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ABSTRACT

Separate muon, electron, and tau numbers are conserved in the minimal
standard model of electroweak interactions with massless neutrinos.
However, 1in many extensions to the standard model, separate lepton
numbers are not expected to be conserved quantities. A new search for
muon number non-conserving processes has been undertaken at the Los
Alamos Meson Physics FacitYity (LAMPF), specifically to look for three
neutrincless decay modes of the muon. The search for the decay of a muon
to an electron and a photon is discussed here.

A new detector facility, located in the LAMPF stopped muon channel,
uas developed for this experiment. This Crystal Box detector consists of
a cylindrical drift chamber surrounded by a plastic scintillator
hodoscope and a large solid angle, modularized, Nal(TL) calorimeter. The
apparatus measures the trajectories, relative timing, and energies of
charged particles and photons from the decays of positive muons stopped
in a central target. The assembly and calibration of the detector is
described, and the procedure for taking data is discussed.

The sample of 1.3 million candidate evenis, from the first data run
ot the Crystal Box, was analyzed using a maximum-likelihood method. The
upper 1imit on the branching ratio, relative to normal muon decay, for a
muon decaying to an electron and a photon is found to be consistent with
previous measurements. With 90 percent confidence, the branching ratic

for this neutrinoless decay is observed to be Yess than 2.8 x 10'°.

—ix-



GLOSSARY OF SYMBOLS AND ABBREVIATIONS

ACC Auxiliary Crate Controller

ACP Auxiliary Control Port

ADC Analog to Digital Converter

CAMAC Computer Automated Measurement and Control

NIM standard
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CL Confidence Level

DAP Dataway Access Port

DEC Digital Equioment Corporation

DMA Direct Memory Access

alM Glashow~-!licpoulos-Maiani mechanism
GWS Glashow-Weinberg-Salam theory

HPHC High Pulse-Height Crystal

LAM Look-At-Me signal

LAMPF Los Alamos Meson Physics Facility
LH, Liguid Hydrogen

LRS LeCroy Research Systems

MBD Microprogrammable Branch Driver
NaI(T?) Sodium lodide (Thallium-doped)
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SIN Swiss Institute for Nuclear Research
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A SEARCH FOR THE NEUTRINOLESS MUOM DECAY u* = e' ¥

by

Steven L. Wilson

Chapter I

INTRODUCTION

The thsory of quantum mechanics established the concept of quantized
conservation laus. Electric charge and spin angular momentum were the
first examples of an intrinsic quantum number. Many other intrinsic
guantum pumbers have been postulated to account for, or classify, the
subset of all kinematically allowed interactions which 1s observed to
osccur in nature. Such gquantum numbers include baryan number, lepton
number, aquark flavor (strangeness, charm. etc.), color, and, the
quantity of interest for this thesis, (lepton) fam:ly numb.r.

In recent years, a theagretical concensus has emerged that al}
fundamental interactions should be described by a non-abelian gauge
theory of quantum fields. In this context, aside from quantities uhcse
conservation 1s derived from a global space-time translation invariance
(eg. energy, momentum), only those intrinsic quantum numbers which are
associated with the global symmetry of a massless gauge boson (eg.
electric charge), are expected to be exactly conserved. It 1s well
known, for instance, that flavor is not conserved. In addition, gauge
theories provide a natural explanation for the suppression of extremely
rare processes, in virtue of the large masses of the vector bosons which
mediate the short range interactions. Concsequently, the last decade has
seen a revival of interest in sensitive searches, for rare processes,

previously abandoned in favor of exact conservation laus.



2

The copious flux of muons, currently available at meson factories,
has attracted experimentalists tc look again for muon family number
violation, To date, no such neutrinoless decay mode of the muon has
been disctovered. A 1977 rumor, that the rare decay p*+e*y had been
observed at the Suwiss Institute of Nuclear Research (SIN), prompted a
collaboration of scientists from Stanford University, the University of
Chicago, and the Los Alamos Meson Physics Facility (LAMPF) to try to
confirm the observation. The purported SIN result was subsequently
denied, and the LAMPF experiment went on to set the current upper limit!

Ciutsetr)

BR(u*=ety) = —— ¢ 1.7 x 10719 (90% confidence level).
(1

[(p*+etvedy)

The above experiment was assembled and carried out, Wwith remarkable
rapidity, primarily by using existing detectors and equipment. In light
of the null! result, and the plethora of new models generated in response
to the possible observation of p*+e*y, the same collaboration decided to
design a new apparatus especially suited for a more sensitive search.?
This thesis describes that Crystal Box experiment, which searches
simul taneously for the neutrinoless muon decays u*-e*y, p*-ete*e-, and
u¥*se*yy. oOnly the pu*-+e*y data analysis will be discussed in detail.

The theoretical and experimental background of rare muon-decay
physiss is discussed in Chapter II. The experiment design is described
in Chapter III, and 1in Chapter 1[IV the experimental procedure is
explained. Details of the data analysis are given in Chapter V. A

summary of resulis is presented in Chapte: VI.



Chapter II

PRYSICS BACKGROUND

2.1 HISTORY OF IHE MUON

The muon was discovered as z component of cosmic radiation, in 1937,
by Anderson and Neddermeyer,3 and Street and Stevenson.' It has played a
vita) role ever since in the understanding of fundamental! interactions.
Initially considered a candidate for the Yukawa meson, proposed as the
mediating particle of the strong interaction, the muon has about the
mass predicted to explain the short range of the strong force. However,
early cosmic-ray studies shoued that the muon does not part%cipate in
strong interactions with nuclei,5 and so could not be the Yukaws meson,
In fact, the muon was shown not to be a spin-zero meson at all, but is
instead a spin-1/2 fermion.® The properties of the muon proved 1o be
very similar to that of the electron, the muon differing only in mass
(about 207 times greater than the electron), and in the fact that it is
unstable. The electron and muon constituted a neu classification of
particles called leptons. A third lepton “tamily”, designated tau, has
m--e recently been discovered.?

Studies of the decay of cosmic-ray muons identified the charged
components to be electrons,® shoued that the neutral components were not
pnotons,?,'% and proved ‘hat it was not a two-body process.'! The tuwo

neutral components were assumed to be neutrinos, the massless, weakly-

interacting particles first postulated to account for the unobserved



energy in nuclear beta-decays. Muon decay wuas therefore not an
electromagnetic radiative process (u-e?), Lut, in strength and
structure, was most like nuclear beta-decay. The similarity of the

coupling constants for muon decay and nuclear beta-decay, and also muon
capture, led to the establishment of the weak interaction as the fourth
fundamental force in nature.

In the 1950’s, the advent of accelerator sources of muons permitted
more detailed muon decay studies. These experiments observed the
positrons from pt decay to have an asymmetrical angular
distritution.,'2,'3 and to be longitudinally polarized.'¥-1® This
evidence of parity violation ir muon decay, along uWwith earlier results
on beta-decay (for example'? in Co%%) confirmed the non-conservation of
parity as a gerieral feature of all Weak processes.

The intermediate vector boson (now known as the W*“/") was introduced
by Schuwinger,%% in 1957, to remove the violation of unitarity in the
current-current model of weak interactions. Houever, such a nonlocal
interaction led to a calculated rate for u-eY uwhich far exceeded the
existing experimental upper limit of 10°® for the branching ratio
relative to normal muon decay. This discrepancy motivated the
successful search for two types of neutrinos by Danby, et. al., in
1862.21 The existence of distinct muon and electron neutrinos gave
credence to the idea?? that a new quantum number, called muon number,
was carried by the muon and 1its associated neutrino. The conservation
of muon number then explained the non-observation of p-+ery and other

neutrinoless muon decays.
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The wusual asﬁignment of lepton family quantum numbers,29?,22,23
including the tau generation, is given 1in Table 1. ‘ Separate
conservation of electron, muon, and tau numbers is assumed. With these

assignments, the normal p* decay mode is
pt »> et ve Dy . (2)

An earlier scheme which included electrons and muons only (see Table 2),
proposed by Konopinski and Mahmoud in 1953,2% is more compact and less
stringent, but cannot be extended to include a third lepton family. A
multiplicative scheme suggested by Feinberg and Weinberg in 1961,2°%

indicated in Table 3, allous
R = e* Yo v (&)

in addition to mode (2). Since these two alloued decays enter this
scheme equivalently, they would be expected to occur at equal rates.
Houwever, experiments?® -7 have shoun the c¢ross section for the related
process, Vuye L Dge, to be small compared to that for “normal” inverse

muon decay. The most recent result from LAMPF is an upper limit of??

) (ﬁue TS Ve)

£ 5x 10°2 (30% CL). (4)
clyvpe n"ve)

The multiplicative scheme is also difficult to extend to a third lepton

family, so the additive scheme of Table 1 appears to be the only viable

candidate. By the mid-1960’s, the idea of muon number conservation

seemed well established, and, faor the next decade or so, there uas

little interest 1in pursuing more sensitive searches for neutrinoless

muon decay.



