) x Ev

This method properly weights the neutrino spectrum by the linear energy

dependance of the elastic scattering cross-section. The recoil electron en-

ergy was chosen by selecting from the y-distribution (y = EcjEv, 0 < y < 1)

according to the physically correct model. Because the physically correct

distribution for most weak interaction models is a weighted sum of the

^ = 1 (flat) and ^ = (1 — y)2 distributions, the final results were based on

a simulation of several hundred thousand events for each differential cross-

section. Then the distributions used in the fits described in Chapter 7 were

obtained from the weighted sums of the distributions obtained for the flat

and (1 — y)2 terms. Smaller samples were generated using the differential

cross-section expected for each of the three ve~ reactions in the WSG the-

ory with sin2 8w = 0.23. The results were found to agree with the results
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obtained by summing the two underlying distributions.

Once the electron energy and neutrino energy were chosen, the elec-

tron recoil angle was determined using kinematic formula 4.1 (page 85) The

interaction point was determined by folding the 1/JR2 with the electron tar-

get density. R,eau was evaluting with the assumption that the scintillation

counters had 3.108 times the electron density of the FCMs.

Neutrino-Nuclear Reactions

The electron energy and angular distributions for neutrino-nuclear reac-

tions were derived from programs provided by T.W. Donnelly of MIT[4l].

The original program used detailed information on the one-body density

matrix elements to calculate the differential cross-section for ve induced

transitions between specific nuclear states,

J^(Ev.)^S,(Ev.,ee,Ee) (1.2)

6o-{EVt, 0e, Ee), which is the differential cross-section with respect to electron

angle and energy as a function of neutrino energy, was evaluated numerically

at various (EVt,0e). For this work steps of AEV, =0.25 MeV and A9e = 4°

were used. The resulting double differential cross-section was summed over

the neutrino spectrum to give the flux-averaged differential cross-section.

For convenience, the program was modified to record the the flux-averaged

cross-section as a 'two-dimensional histogram',

H{9e,Ee) = £ > ( £ „ . ) * Sa(Eu.,0e,Ee)AEVt) x 2TTsm0cA6eAEe

The bin size (A0e, AJ£e) was (4°, 0.5 MeV), giving 45 angle bins and up

to 100 electron energy bins. H(0e,Ee) is equal to the flux-weighted cross-
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section for producing electrons with energy Ee < E < Ee + AEe into the

angular range 6e < 6 < 6e + A6e. Each bin was incremented once per

10~4rcm2 ; the total number of entries in the histogram (or 'area' under the

curve) was equal to the flux-weighted total cross-section, <xtot.

Donnelly calculated the cross-section separately for each of the possible

'transitions' allowed in his 'multipole expansion' of the nuclear reaction.

The above process was repeated for each 'transition'. Table 23 lists the

number of nuclear final states (and 'multipole expansions') that were calcu-

lated for each of the reactions simulated. The total cross-section computed

by the original program is given in the next column. The total number of

entries in the histogram used to generate the Monte Carlo electron distri-

butions typically agreed with this value to ±0.01%, where the difference

was believed due to rounding errors introduced by the histogramming pro-

cedure. All results for H(6e,Ee), atot, e t c . , refer to the summation over all

individual transitions that contributed to the cross-section of interest.

The cress-section histogram H(6e,Ee) was converted into an 'integral

probability' curve for use by the Monte Carlo 'event generator'. The auxil-

iary arrays F(Ee) and S(0e,Ee) were created :

and

9e, Ee) = IJ2 H{9, Ee))/(F(Ee)- F{E* - AEe))

with these definitions F(Ee) equals the probability that the electron is pro-

duced with energy E < Ee. The marginal density, S{9e,Ee) is the angular
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ueA reactions simulated by the Monte Carlo
Transition

i/e
 1 2 C - •

ve
 12C - »

i/e
12C-+ e" uN{all)

e~ "NM

e~ 13N(ex)