Additive Lepton Number

Everything else 0

Conservations

Forbids: u+ + e+Y

TABLE 1

Assignments

Everything else 0

Laws: ZLe = Constant

ZLU = Constant

IL, = Constant

Allows: u™t

+ + + -

H =+ e e e

Wz +e2

u"z » et(z-2)

KO + e

+ , +
A

Vv

Everything else

+ e+ve3u




TABLE 2

Konopinski-Mahmoud Lepton Number Assignments

L
+1 e, wt, v
-1 et, v7, ¥
J Everything else

‘Conservation Law: Ll = Constant

Forbids: ut + ety Allows: u~Z » e¥(z - 2)
ut s eteter (uFe™) » (u"eh)
bZ + e”2Z Kt » utetn~
KO » u:e: u+ + etuy




TABLE 3

Multiplicative Lepton Number Scheme

L

+l u ) e ’ ve) \)u
+ + - -

-1 uw, e, Ve: vu

0 Everything else

Conservation Laws:

Forbids: wt + Ty
ut + etete
uZ + e72Z
u"z » et(z-2)
KO + e

L
P
+ -
+1l e, Va » Ve
+ -
"1 H vu y vu

+1 Everything else

ZL = Constant

HLP = Constant

Allows: ut + e*v T
wt + e

(u*e™) + (u"eh)




2.2  THEORETICAL ASPECTS OF RARE MUON DECAY

The present <nterest in rare muon-decays derives largely from the
great progress made, over the last tuwenty years. in unifying the
description of the weak and electromagnetic interactions within the
framework of Yang-Mills gauge theories.?® Since they are inherently
renormalizable,2® Yang-Mills theories provide an attractive way of
solving the high energy divargence problem of the old V-A Fermi theory
of weak interactions. In 1961, Glashow,3? and, 1in 1964, Salam and
Ward, 3! went further by proposing a combinea “electro-ueak’” model with
an SU(2)IL X UL1) Yano-Mills gauge structure. The content of this model
grouped the tuwo known lepton families into left-handed doublets and

right-handed singlets of massless fermions,

VQ 'L«'p_
[ ] [ ] (e) () (5)
e JL B /L R R

uhere

[ } = (1275)[ ] . (6)
R,L

The Yang-Mills construction requires a massless, spin-1 gauge boson
for each parameter of the gauge symmetry groﬁp. In the present case,
the U{1) group requires one such vector boson, B, uwhich is electrically
neutral. The three-parameter SU(2) group requires tuc charged gauge
bosons, W* and W", and a single neutral one, Wj. The familiar photon

field is a linear combination of the two neutral boson fields

A = cosH,B + sinf, W; (7)
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and the orthogonal combination
2 = -~-sinBy B + cos6, U3 (8)

emerges as the mediator of the weak neutral-current interactions which
are the most striking new predictions of this model. The MWeinberg
angle, 8,, 1is rel:ted to the amount of parity norn-conservation present
in neutral-current reactions. and along with the electromagnetic
coupling constant, a, suffices to determine the two independent coupling
constants of the theory.

A major problem with this model is that the weak mediating bosons
remain massless. uhereas the short range of that force requires them to
be massive ‘= 100 GeV, see below). On the other hand, for the bosons to
be massive uould break the very symmetry from which their existence was
deduced. A solution to this dilemma, provided by Weinberg3? and

Salam,?? was to add a massive scalar doublet

<[]

which couples to the leptons and gauge bosons, via the Higgs
mechanism,3" to give them approprizte masses. The SU(2)L symmetry is
“spontaneously broken” by the configuration of minimum energy for ¢, and
not in the equations of motion. At large distances (lou energies), the
remaining symmetry is the U(1) of electromagnetism.

In 1970, Glashou, Illiopoulos, and Maiani®® incorporated the hadronic
sector into the electroueak model. In the process, the charmed quark was

predicted, and a mechanism proposed (GIM suppression) that explains the



N
experimentally observed suppression of strangeness-changing weak
neutral-current processes. The currently accepted “minimal” multiplet
structure of fundamental fermions required to explain the knouwn
particles and processes, including the SU(3)C color symmetry for the QCD
description of the strong interaction, is given in Figure 1. The ihree
knoun lepton families combine with the six quark flavers, grouped in
three weak isodoublets (each of which comes in three colors), to form
three leptons/quark “generations.” The top quark, required to cemplete
the third fermion generation. has very recently been observed at the
European Center for Nuclear Research (CERN), 3¢

The successes of the G6lashow-HWeinberg-Salam (GUWS) Su(2)L X u(n
electro-weak modei have been many. Several uWeak neutral-current
processes have been observed,3? consistent with a unique value for
sintg, = 0.22. The existence of the charmed quark has been verified,3®
and, most recently, the W*7" and 29 have been “directly” observed at
CERN, 3% having masses (m,=81 GeV, m>=93 GeV) 1in good agreement with GWS
predictions using the above value of sin?9,.

Despite these considerable successes, the GWS model 1is manifestly
incomplete, since the fermion and Higgs masses, and the weak and
electromagnetic coupling constants cannot be absolutely calculated. As
mentioned above, it is minimai, containing only so many fundamental
fermions as are necessary to accommodate the knoun electromagnetic and
weak phenomena, and it provides no explanation of, or prediction for,
the number of Jleptons/quark generations (fesu.d),lpsc,s),irst,bl,...).
The Higgs sector is also minimal, containing only one isodoublet. The

V-A structure of weak currents remains phenomenological and is put in
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explicitly. Furthermore, neutrinos &are assumed to be massless, and
lepton number conservation is also assumed, '-x=ding necessarily to the
separate conservation ¢f lepton family numbers. Thus the observation of
muon number non-conservziiz., would imply that some extension of the GUWS
model is reouired.

Indeed, the consensus emerged that only those intrinsic quantities,
which are associated with the global symmetry of a massless gauge boson,
should be absolutely conserved. This idea, and the fact that all
spontaneously broken Yang-Mills theories are renormalizable, prompted
many authors to examine “non-minimal” models in the early 1970’s. Some
of these models addressed particular theoretical technicalities, some
attempted to fit specific experimental details, and some shouwed no
particular motivation at all.*® Although it was not difficult to
generate models for which approximate symmetries hold to loweet order in
the ueak coupling constant (Gs), many of the models predicted branching
ratios for p+ey uhich exceeded the existing experimental upper iTimit of
about 10°8%. In 1977, Lee and Shrock"! considered a general SUCZ) X U(1)
gauge theory and gave a set of criteria uwhich assure “natural®”

suppression of (muon number) symmetry violation. The criteria are:

1. leptons of a given charge and chirality (handedness) have the

same weak isospin T and T;

2. leptons of a given charge receive their masses from their

couplings to a single neutral Higgs field

3. leptons of charge q and leptons of charge q * 1 do not belong to

the same uweak isomultiplet for at least one chirality
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These authors showed how a generalization of the GIM mechanism leads to
an additional suppression of symmetry violating amplitudes by a factor
am,?

s = (10)
M2

where 8M)2 is a “small” difference of squares of masses, and M, is a
heavy mass. The observed branching ratio for the rare process is
reduced by the factor S2, so that it is possible for these processes to
be extremely rare and yet remain non-zero. This suppression factor
arises directly from the particular group representations of the model,
and is independent of the (incalculablie) mixing parameters. A good
discussion of the representation content, and the form of the calculated
branching ratio for p-ery, in several models which satisfy the three
criteria above, are given in reference 41. It eventually became
apparent that the abundant choice of possible models could only be

reduced in number with the help of further experimental data.

2.3 PREVIOUS SEARCHES FOR w + e ¥

In Figure 2, due to Hoffman,*? the upper limits, for the branching
ratios of several processes which violate muon number consarvation, are
plotted versus calendar time. As early as 1948, before the exact nature
of normal muon decay was knoun, cosmic-ray searches for p*se*y set a

limit offe

BR{(u*+e*y) £ 5 x 10°2 (N
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using Seiger-Mueller tubes and absorbers to measure the energy of the
decay particles. Mith the increased muon intensities available from the
first particle accelerators, experimentalists steadily reduced the upper
timit for BR(u*se'y) until the early 1960’s. Using =& variety of
detection schemes, including range measurements with scintillators,
water Cerznkov counters, spark chambers, a freon bubble chamber, and
thallium-doped sodium iodide [NalI(TL)] crystals, these
experiments'®,%3,%  ghserved the decays of stopped positive muons.
Stopped muons are used because the 2.2 ps lifetime of the muon would
require a prohibit-vely long decay region, or would drastically reduce
the useable intensity, for in-flight decay experiments. Positive muons
are studied because they are not captured on a nucleus in a stopping
target. The experimental signature *oF wtse*y is the detection of a
time coincident electron-photon pair, emitted back-to-back in the lab,
each uith momentum mycrs2 = 52.83 Mevsc. Given the poor energy

resolution of the early experiments, the inner bremsstrahlung,
p* =+ et ve Yy 7 (12)

from normal muon-decay, contributed a background to the above
experimental signature, when the neutrinogs have little energy and the e*
and ¥ are, consequently, almost acollinear. By 19uv4, the background-
limited result of"5 BR(u*se*y) § 2.2 x 10°%, consistent with existing
detector resolutions, had been achieved. At this point, the apparent
verification of muon number conservation, coupled wWith the need for
improved detector technology and/or more intense muon beams to increase
experimental sensitivity, served to discourage further searches for

nearly a decade. (See Fig. 2)
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The improved beams available at meson factories in the early 1970’'s,
and the changing theoretical prejudices, mentioned above in section 2.2,
motivated a collaboration at SIN to attempt a new experiment.“® It was
similar in design to the 1963 experiment of Frankel, et.al.,"" employing
tuo large single crystal Nal(TL) detectors on opposite sides of the

stopping target. With a stopping rate of 5 x 10% pu/s, an upper limit of

BR(p*~e*y) ¢ 1 x 10°7 (9074 cL) (13
was achieved. An essentially identical TRIUMF experiment,%’ wusing a

less intense beam, set a weaker limit of

BR(p*se*y) € 3.6 x 10°° (90% cL). (14)

A LAMPF experiment! set the best limit to date at
BR(pn*»e*y) € 1.7 x 10-1°0 (902 cL). (15)

The new techniques employed in this search included a low energy
#surface” muon beam (making cstopping rates of 2.4 % 108 p/s possible), a
magnetic spectrometer to measure the e¢* vector momentum with greatly
improved resolution, and a segmented NaI(TL) photon calorimeter, to
allow measurement of the photon impact point. The Nal(TZ&) calorimeter
Wwas screened from charged particles by a clearing magnet, to 1limit

signal pile-up to a tolerable level, even at the very high stopping
rate. The low energy beam permitted a thin target to be wused, thus
minimizing the target induced multiple scattering, bremssirahlung, and
annihilation of the decay positron. The prompt {internal

bremsstrahlung) backgraund was thereby reduced to the order of 10-'2, so
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that the dominant background was actually due to random coincidences of
uncorrelated positrons and photons.

The Crystal Box detector? achieves a factor of 3 to 4 better
sensitivity in branching ratio over the previous LAMPF experiment. This
improvement is primarily due to the tuenty-fold increase in solid angle
(acceptance) and a two-fold improvement 1in timing resolution, while

running at a ten times less intense stopping rate.



Chapter 111

EXPERIMENT DESIGN

The overall layout of the experimental apparatus is shoun in Figure
3. The muon beam is stopped in a thin polystyrene target suspended
inside the cylindrical drift chamber. A small fraction of the muon beam
passes through a hole 1in the target (see Figure 4) and stops in an
aluminum cup surrounded by a hollouw cylindrical plastic counter. Muon
decays originating in this “l-counter” are used for timing reference and
calibration purposes. Surrounding the drift chamber iz a plastic
scintillator trigger hodoscope which 1is mounted inside the central
cavity of the modularized Nal(T£) c¢alorimeter. The fast trigger logic
examines the timing, energy, and geometry of hits in the hodoscope
counters and calorimeter modules. Hhen acceptable events are
recognized, the data acquisition syetem is prompted teo read out the
charged particle track information from the drift c¢hamber, and the
timing and energy data from both the plastic hodoscope and the Nal(TR)
calarimeter.

For calibration purposes, the drift chamber is removed, a liquid
hydrogen (LH;) target inserted, and the beam switched to negative pions.
Gain stabilization and verification of system performance for the
NaI(TR) detector 1is achieved with the aid of light pulses introduced
into the readout phototubes by the fiber-optic coupled xenon flashtube

system. All of these major systems of the Crystal Box experiment will

_19-
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be described, in this chapter, in more detail. However, since the
author’s primary responsibilities involved the operation of the Nal(TR)

calorimeter, the description of that system will be emphasized.

3.1 THE BEAM

The experimental source of muons was the LAMPF stopped muon channel
(SMC)."® Yhe genera! layout of the beam transport is shouwn in Figure 5.
The ”surface” muons from the LAMPF A2 target provided the high-intensiiy
beam necessary for a sensitive rare-decay search. The low momentum (26
MeV/c) of the bhean permitted the use of a thin stopping target, thus
reducing the target-induced photon backgrounds such as external
bremsstrahlung. The stopping distribution of p*’s on the target uas
optimized for the u-+3e reaction, since the requirement of a common
origin for three charged tracks provides a strong suppression of random
backgrounds for that decay. Therefore the specification for the beam
tuning and collimation uwas to illuminate the entire target area as
uniformly as possible, while allowing less than 154 of the intensity to
strike the inner foil of the drift chamber. This last requirement was to
assure the satisfactory performance of the drift chamber. The beam-spot
size and muon-flux intensity distribution achieved are discussed in
section 4.1.1 below.

The rate of spurious hits in the detector, from positrons accepted by
the beam transport, was substantially reduced by improving the e*/u*
ratio from its intrinsic value of about 10:1 to a value of 1:50. This
reduction was accomplished 1in two stages. The conventional separation

method was to pass the beam through 15 mils of polyethylene degrader
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located just upstream of the bending magnet BM03 (see Figure 5). This
magnet was tuned to accept the muons, uhich were degraded by about 3.5
Mevsc relative to the positrens. This stage reduces the ratio e*/u* to
1:1. The second, a velocity-selecting separator, employing crossed
electric and magnetic fields, improved the u* purity by another factor
of 50. Some of the remaining e*’s uere due to p* decays in flight after
the separator.

The pulse structure of the beam consisted of 80 macropulsess/s with a
duty factor that varied from 6% to 10%. The average duty factor was 74.
Although rates of up to 4.5 x 105 u*,/s stopping on the target were
attainable, considerations of signal pile~up in the Nal(TR) calorimeter
limited the useful stopping rate to 3 x 105 pt*rs.

A high-intensity pion beam was also required for the calibration data
to be taken with the LH; target. A 140 MeV/c negative pion beam was
developed that satisfactorily illuminated the stopping area of the LH2
target. This beam will! also be used for future experiments with the
Crystal Box detector, including a search for w%+3y to be conducted in

1985.

3.2 JHE EXPERIMENTAL ENVIRONMENT

The Crystal Box apparatus is located in cave B of the SMC facility
(see Figure 5). To minimize the unwanted detector backgrounds from beam
related particles, primarily neutrons. and from cosmic-rays, the
apparatus is shielded with steel walls on four sides. The upstream side
has 40.6 cm of steel shielding, the beam-right wall is 38.1 ecm thick,

the beam-left wall is 35.6 cm thick, and the top is covered with a 17.8
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cm plate. This arrangement uwas sufficient to reduce the externatl
background to a minimal level. Access to the apparatus was permitted

through the unshielded dounstrear side.

3.3  IHE APPARATUS

3.3.1 Target and Calibration I-Counter

The thin polystyrene target for stopping muons, shown in Figure 6, is
positioned by an annular 1lucite holder attached to the dritt chamber
structure by piano (steel) wire. The target plane is rotated by 45°
relative to the beam direction as 1indicated in Figure 3. The target
shape projects a circular profile onto the faces of the Box.
Polystyrene was chosen as a target material to depolarize the stopping
muons. The residual polarization (along the beam direction) in this

material Was measured to be (14.6 * 1.4)%.

A secondary stopping target, as shown 1in Figure 4, 1is positioned
concentric with and dounstream of a hole in the primary target. Muons
stopping in the aluminum cup are only slightly depolarized. The cup is

surrounded by a hollou cylinder of Pilot B plastic scintillator which is
coupled by a cylindrical lucite light guide to an Amparex 22328
photomultiplier tube. The stopping volume of this lI-counter was located
as near as possible to the center of the Box without intercepting
particle trajectories between the primary target and the fiducial area
of the Box. The use of muons stopping in this counter for set-up and

calibration of the detector is'described in Chapters 1V and V.
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3.3.2 Drift Chamber

The drift chamber®? consists of eight concentric cylindrical wire
shells employing 10° - 169 stereo angles. The configuration of wire
connections in the endplates is illustrated in Figure 7. A photograph
of the drift chamber under construction is shown in Figure 8. Each
sense uWire is surrounded by eight high voltage wires comprising an
approximately 8 mm x 10 mm unit cel)l configuration as shoun in Figure
9(a). High voltage is supplied by a Bertan B-Hi-VE controlled by a
Hewlett-Packard HP-85 microcomputer. In a unit cell, the corner wires
{(triangles in Figure 9(a)) are maintained at -2500 volts, while the
guard wires between adjacent cells (squares) are held at a 104 louwer
voltage. Guard wires facing a neighboring plane (circles) are at 727 of
the corner uwire voltage to provide an island of net positive charge that
minimizes the plane-to-plane crosstalk. in add}tion, the voltages are
chosen to keep the +field 1lines as radial as possible (or +the
equipotentials approximately circular, see Figure 9b) so that the drift
time depends only on the distance of the track from the sense wire. The
ionization medium is a mixture of 49% argon, 49% ethane, and 2%
isopropyl alcohol.

The sense wire signals are processed by the electronics chain as
shouwn in Figure 10. Rauw signals pass through approximately 3 m of
RG-188 coaxial cable to an amplifier and discriminator svstem designed
and built at LAMPF. The output signals are transferred by tuisted-pair
ribbon cable to ECL delay-line chips and then through iwisted-pair cable
again to a LeCroy 4290 time-digitizing system. This system consists of

a model 4298 CAMAC crate controller, and 23 model 4291A time-to-digitai
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Figure 8: The drift chamber in the clean room during assembly.
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converters (TDC’s), operated in common-stop mode. The data-acquisition

system, wuwhich controls and receives data from this 4290 system, is

described in section 3.5. Each data run was prefaced with a check of
the readout timing for each wire. This “autotrim” mode introduced
standardized pulses into the readout electronics. The timing of the

standard pulses 1is checked against previous tests to assure the
integrity of the readout system. This process is analogous to that of
the flasher system (described in section 3.3.5) used to check the

Nal(TR) readout system.

3.3.3 Scintillator Hodoscope

Outside the drift chamber and lining the inner walls of the Nai(TR)
calorimeter are the plastic scintillator tiles which make up the trigger
hodoscope. As shoun in Figures 3 and 11, thirty-six counters run
longitudinally along the beam, nine adjacent to each side of the Box.
The scintillator material, Pilot B, is 1.27 cm thick, 5.7 cm wide, and
44.5 cm long, covering only the central seven crystals in each rou.
These “trigger counters” provide timing and geometry information about
charged particles to the trigger coincidence circuits, as uell as fast
vatos *o the photon detection logic.

The length of the trigger counters was chosen so that trajectories
from the target through the ends of these counters would have sufficient
length through the Nal(T1h) calorimeter to provide good energy
containment. Additional charged particle vetoing 1is provided by the
sixteen large (13.3 cm x 23.8 cm x 0.3 cm) “guard counters” also shoun

in Figure 11. Without these guard counters, the large flux of Michel
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positrons from normal muon decay Would generate false photons in the
last 1.5 columns of Nal(TR) at the edges ot the Box. These counters can
also be used in positive logic to illuminate the edge columns of Nal(TR)
erystals during calibration and set-up runs.