—> e~ 13JV(odd-parity)

e~ 13N{all)

e~ *7Si{I)
e~ "Si{II)

final
states

1

10

11

22

22

45

1
1

multi-
poles
1

13

14

2

39

41

82

5
5

(10-42cm2 )
9.40

3.75

13.16

23.89

74.49

11.11

109.51

24.26
32.21

e

10.60

8.08

10.07

22.96

—

—

18.90

22.96
23.04

TABLE 23: Listing of neutrino induced nuclear reactions simulated by the

Monte Carlo. The number of final states and 'multipole transitions' com-

puted for each reaction type [41]. The Monte Carlo result for the experi-

mental detection efficiency is also listed.
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distribution ^(Ee). S(6e, Ee) is the probability that 8 < 9e given the elec-

tron energy is Ee.

The electron energy and angle were determined using standard tech-

niques for sampling from an integral probability distribution. In practice,

first the electron energy was chosen using F(Ee) then 9e was selected from

S{8, Ee) using a second random number.

When generating the distributions used in the kinematic fits, the output

for two different reactions were combined by normalizing each distribution

to unity, then adding with the weighting

N

where

uiA~ eAx <rAx TA/ I 'jTw

\ N

The quantities eA,uA, and TA are the detection efficiency, total cross-section

and total number of targets for the ueA reaction. The cross-section to the
27Si ground state was taken as the mean of the results obtained for two dif-

ferent shell model (denoted I and / / in table 23) estimates of the relative

importance of the individual multipoles.

The total cross-section for the i/eAl reaction was estimated from the cross-

section to the Si ground state by multiplying by the ratio of (ground-

state)/(all final states) cross-sections found for v^C reactions.

As for the neutrino-electron reactions, the interaction point distribution

was weighted by the relative abundance of the target nuclei. In practice,

the ratio for carbon isotopes was 5.514. All i/eAl events were started in the

FCM. No effort was made to simulate the true distribution of targets in the
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FCM modules (i.e. the discrete number of foil planes, or finite FCM cell

size). The detection efficiency for ueAl was found to increase by 20 % when

the events were simulated according to the carbon isotope target distribu-

tions.

Nitrogen-decay

The full cascade, vc
 12C -> e~ 12N(gs) followed by 12N(gs) -> 12Ce+ve

was simulated. (The 12N(gs) —> 12Ce+ve portion was also simulated sep-

arately to verify the independence of the prompt and delayed detection

efficiencies, edelay and ^prompt-) The positron energy was selected according

to the /?-decay spectrum,

dN „,„
dE " eK p ej (exP(27r77) - 1.)

where Ep is the decay end point energy (16.84 MeV) and tj = Z a//3e is

the coulomb correction. Transitions to three excited states of carbon were

handled by letting 2.1 percent be generated with E& = 12.388 MeV, 2.7

percent with E& = 9.173 MeV and 0.9 percent with E0 = 6.5 MeV (see

table 7). There was no attempt to simulate the 4.4 MeV gamma ray that

accompanies 90 percent of the transitions to the 1^C7(4.4) MeV state. The

decay time was chosen from the exponential distribution and if beyond the

experimental time limits the activity was not recorded. However the dead-

time introduced by the anticoincidence system was not simulated.
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Stopped-Muon Decays

The actual stopping muon was not simulated. To reflect the charge

ratio of 2 GeV muons at sea level[33], 45 % of the events were generated as

electrons (fj.~ decay) and 55 % were positrons (fi+ decay). The electron (and

positron) energy spectrum was identical to the v^ spectrum from fi+ decays.

The decay electrons were distributed throughout the detector, uniformly in

the horizontal (X) and vertical (Y) directions. The Z distribution was

weighted by the ratio of scintillator to FCM density, 4.49. No attempt was

made to simulate the observed increased cosmic-ray trigger rate towards the

South end of the detector. The electron angular distribution was isotropic.