All the plastic counters are optically coupled by lucite light guides
to Amperex 2232B phototubes (PMT’s). Such a 1light guide and PMT is
coupled at each end of the trigger counters. The PMT signals are
transmitted by RG-58 cable from the experimental area to a counting
house, wWhere they are passively split with 25% going to a CAMAC ADC for
pulse-height analysis. The remaining 75% is processed by tne constant-
fraction discriminator (CFD) circuit (shoun if Figure 12), wuhich uas
designed and custom-built at LAMPF.S° Signals from the CFD’s for both
ends of a trigger counter go to a specially built “meantimer” circuit
which averages the arrival times of the tuwo signals to give an output
pulse whose timing 1is independent of particle impact point on the
counter. A schematic of this circuit, also designed and built at
LAMPF,5' is given in Figure 13, The arrival times for particles in the
guard counters and the meantimes for trigger counters are digitized by
several types of commercial CAMAC TDC’s supplied by the LAMPF

electronics pool. These TDC’s typicaily have a sensitivity of 100

pss/channel.

3.3.4 Nal(IR) galorimeter
The Crystal Box calorimeter is the first large solid angle detector
to be constructed +rom regular-shaped polyhedrons of Hal(T4L). The

earliest large aperture detectors uere unmodularized, while the first
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modularized versions uere assembled from individually-encapsulated
modules, either square or hexagonal 1in cross section. Separate
encapsulation led to some degradation in energy resolution due to energy
loss fluctuations in the many metallic walls included within the
sensitive velume. Later detectors, such as the Crystal Ball,%2 have
been constructed of special module shapes, uhich increases cost of
manufacture and precludes the option of reconfiguration for future
experiments.

Hith the expectation of a future reconfiguration for the Cry~ntal Box
modules in mind, a rectangular shape was chosen. To limit the potential
performance loss, the intervening thicknesses of inert material wore
minimized and the performance of the individual modules uwere optimized
before insertion into the array. The proposed detector was therefore
considered a sufficiently new technology that a prototype 7 x 7 array of

49 modules was assembled.

3.3.4.1% Prototype Design and Construction

The ”Array of 49” provided experience in stacking and packaging such
regular modules and afforded detector performance tests and electronics
development before the full Crystal Box array was available. The depth
of each module, 50.8 e¢m (20”), and the overall transverse acceptance,
43.8 cm x 43.8 cm, uWere selected so that energy leakage fluctuations d»>
not limit the observed energy resciution if an incident gamma ray enters
the detector at any point wuwithin the acceptance of the central 3 x 3
group of modules wuwithin a reasonable angular range. This permits the

exploration of the detector response, including uniformity, over an
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aperture that includes the boundaries between adjacent modules. The
individual module acceptance uwas chosen to correspond approximately to
the transverse size of the electromagnetic shower, and thereby provide
isolation betueen multiple shouers and reasonable impact point
definition without extreme module density. These modules were rough cut
from polycrystalline Nal(T8)53 extrusions 5” x 5” in cross section and
up to 50” in length. The transverse module dimensions were milled to a
tolerance of 0.005”, the length to within 0.020”, and all faces to a
flatness of 0.005%. Subsequently, the 2.5 x 2,5’ face adjacent to the
optical window was ground to a flatness of 0.0017,

Before assembly, the performance of each module uas tested and, if
necessary, adjusted in order to meet certain criteria. This test was
carried out in a simulated optical environment identical to that of the
assembled detector. The crystal module i1s coupled at one end to a
window assembly using a 0.125” thick transparent elastomer pad. The
glass window itself is bonded to a stainless steel cylinder that
attaches to the aluminum bulkhead of the detector housing. The
phototube couples to the outer face of the window through a 17 light
guide and a second 0.125” elastomer pad.

Except at the optical window, the module is wrapped with a diffuse
millipore paper reflector (2 mil in thickness) which is reinforced by an
outer wrapping of aluminized mylar (3 mil in thickness). A polished
area of the appropriate diameter is provided on the surface adjacent to
the optical window. Elsewhere the surface faces are sanded to maximize
the 1light collection efficiency. The degree of surface sanding is

adjusted along the length of the module, wusually in no more than two or



39
three discrete steps, to control the vniformity of the light collection

efficiency along the module length.

3.3.4.2 Module Performance

The acceptance criteria required the non-uniformity in response to a
collimated '37Cs source to be no more than 4% in the region distant 107
or more from the optical window and no more than 6% in the region
distant 2”7 or more from the windouw. No significant variation in the
collection efficiency around the major module axis at any longitudinal
position was observed for any module. Also measured for each module was
the photopeak response to a plane-collimated '37Cs source as it was
moved across the 2.5” x 2.5” face remote from the optical windouw. A
non-uniformity of less than 2% uas required 1in this area and was easily
met by all modules. The resolution in response to a '37Cs source
positioned on the major axis approximately 127 from this face wuas

measured for each module and was typically 12% FWHM.

3.3.4.3 Phototube Selection

The principa! requirement of a phototube for use with the Array of 49
modules was its ability to provide the highest possible 1linear output
current for gamma-rays incident in the range 1 MeV to several GeV.
Secondary requirements are reasonable gain and moderate price. The
output current requirement restricted the search to linear focussed
phototubes. Five readily-available candidate phototubes with 27
photocathodes uere tested, and the Amperex 2202B was eventually selected

as the optimum phototube for use with the Array of 49.
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3.3.4.4 Prototype Tes* Results
The performance of the Array of 49 was explored in test beams at both
the Stanford Linear Accelerator Center (SLAC) and LAMPF. Positrons in
the range 750 MeV to 18 GeV were used at SLAC and in the range 20 to 250
MeV at LAMPF. As usual, for Hal(TR) detectors, the energy resolution
observed cver the range 20 MeV to 18 GeV followed a power law dependence
on energy, with an index on the order of -0.25, For a well-collimated
beam of 10 GeV positrons incident normally at the boundary betueen tuo
modules, there was a loss of pulse he’ght of about 1.5% and a
corresponding change in resolution (from 1.6% to about 1.8%). The
effect is very local, concentrated within * 2 mm of the boundary, and
disappears uwith non-nprmal angles of incidence as small as 5°. This
boundary effect performance represents a substantial improvement over
that for large arrays of separately encapsulated modules.5" The position
resclution of ox = 1.5 cm for positron showers was found to be 1in

agreement with expectations based on a Monte Carlo calculation.

3.3.4.5 Crystal Box

The Crystal Box calorimeter contains 90 optically isolated modules of
polyerystalline Nal(TR) in transverse orientation in each of four
quadrants,- and nine modules in longitudinal orientation in each of four
corner arrays. Face crystals are individually optically coupled to
Amperex 2232B PMT’s at the outside of the Box. Corner crystals have
PMT’s attached at each end, thus allowing the longitudinal coordinate of

incident particles to be computed based on the energy sharing.
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This calorimeter incorporates several modifications of the prototype
design to improve the timing resolution. First, in part due to
considerations of cost, the face modules wuere shortened from
50.8 em (20”) +to 30.5 cm (127). This adjustment improves the risetime
characteristics of the scintillation pulses with an acceptable
compromise in the energy leakage from the back of the detector for e*’s
and r’s in the 10-100 MevV ranrge. Second, the modules are opticaliy
polished on all faces, further reducing the time dispersion of
scintillation light from that of diffusely reflecting sanded surfaces.
Third, the 22328 PMT’s are intrinsically faster than the 2202’s used on
the Array of 49, These tubes uwere instrumented with improved bases
designed to accommodate and preserve their supe-ior timing response and
to supply tha increased current reguirements.

The signal chain for the Nal(T&) is shoun schematically in Figure 14.
The rauw signals are amplified and distributed by clip-and-split
amplifier circuits specially designed and fabricated at LAMPF. The PMT
high voltages can be set uniformly at the maximum rating of the bases
for best timing pertormance while intercalibration, for the trigger
energy thresholds, is accomplished through the adjustable gains ef the
amplifiers. The NaI(TR) signals are split so that 75% goes to the
timing arm, 12% to form harduare energy sums for triggering purposes,
and 13% to the precision energy-measurement electronics.

The timing signals are discriminated with CFD’s similar to those
described for the plastic signals but modified to accommodate the slouwer
rise-time characteristics of the Nal(TR) signals. Meantimers

average the timing signals from the tuo ends of the corner crystals
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for the trigger, but parallel CFD outputs for the individual PMT’s
are separately analyzed by the soecially designed Time-to-Amplitude
Converters (TAC’s) provided by Stanford.%% Since the TAC’s operate in a
common-start mode, the stop signals from the CFD’s must be delayed by
the approximately 300 ns to allow time for the trigger logic to
generate the start signals. This delay 1is accomplished by
passing the signals through Spiradel transmission lines®¢, packaged in
36-channel units, as described by Sandoval, et al..%?

The pulse heigh® (energy) signals are passively clipped in the
amplifier circuits (see Figure 15) from an exponential decay time of 250
ns to a roughly square pulse of about 200 ns width. "his pulse shaping
allous the wuse of shorter integration times in the custom-built
Pulse Height Integration Modules (PHIM’s) {also provided by
Stanford55), thus reducing susceptibility to signal pile-up. The
clipped signals are delayed with Spiradel transmission lines to allou
the generation of the required gating signals by the trigger. {1t was
found that the more expensive Spiradel delay lines were preferable to
the lumped constant devices (described in Reference 57) +{for preserving
the clipped trailing edge of the pulse-height signal without
unacceptable “ringing”.) The same package splits off 10% of the pulse-
height signal for analysis by an auxiliary ADC system. This CAMAC
based system, produced commercially by Transiac Corporation, Wwill
measure out-of-time pile-up directly when fully operaticonal. For
the data taking discussed here, this system was not sufficiently

developed to provide useful information.
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The TAC’s and PHIM’s store information about the time of arrival and
energy deposited in each Nal(TR) crystal 1in the form of proportional
charge on an integrating capacitor. This information 1s serially
digitized by one Tracor-Northern TN1213A Analog-to-Digital Converter
(ADC) per quadrant. The multiplexing of ADC inputs and preprocessing of
digitized data is performed by a Digital Equipment Corporation (DEC) LS}
11723 microcomputer for each quadrant.