C Detector Parameters and Translation Rou-

tines

The full detector geometry was accounted for by the simulation pro-

gram. The energy deposited in each layer of scintillator and each FCM was

recorded separately. The energy was divided between the scintillators on the

same layer using the entrance and exit points of the most energetic particle

to determine the relative path lengths in each scintillator. The FCM were

considered to have uniform density for determining the electron's ionization

energy loss, but the exact location of all tubes with ionization energy were

recorded for use by the fitting algorithms.

The energy deposited in each scintillator {&E) was converted to an ADC
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channel value using the inverse of formula 5.4

ADC \AM£*\
L 9 J

where g,p and A[x,y) are the gain, pedestal and attenuation correction for

the scintillation counter as defined in Chapter 5, section C. The Monte Carlo

used the same calibrations as the data analysis routines. The actual ADC

value recorded was chosen from a Poisson distribution with mean at the

calculated ADC value and width determined by the photoelectron statistics

measured for that scintillation counter. If the ADC value was above the

LL threshold the energy deposit would be recorded in an output file if the

event satisfied trigger conditions.

The track characteristics were simulated using detailed calibration of the

flash chamber response observed for tracks from through-going muons and

electrons from stopped muon decay. Proper simulation required attention

to the 'efficiency per panel', the 'number of hits per lit panel' and the

noise hits[48]. All three parameters (noise, efficiency, flashover) were time-

dependent so efficiency and flashover calibrations were taken according to

the run being simulated (see below).

To accurately portray the data, noise from the various detector com-

ponents was included in the translated event data. Through-muon events

were used to supply the noise. The muon track, defined as all hit tubes

within a 2 cm wide corridor around the fitted track, was removed as were

the MWPCs in time with the trigger. Then all remaining data was used to

supply flash chamber noise, noise activities in the scintillators during the

pre-trigger and post-trigger period, and random activities in the MWPCs

prior to the trigger. MWPC noise taken from through muon data required a
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Through-Muons Used to Extract Noise

LAMPF

Cycle

38

39

40

41

42

43

44

45

46

47

Number of

Events Used

3108

4202

5606

8405

7335

8889

9600

5936

7581

7043

TABLE 24: Number of calibration triggers used to extract FCM, MWPC,
and Scintillaton noise for each LAMPF operating cycle. After the prompt
muon event was removed, the remaining data for each event was used to
generate detector 'noise' in the simulation and 'translation' routines.

correction factor, because the MWPC rate prior to a through muon event is

higher than prior to a regular trigger. Table 24 gives a listing of the number

of events used per cycle, which is important for determining the systematic

uncertainties.

Because the performance of the detector could vary with time, for anal-

ysis of the physics events the detector characteristics are adjusted on a

'cycle-by-cycle' basis (10 separate data sets) weighted by the normalized

proton flux. PMT gain were adjusted on a run-by-run basis, as per the
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offline analysis. The number of events simulated per run was proportional

to the v exposure during that run.

D Checking the Simulation

The algorithms were verified by simulating events for which real data

was available. A large sample of decay electrons from stopped muon decay

provided the best check. The reconstructed electron angle (with respect to

the detector axis) is shown in figure 72 for both data (points with errors)

and simulation (histogram). The good agreement between the two indicates

that the simulation algorithms for track fitting seem to reproduce the data

well. The energy deposit characteristics are checked by comparing the total

energy and the dE/dX distributions of simulated events vs. data. Figure

73 displays the observed dE/dX spectrum for muon-decay events compared

to the Monte Carlo result. The width of the dE/dX through-peak indicates

that effects that dilute the detector resolution, such as photoelectron statis-

tics, light attenuation and track angle errors, have been properly accounted

for by the simulation. As discussed in Chapter 5, Section C the absolute

energy scale of the data was actually calibrated using the comparison of the

visible spectrum of monte carlo and data events.

238



Stopped-Muon Decay Electron Angle
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FIGURE 72: Reconstructed angle with respect to detector axis for electrons
from muon decay. The observed data is shown as the data points with errors,
the simulation is shown as a histogram. The simulation has been normalized
to the data, and the error bars are statistical only.
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