The constituents of each LSI are detailed in Figure 16. Communication
with the ADC is through a custom interface implemented as a circuit
board installed directly in the Q-bus backplane of the LSI. Connection
to a Bi-Ra model 1150 Auxiliary Control Port (ACP) allous the LSI to
initiate CAMAC functions. These functions include trigger control (see’
Figure 172, collection ot data residing 1in CAMAC modules, and
implementation of a handshake protocol wuwith the main data acquisition
computer, a DEC PDP 11,/44. The completion of this protocol involves a
Direct Memory Access (DMA) data transfer from the LSI to the PDP by
means of the Bi-Ra model 1151 Batauway Access Port (DAP). igure 18
gives a schematic representation of the Nal(TR) data collecticn scheme.
The ACP and DAP together comprise the Auxiliary Crate Controlier (ACC)
which 1is programmed to respond to specific CAMAC Look-At-Me (LAM)
signals (generated by trigger inputs to Joruway mode! 41 jnpu;/"egisters)
by interrupting the LSI to start the indicated readout %irec 4

[
set of ACP, DAP, and input register for each LSI residﬁs,f

roure. One

Crute 1 of

the 6 on the CAMAC branch highway described in section 5
I’” y <

A flow chart for the LSl data acquisition program isfgiwbn in Figure
i ,

i low.

19Ca). Each of the four LSI‘’s implements a customized {Bdg. namid IMP1

H
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to IMP4, which differ primarily in the CAMAC channels through which they
communicate. This main control program is interrupt driven by any of
five possible LAM’s from the input register. The particular LAH received
directs the routine LAMCHK, shoun 1in Figure 19(b), to select the
appropriata one of 1ihe interrupt service routines, ISR1 through ISRS.
Reutine ISR! reads out the acquisition electronics for each data event
and resets the system for the next trigger before giving control to the
PROCS routine (Figure 19(s)) for background processing of the event.
The background processing has the capability to buffer one event of data
while performing the sparse-data scan on a previous one. Given the
average event rate of the detector, and the time required to process an
event, this buffering capability is necessary, to reduce to a tolerable
level, the experimental dead time that would occur if events uere
serially processed. The routines ISR2, ISR3, and ISR4, also charted in
Figure 19, provide for the readout and histogramming of stabilization,
pedestal, and flasher events respectively. These readout procedures do
not communicate directly uwith the main data acquisition computer.
Rather, they collect the individual trigger information into histograms
to be analyzed at the end of the data run by the main computer. The
pedestal trigger, for instance, uas activated immediately before each
data run to check the stability of the readout electronics, The final
routine, ISRS5, provided strictly serial processing of events with

different sparse-data-scan thresholds, if desired.
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3.3.5 Flasher System
The flasher system, designed and built by collaborators from the
University of Chicago, introduces standardized light pulses directly
into the light guides ot the Nal(TR&) PMT’s. This capability allous the
monitoring of gain drifts in the entire readout electronics chain. The
only component of gain drift not directly accessed by the flasher system
is a change in the intrinsic scintillation yield of a Nal(T&) crystal.
As long as the crystals are maintained in a stable physical environment,

this source of gain drift is negligible.

3.3.5.1 Light Pulise Generator

A schematic drawing of the flasher system 1is given in Figure 20. A
Xenon flashtube (EGEG model FX-280) produces an arc of 1light which is
vieuwed by many hemispherically distributed ports containing fiber optic
cables. The light is distributed to the individual crystal light guides
by 12 feet of DuPont Crofsrn 1040, a single fiber plastic cable of 0.040”
diameter, sheathed in a polyethylene jacket giving a total diameter of
0.0877. The intensity loss of this fiber is quoted as 7 - 8% per foot
for green light. It accepts incident light in a 64° cone and the output
light is forward peaked at less than 209,

To permit removal of PMT assemblies for replacement or repair,
Amphenol fiber optic connectors at the back of the phototube base join
the 127 cable to a 147 length which is integral to the PMT assembly.
This 147 length injects the 1ight pulse into a 30° slot in the light
guide looking away from the phototube. Thus, the integrity of all

optical interfaces is required to produce stable reflected intensities

at the PMT photocathode.
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3.3.5.2 Monitor Electronics

Tuo different photodiode monitors alse view the flashtube directly.
One is a vacuum photodiode, an ITT model FW114 biplanar type. The other
is an EGEG model SGD-444 solid state silicon photodiode. These monitors
provide the capability to compensate +ior fluctuations in flashtute
intensity which is important for the calibrationsstabilization procedure

discussed in Chapter 1V,

3.3.6 T Hydrogen JTarget

The LH; target consisted of a cryostatically cooled vessel, along
Wwith 1ts associated control electronics and refrigeration apparatus,
which was specially designed and constructed for the <Crystal Box
experiment, by the ™MP-7 group at LAMPF. The LH; container was
cylindrica! in shape with hemispherical end-caps. Its overall length
Wwas 5 em and the cylinder radius was 1.9 cm. This target and its
attendant apparatus replaced the drift chamber at the center of the Box
for the last two days of the January 1984 run. The LH; target provided
the protons for the two observed calibration reactions. The Panofsky
reaction, T p-nY produced “1-7¥” events with a ¥-line at 129.4 MeV. The
m%’s from the single charge exchange reaction, m p»n°n, produced #2-y”

events. The pion data-iaking procedure is described fully in section 4.3

belou.



56
3.4 JHE TRIGGER

Given an average of 3 x 10% p*s/s siapping within the apparatus, it is
cbvious that not all decays can be recorded. A method is needed to
detect the events which are likely to be candidates +for neutrinoless
mucn decay, and trigger the readout of data from the detector. In fact,
the data acquisition system was simultaneousiy sensitive to a separate
trigger for each of the three decay modes, up-»er, p»eyr, and p=+3e. Only
the ey trigger will be discussed here.

For a two-body decay from rest, the decay particles must be emitted
back-to-back with equal momenta. Given the small mass of the electron,
the observable signature for psey from a stopped muon, 1is a back-to-
back, time-coingcident electron-and-photon pair, with (experimentally
indistinguishable) energies of 52.8 Mev. The quantities available for
construction of a trigger 1logic are then the geometry, energy, and

relative timing of hits in the detector.

3.4.1 Geometry

For the Crystal Box detector, the geometry for pusey implies that the
electron and photon should be observed in opposite “quadrants”. After an
examination of the expected flux of photons due to background processes,
it was decided that no further segmentation of the detector, beyond that
of quadrants, uwas necessary to limit the ¢ * 7 triggers to an acceptable
rate of a few per second. Therefore, the logic of the e ¢ 7y trigger
treats each quadrant as a single “particle”. A “quadrant” formally
consists of:

1. one of the calorimeter face arrays
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2. the three crystals on the inward-pointing diagonal and the
nearest off-diagonal crystals from each of the two corner arrays
adjacent to the face array
3. the nine trigger counters and 4 guard counters in front of the
calorimeter face
(Note that the diagonal corner-crystals are each associated with two

quadrants.)

3.4.2 Energy
The circuit used to form the quadrant energy sum is shoun in Figure
21(a). This sum 1includes signals only from ihe Nal(TL) erystals; no
energy information from the plastic scintillators 1is wused 1in the
rigger. The energy sum of each individual Nal(TL) rouw was used only in
the 3¢ trigger. The final sum signal wWwas discriminated at a nominal
level of 40 Mev for the quadrant, as showun in Figure 22. {(The maximum
energy requirement ot 65 MeV was not imposed during the data taking
discussed here.) The output of the discriminator is designated as the

505 signa), uhere i is the number of the corresponding quadrant.

3.4.3 Iiming

Figure 21(b) shows the functional diagram of the 90-fold logic fan-in
used to form a portion of the quadrant-O0R logic signal from the
individual Nal{T%) crystal CFD outputs. This fan-in circuit was designed
and fabricated for this experiment by collaborators at LAMPF. In the
final trigger configuration, the upstream and downstream columns of each

HaI(T2) row uere removed from this fan-in to reduce the rate of spurious



58

le—-1>9
1|4|m
: (5W1SAE)
: ET
. T¥N0IYIQ- 330)
- SIWHDIS
NI-NY3 :
TLSABI . YIMIINVIN
BINKOD —
] 1
TWNOLS B0 WLSA¥D 3Ovi] (Q)
TVHOIS 21907 ¥0- INVHAYY)
6 €— le— 68
8 e——— B8
S1NJL .
NI-hE %08 e
1€
SIVISAHD 30V4
6—— NI-wd | Wou3 SIWNOIS
SWH9ls 8 31901 . YOLYNININISIY
: o | -
w153 : {ihew | -
2——> ¢
{ 4 [
1nvaavno  TRO w0l
LHMuHHU|||4
3
% SIVNNS {J1) ToN
SNNS wwIN
% \ﬁ BON AR MOM
SIV1SAHD 6 Aol ﬁ _ ‘
¢\_._ $ .g_ %s% a.,s\— v N_ﬂ, NE s_w ca ] (] ] [ o
_ _ a oo vooo o :

21

functional diagrams of the quadrant energy sum circuit

Figure 21:

and the quadrant-OR logic fan-in (b).

(a).,




59

NS HYIN
(31 toN
I avnd

218017 26 01 -
o 08 AW oy S LNONV4 HY3INIT
T e Y . Sog
e SMOLY VT LNIDS
. - auv

206 3 == Lo o oozimm
8399141 4ILSYN 04 2 ST

y &) log 21907 20 0u” e v4 901

- 1 uﬁ Ju —
! MODUYN
s -
~||lmuwm n ~ SHOLYTILNIIS
[

YELLITDY
. i avno

RINVZ 21907

21907
A o1
lg
1 LNveQYND

AYNIIS ININIL
MO, LNVHOYNO

The logic diag:'amjfor the er trigger.
.‘J“

igure 22

f




60

photons produced by hits at the extreme edges of the Box. The output of
the 90-fold fan-in module is later OR-ed with the meantimer signals from
the off-diagonal corner crystals in the quadrant to form the quadrant-oR
logic signal. The trigger counter CFD signals for each quadrant are
logically OR-ed in LeCroy LRS-429 fan-ins, as shoun in Figure 22. Guard-

counter CFD signals are sim:larly, but separately, combined.

3.4.4 Irigger Coincidence

For each quadrant i, an electron, e;, 1is defined as the coincidence of
the Nal(T2) aquadrant-OR signal with that for the trigger counters. A
photon, %;i, i1s generated bv the Nal(TL) quadrant-OR signal, uhich may be
vetoed by both the trigger-counters and the quard counters for that
quadrant. An additional photon veto, beyond that shown in Figure 22, is
imposed by the nearest trigger counters in the two quadrants adjacent to

the photon quadrant. The e * y trigger is the OR of the four possible

co‘acidences of the forim:

ej © 50; * 75 ¢ 50;

where 1 and j correspond to opposite quadrants.

3.4.5 Backqgrounds

Most of the triggers generated were from random coincidences of
Michel positrons and uncorrelated “photons”. The Michel spectrum (see
section 5.2.2.1) has a large component above 40 MeV. Therefore, any
beam-related source of high-energy neutral particles will adversely
affect the trigger rate and the experin=antal background for u-er.

Possible sources af “photons’” include:
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1. p*+e* vy (internal bremsstrahlung)
2. preetveyy
e*Nset vy (external bremsstrahlung)
3. preetvely
ete» vy (positron annihilation)
4. accelerator related neutrons
5. cosmic rays
The internal bremsstrahlung reaction can also produce a time-coincident,
o “prompt’ background, when the neutrinos are emitted with lou
energies. Ffortunately, the probability for this configuration is small,

but the number of such decays observed within the acceptance of the

apparatus is an important check of the nermalization of the experiment.

w
n

THE DATA ACQUISITIOM

The initial design of the Crystal Box data acquisition system has

been discussed by Butier, e} al..®8 Modifications to the system have

been made since that time and are included in the description belou.
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3.5.1 Reaquirements and Specifications

The data for a Crystal Box event includes nearly 2000 signals, 90¥% of
which are analog in origin. Each event generates energy, timing, and
pile-up information from the 432 Nal(TL) channels, energy and time
information from the 88 scintillator channels, time information with
associated identification words for up to 728 drift chamber wires, and
additional latch bits and status words. Thus, a single event could
produce about 3000 16-bit words of data. Further information wuas
available from 120 CAMAC scaler channels which uwere recorded only once
every 10 seconds. At the proposed trigger rate of 10 H2, and a total
running time of 4 x 106 seconds (1000 hours), 3000 words-sevent leads to
writing about 7000 tapes. Experience has shoun that 500 tapes 1is a
reasonable 1limit on the amount of data that can be analyzed with
available manpower and computer resources. Therefore, a reduction :n
the data rate by a factor of 15 is highly desirable.

A tfactor of 4 data-rate reduction <c¢an be ohtained by eliminating
“empty” channels through a sparse-data scan. In the drift chamber, for
example, Monte Carlo simulation indicates that an average of about 70
non-zera signals will be generated for each event. For the the Nal(TXL)
crystals, Monte Carlo calculations and preliminary experimental tests
indicate that typically fewer than 100 crystals are hit, yie!ding 100
words each of energy and timing information and 200 words of pile-up
data. kssuming some form of sparse-data scan, the volume of compressed
data from the crystals (conservatively 400 words), plus tihat from the
drift chamber (70 words), and 180 words of scintillator data, gives a

total of about 650 wordss/event. Various status and latch bits bring the
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grand total to around 750 words/event, a factor of 4 less than the
criginal 3000 uords/event. Thus, an additional factor of 4 or 5§
reduction 1in taping rate is required from the higher level on-line
analysis.

Another major problem of such a large experiment is to verity that
the multitude of individual components are functioning properly, and
that th> various subsystems are performing their designed tasks. For
instance, one must track the individual gains of the RaI(TR) PMT’s and
their readout electronics often enough to preserve the best possible
energy resolution, as uWell as assuring that the trigger logic elements
are all operating properly to give the desired event confiaurations. A
solution to this problem involves a flexibility in on-line histograms
and displays to allou the user +to monitor the experiment and diagnose
problems as they arise.

The required functions of the Crystal Box data acquisition system are

summarized as follous:

1. acquire, preprocess, and record the data

2. histogram. display, and/or analyze at least a portion of the data

on-line

3. provide for monitoring and exercising the apparatus and for

diagnosing faults in it

4. reduce the recorded event rate by a factor of §

5. perform a sparse-data scan on the drif{ chamber and crystal data
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3.5.2 choice 0f Harduare

To minimize the new programming effort, the LAMPF standard data
acquisition system®? and the associated standard program “Q7¢% yere
adopted as a basis for the Crystal Box system. To a large extent, this
”Q” system automatically satisfies the requirements 1-3 above.

A schematic diagram of the data acquisition harduare, including
details of the Nal({TR) crystal readout, is shouwn in fFigure 18, The use
of the Q-system required the main computer to be a DEC PDP-11 type CPU.
The particular cho ce was a POP-11/44 uith 1 Megabyte of memory, a 10
Megabyte Winchester-drive +{fixed disk, and two Kennedy 1600 BPI tape
drives. An 11744 was chosen as an optimum combination of computing
speed, memory capacity, and cost.

Interfacing to CAMAC i1s accomplished through a Microprogrammed Branch
Driver (MBD)®' with several (up to 7) CAMAC crates connected along a
serial branch highuay. Programs residing in the LeCroy 4298 controiler
and in the 4 LSI’s (both described above) perform sparse-data scans for
the drift chamber and Nal(TR) calorimeter, respectively, thereby
satisfying requirement 5. They provide additional capabilities for
satisfying requirement 3, such as the auto-trim feature of the drift
chamber readout and the flasher monitoring system for the Nal(Tf)

crystals.

3.5.3 Iaping guts
With regard to requirement 4, a decision was made not to implement
on-line cuts of the events during the January 1984 cycle. It was felt

that some detailed analysis of uncut data uwas necessary to deiine
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allowable cuts which would not substantially reduce the acceptance of
expected prompt events such as u*se*velyY and p'~e‘e*e vayy. 1t is
vital to the final! interpretation of the experiment that these processes
be observed at rates that are understood and therefore great care must
be taken to avoid systematically excluding them from the data tapes.
However, the capability to apply representative cuts was demonstrated
and the subsequent effects on system performance uere examined for a
small sample of events. Without the taping cuts, and running for
6 x 105 Vtive seconds at a conservative muon stopping rate of
3 x 105 p*rss (since the pile-up detection system wuas not fully
operational), an average trigger rate of 5 Hz was observed and about 150
data tapes were collected during the cycle. This number of tapes is in

agreement with the calculationcs above.



Chapter 1V

EXPERIMENTAL PROCEDURE

The experimen*al procedure consists of three major phases.: The first
phase involves the initial set-up of the detector and the associated
electronics, including the fast logic trigger. The other two phases,
data-taking and calibrations/stabilization, are interleaved as necessary

for proper monitoring of the experiment.

4.1 SET-UP PHASE
The set-up phase begins even before the beam 1is available.
Electronic gains, thresholds, and timings are roughly set, where

possible, to miri~ize use of beam time for those preliminary procedures

requiring muons.

4.1.1 The Beam

After the channel magnets are set to nominal values, a set of special

beam monitor counters is used to fine tune the beam position and to

measure the intensity profile nea- the stopping region. A sample of
such a scan is given in Figure 23. The drift chamber is then inserted
and special runs are taken with electron singles triggers. These tapes

are analyzed, and all drift chamber tracks reconstructed to determine
the stopping distribution on the target (see Figure 24). Reconstructed

tracks that do not intersect the target are assumed to come from the

- 66 -
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The profile was measured with a thin plastic counter scanned

across the target region before insertion of the drift
chamber.
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The beam profile on the stopping target.
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rf drift chamber track intersections with the

target for
electron singles triggers.
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drift chamber inner foil. This assumption is responsible for the “ring”
of events around the target in Figure 24. Scaler readings made during
the runs normalize the integrated stopping rate. Problems in the beam

configuration indicated by the drift chamber analysis are corrected,

when possible.

4.1.2 Enerqy Calibration

4.1.2.1 Hodoscope

When the beam was available, the hardware gains for the scintillation
counters were aligned by adjustment of their PMT high-voltage supplies.
On-line ADC histograms, containing the minimum-ionizing energy peaks,
were analyzed to determine the necessary voltage adjustment for each
counter. The gains uere set so that the nominal threshold to fire a

trigger-counter CFD was equivalent to 0.5 Mev.

4.1.2.2 Calorimeter

Immediately before the beam is available, the Nal(T&) amplifier gains
are roughly calibrated, at the 10% level, using the 4.4 MeVv y-ray line
from a Pu-a-Be source. The source is positioned inside the Box (uith
the drift chamber removed) and centered on the face opposite the
quadrant to be calibrated. This arrangement provides the most uniform
illvmination of the face crystals and the inner corner crystals. The

source is moved outside the Box near a corner cluster to properly
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illuminate the outer corner crystals. The raw output of each clips/split
amplifier is then examined on an oscilloscope and the pulse height of
the clearly visible photopeak adjusted so that the CFD +fraction of the
amplifier output had a calibration =20 mv/fev. Thus the CFD threshold
af 100 mV corresponds to the desired energy threshold of 5 MeV in the
Nal(TR) crystals. Because the corner crystals have two phototubes
contributing to the harduare energy sums, the individual gains of the
corner crystal amplifiers are set =210 mv/Mev. (This means, however, that
the corner crystal CFD’s have an effective 10 MeV energy threshold.)

After all quadranis are harduare calibrated, one tape of data per
quadrant is then taken, triggering on the source photons. In detail,

the trigger is:
(exactly one MalI{TL) rouw hit)e(at least 2 Mev in the calorimeter)

In addition, the data on each tape was preceded by a set of flasher
spectra. The combination of this information permitted a check of the
software calibrations of the NalI(TX%) readout and established reference

values for the flasher gain stabilization system.

4.1.3 TIiming

After pulse height gains have been set for the scintillators and
Nal(TR2) signals, the timing of their signals into the various trigger
components must be adjusted. Where possible, signal timings are roughly
adjusted using injected test pulses, but detailed timing, such as
variations in phototube transit times, can only be adjusted using heam

particles.



EA

4.1.3.1 Hodoscope
1t was rea)ized early in the planning of this experiment that the
individual timing o¢% some 88 plastic counter signals as well as 432
Nal{TR) signals was a task which could reasonably be accomplished only
with an automated method. The timing signals for Qll scintillators
(meantimer signals for the double-ended counters) are routed thrc .gh a
single CAMAC TODC. Muons stopping in the secondary target are used as a
source of single electron triggers, With the I-counter providing the
timing reference. The POP-11 reads the TDC value and the scintillator
latches for each event. The value of the TDC reading is assignecd to one
of 52 histograms, on the basis of the set latch, for events uwhich have
exactly one latch fired. These histograms then constitute a measurement
of the relative times of all ccintillators. An auxiliary program
automatically determines the peak positions in all histograms and
calculates a table of delay cable lengths (accurate to the nearest 0.5

ns) to be inserted.

4.1.2.2 Calorimeter

A modification of the above procedure is required for timing th-
Nal(TR) signals. Since the selection of the histogram to increment is
made on the basis of row Vatch information, only one crysial per rouw can
be timed, in a given run. Timing groups are therefore defined with
maximal separation of the crystals from one row to the next. A typical
timing group consists of a set of crystals as indicated in Figure 25.
Other groups are generated by a circular shift of one column by the

crystal in each row. Only the crystals for one timing group are
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The groups are configured to minimize the chance of single
electron hits illuminating more than one crystal in a group.
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connected to their respective amplifiers for a particuiar run. The
maximal spacing of crystzls enhances the efficiency of data-taking by
reducing the probability that showers hitting one crystal will fire any
other in the timing group. (As for the scintillators, one and only one
row latch set is required in eorder to histogram an event.)

once the crystal signals are properly timed into the trigger logic,
the flasher system can be used to check the timing of pulse height
signals into the PHIM’s. Since every flasher trigger gives a pulse to
every crystal channel, the integration gate versus signal timing can be
checked very efficiently. (0f course, these signals need only be timed
to a few percent of the integrating time, or within 5 ns.) A systematEF
offset =20 ns must be allowed for when using the flasher events ufih

corner crystals. This j}§§§g§'° attributed to their different geometry

2

compared to that of face crystals.
Once the individual PMT wrgnals have been properly trimmed, the many
trigger coincidences” must be systematically timed in as wuell. Tnis
I

procedure, although extremely tedious, 1is essentially a standard

L7
technique and wWill n@f'ha discussed in detail.

4.2 MUON BEAM DATA-TAKING

Because the pile-up detection system was not yet functional, the beam
could not be set at the maximum muon stopping rate of 0.45 MHz. At the
start of the January data-taking cvcle, data runs were taken at
gradually increasing rates and were analyzed for pile-up effects to
select a muon stopping rate of 0.3 MHz for production runs. The average

accelerator duty factor was = 7.
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Before each run, the pedestal position 3f each Nal(TR&) PHIM channel
is monitored and wuritten to tape. A flasher run is then taken to
monitor the PHIM gains and verify that all Nal(TL) TDC’s are functional.
The pulse height and timing spectra ccllected in the LSI1’s are passed to
the PDP-11, analyzed and uwritten to tape for more detailed analysis off-
line. Any channels exhibiting unacceptable drifts are noted in a
summary printout generated by the PDP, prompting the experimenter to
take appropriate action. Based on the updated pedestals and flasher
peak positions, new PHIM gains are calculated and srparse data scan
thresholds are updated accordingly. Part ot the start-up procedure for
production data runs automatically performs an auto-trim on the drift
chamber readout system as described above. A full tape of nominally
30,000 events is +then recorded requiring 1.5 to 2 hours. The plastic
scintiliator readout 1is calibrated once a day by taking two tapes of
electron-singles triggers, one for muon decays originating in the I-
counter, and another for decays from the target. 1In addition, this data
includes a flip-flop in the TDC start signal which alternately suitched
in and out a fixed 10 ns delay cable, thus producing a double-peaked
timing spectrum +for all scintillators. The separation of these tuo
peaks thus determined the gain of the 7TDC channels. This data wuas
analyzed off-iine to give the scintillator timing constants and ADC
gains. Similar tares, triggered on single Nal(TR) quadrants, are taken
at less frequent intervals to permit off-iine calibration of Nal(TR)
TBC’s and PHIM’s with Michel positrons from normal muon decay.
The stability of the beam profile was monitored several times during

the cycle by electron-singles tapes of muons stopping in the primary
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target. The analysis of drift chamber tracks for these tapes verified

the distribution of track intersections with the target.

4.3 PION BEAM DATA-TAKING

As described belou (in section 5.2.2.1), the LM, target, iiluminated
by a negative-pion beam., provides a means for the absolute calibration
of the Nal(TR) calorimeter. For the last two days of the cycle the
drift chamber was removed and replaced by the LH, target. Each pian
data run is preceded by a pedestal and flasher sequence, just as far the
muon data. Farty pion calibration tapes containing about 1.5 x 10°%
events were accumulated at the rate of 1 tapeshour. This sample was
estimated to be sufficient to provide a minimum of 1000 _calibration

events for each crystal.



Chapter Vv

ANALYSIS OF DATA

The tuwo major divisions of the off-line data analysis were the
"detector calibration and the reduction of candidate events. For the p-ev
data, a maximum-likelihood analysis of the residual event sample uwas
necessary to arrive at the best possible branching ratio limit. Before
describing the calibration procedures and the detailed anaiysis of the
data, a brief desc-igtion of the relevant computer codes is required.
Also, a few concepts must be defined and discussed. The concept of a
Nal(TL) “clump” 1is needed to describe the energy calibration. The
“position algorithm” 1is also essential to the energy calibration

procedure.

5.1 COMPUTER CODES AND AMNALYSIS CONCEPTS

All of the off-line data analysis was done on a VAX 11,780 computer
at the LAMPF Data Aralysis Center. The latest version of the codes run

+n the VMS Version 4.0 operating system.

5.1.1 Monte Carlo Simulation

In an experiment with a detrctor as complex as the Crystal Box, it is
frequently necessary to model the performance ot the apparatus through
computer simulation. This analysis, for example, enables the

experimenter to select the optimum experimental runnin_, conditicns and
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to predict the effectiveness of possible data-analysis cuts. A
simulation program is essential also for the proper calibration of the
Crystal Box detector and for predicting the detector response to
previously unobserved phenomena (namely neutrinoless muon-decay).

The “Monte Carlo” modelling program for the Crystal Box detector is
implemented on the same VAX 117780 machine used for all of the off-line
data analysis. The simulatiun of energy deposition was based on the
electron-gamma shower code EGS3 developed by Ford and Nelson.®2 An
additional program,%? originally written at LAMPF to aid in the design
of the drift chamber, and subsequently used to optimize the track-
reconstruction algorithm, provides the capability to simulate electron
tracks, including multiple~scattering effects. The merger of these tuwo
codes made it possible to simulate the full geometry of the Crystal Box
detector and to generate a variety of event types., including p-ey,
u-ery, p-3e, 7%+y¥, w'p-nY, monoenergetic ¥’s, and Michel positrons
(from either the target or the I-counter). The program output can
emulate the information contained in the on-line data tapes, so that the
same off-line code may be used to analyze real data and Monte Carlo
events.

To match the shape of the observed energy distributions, it is
necessary to add to the Monte Carlo simulation an additional component
ot energy resolution, beyond that predicted by the E6S3 code due to
shower #luctuation and energy leakage. This additional component
accounts for the degradation in resolution due to all sources other than
leakage, including the non-uniformities of 1ight production within any

particular crystal, the light collection inefficiencies of the crystal-
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PMT system, electronics noise and instability, and residual relative
errors in the individual crystal calibrations. The method of
introducing this resolution is to multiply the energy deposited in each
crystal with a gaussian smearing factor that is centered at unity and
has a FWHM which varies as the fourth root ¢f the energy to be smeared.
The best agreement with the experimental data is obtained by setting the
smearing width to 14% at the ©0.667 MeV line of '37Cs. The single
crystal resalution for '37Cs photons was observed to range from 12% to
154 during the c¢alorimeter acceptance testing at Harshaw Chemical
Company. The leakage c¢ontribution to resolution is negligible at this

low en2rgy, so the above value fc- *"e smearing width seems reasonable.

5.1.2 Data Reolay

The data replay code was a modificatic,, of the LAMPF standard
”Q”-Replay system.®% 1In view of the large number of tapes to be
analyzed, the non-standard capability to replay data from tapes stored
on disk was implementied. The “HFL” histogramming package, available at
Los Alamos, was incorporated, as well as specially designed graphics
routines, to aid in the vis lization of event geometries, energies, and

timing. The facility to make and evaluate data reducing cuts was also

an essential part of the code.

5.1.3 Track Reconstruction
A detailed description of the drift chamber track-reconstruction
(DCR) program is beyond the scope of this thesis. (See reference 63 for

a complete explanation). This code provides a reconstructed %rajectory,
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when possible, for electron tracks through the drift chamber which hit
seven or more wWire planes. For electrons from the target, acceptable
tracks are required to make an angle of > 1° with respect to the target
surface.

Although the DCR program uwas initially developed independent of thke
replay code, the final version of the analysis code includes the track
reconstruction capability. However, the average CPU time required by
the ODCR program 1is 0.2 seconds per track. so that a substantia!l
reduction of the event sample 1is required hefore initiating track

reconstruction.

5.1.4 Clump Definition

Although the trigger treats an entire Nal(TR) quadrant as a single
“particle’”, the functional unit corresponding to a particle in the off-
1ine analysis i1s a “clump”. It is possible for several clumps to exist
within one quadrant. As many as nine clumps may be defined in a given

event. The computer algorithm for finding clumps is as follous:

1. Find the crystal, not in any previous clump, with the largest
energy > 5 Mev. This crystal 1is called the “high pulse-height

crystal” (HPHC).

2. Determine the “neighbor set” (NS) of crystals:
a) 1f the HPHC is more than one row away from a corner, the NS
consists of all crystals within two rous and two columns of
the HPHC. (For an HPHC in the central region of a face, this

set contains 25 crystals).
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b) 1f the HPHC is a face crystal within two rows of a2 corner, the
NS consists of all crystals in the same quadrant within tuo
rous and tuo columns of the HPHC, ard all of the nearest
corner crystals.
c¢) 1f the HPHC is a crystal on the inuard-pointing diagonal »f a
corner array, the NS includes all of that corner array, and
all of the crystals from both adjoining face rous.
d) 1f the HPHC is an off-diagonal corner crystal, the NS contains
all crystals in that corner, and all crystals in the nearest

two rows of the closest auadrant.

3. Sczan the NS for all previously unused crystals with energy > 0.1
MeV, add those energies to the clump energy sum, and eliminate

those crystals from use in further clumps.

4. Return to step 1 it fewer than nine clumps have been found.

In order to achieve the best possible resolution, electron-clump
energies musi be corrected for the ionization energy loss in all
material along the electron trajectory from the target to the face of
the crystals. This correction consists of tuo components, the measured
energy loss in the intercepted scintillator(s), and the estimated energy
loss in the inert material traversed. The firsi component comes directly
from the calibrated response of the trigger counter ADC’s. The second is
derived by tracing the track reconstruried by the dritt chamber through
the detailed geometry of the Box, c¢ollecting the total intersected

thickness of each type of inert material, and multiplying each thickness
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by the average dEsdx in that material. These additional energies are
added to the clump energy sum, and this final sum 1is called the
“electron energy”, E,. for that clump. For 7r’s, the “photon energy”, &y,

is identical to the clump energy sum.

5.1.5 Mal(JL) Position Algorithm

An estimate of the partic[e shouwer position in  the Nal(Tk)
calorimeter is calculated as the weighted centroid of the energy deposit
distribution. The “g~sition algoritha” computes the shouwer position, xg
according to:

¥ %8
Xg = ———— (16)
2 Ei°
where the sum is over all face crystals in the clump with
energy > 0.5 MeV, x; is the position vector to the center of crystal i
(at its face), E; is the energy deposited in that crystal, and B is the
exponential weighting factor which depends on particie type.

The above computation amounts to a projection of the centriid of the
shower envelope to the face of the <c¢rystals. For particles 1 ith non-
normal incidence to the crystals, this projecticn is not a good
representation of the particle impact point, because the particle will
have travelled some depth, &, past the surface, along its original
trajectory, before interacting. Thus, a “depth correction” is made to
Xs to arrive at the final poszition estimate x4. Th~ expected & for a
giver hit wil! depend on the type of particle and on its energy. Given

8, the position x4 is projected normally into the calorimeter until the
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trajectory from the center of the target to the projected point
intercepts a path length & through the Nal(TR) crystals. The
intersection point of this trajectory with the face of the crystals is
the final clump position xj.

The parameters B and & were optimized by analyzing Monte Carlo
electron-singles events and minimi2ing the resolution of the
reconstructed position versus the actual impact point. The best values
of B were Be = G.65 for e*’s, and Bp = 0 55 for v’s. Table 4 gives the
computed energy dependence of & for both e*’s and ¥’s. Two positions
are calculated for each clump, one assuming an electron hit, and one
assuming a pnoton hit, since the particle type is determined later in
the analysis program. The values of § used for a particular clump are
interpclated from the appropriate column of Table 4 wusing the clump
energy.

Figure 26 i1llustrates the observed position resolution of the Nal(TR)
calorimeter taken from type 1lI events with impact points within the
central arrays of the Box. In agreement with the expectations from the
Monte Carlo studies, the resolutions are oxy = 0.72 cm (transverse to
the beam direction), and oz = 0,79 ¢m (along the beam direction). The
one centimeier offset observed in the z-coordinate plot (Figure 26(b))
was traced to an alignment error in the position of the drift chamber.

The error was accounted for in the analysis of the u-ey events.
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TABLE 4

Energy dependence of depth parameter, &, for electrons and

photons.
Electrons Photons

Ec(MeV) Balem) Ec(MeV) plcm)
0.0 .00 0. 5.75
9.8 1.44 14. 6.33
19.4 2.69 31. 6.98
28.8 3.58 49. 7.73
44.5 4.92 88. 8.70
58.7 5. 126. 9.43

92.8 6.82
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5.2 DETECTOR CALIBRATIOM

About 100 calibration tapes uere accumulated to track the drifts in
the detector timing and energy parameters. Tuwo types af calibration
tapes uere collected, both using an electron singles trigger. Type 1
tapes observed muons that stopped and decayed in the I-counter. These
tapes wuwere used for timing calibration of the plastic scintillation
counters and Nal(TR) crystals. Type Il tapes, from decays of muons
stopped in the target, uere also used to define the trigger counter
timing constants and those of the drift chamber. A further use of the
type Il tapes uwas to check the Nal{(T4) energy calibration for electroﬁs.
A third type of calibration tape, type IIl, was triggered by 1-y and 2-7
events from the hydrogen target. These tapes uwere used to define the
energy calibration constants of the Nal(TR) crystals for 7’s and to

check the crystal timing resoiution feor v’s.

5.2.1 Iiming
5.2.1.1 Hodoscope

As mentioned above (see section 4.2), the timing constants for the
plastic counters were moniiored da‘ly wusing tuwo types of electron
calibration tapes. The single-ended veto counters uwere calibrated using
only the type 1 tapes. For each PMT, a plot of its timing, rclative to
the I-counter. uwas collected for events 1in which only cne scintillator
discriminator was fired. This selection of events reduces systematic
errors due to pile-up and backscatter effects. A typical spectrum is
shoun in Figure 27. The tuwo peaks are separated by a 10 ns delay, which

is alternately suwitched in and out of the TDC-start signal path during
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data-taking. A fit to the tuo peak positions determines the timing

calibration constants, as follous:

1. The position 9of the first peak, tos is the TDC channe)
corresponding to hits which are “in-time” with the I-counter

signal.

2. The second peak position, t;, then determines the TDC gain, gy

in units of 0.1 ns/channei, according to:

100

gt = an

ty-to

The timing constants for the trigger counters are derived from the
calibration tapes by several steps. First, the type I tapes are replayed
to give individual timing piots of all PMT’s (both wupstream and
dounstream) with respect +to the I-counter TDC. Again, to eliminate
pile-up and backscatter effects, events are selected which have only one
scintillator fired. Because the trigger counter timing resoiuticn is on
the order of one TDC channel, the individual type ! spectra, as in
Figure 28, are not sufficient to determine the to’s to the required
accuracy. These spectra can only be used to determine the individual
gains, gt’s, as above.

The next step is to collect spectra of the time difference betueen
the upstream and downstream PMT’s of each counter wusing the type Il
tapes. The central origin of electrons for the type Il tapes gives a
more symmetric time difference spectrum than that of type I tapes. Such
a spectrum is shoun in Figure 29. The centroid of this spectrum, Aat,

determines the relative values of tie timing o:fsets, tyy, tg4q:
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tou-teq = Ot . (18)

The final step returns to the type I tapes to collect calculated
meantime spectra, as shoun in fFigure 30. The position of the first peak,

tm, cCetermines the absolute offset for both PMT’s:
tod  tm» tou = togtdt = tatat . (19)

The time resolution perform~:ce (for type 1 events), for the 36 trigger
counters, was histogrammed as shouwn in Ffigure 31. The average timing

resolution is seen to be ots = 123 ps.

5.2.1.2 Calorimet~r

The timing calibration of the Nal{Tl) crystals is closely analogous
to that of the plastic scintillators, with the procedure for face
crystals following that for guard counteis, and the method for corner
crystals closely resembling that used for the trigger c¢ounters. The
modification to the above procedures is the selection of appropriate
type I events with slightly different cuts. Face c¢rystal calibration

events pass the following cuts:
1. only one (trigger or guard) scintillator CFD fired
2. the trigger counter hit is within one row of the hit crystal

3. the 2-position of the counter hit (as estimated by the counter

PHMT time difference) is within 12.7 cm of the hit crystal
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torner crystal events are selected similarly, except that requirement 3
is not imposed.

The (electron) timing resolution of individual face crystals versus
the I-counter is measured to be giel = 470 ps. However, the superior
timing resolution of the trigger counters is aluways used ‘o define the
time of an electron clump. The Nal(TR) TDC’s are only used to define the
photon-¢lump time, and to detect energy pile-up (see section 5.3.1.1).
The photon-clu: o time is an average over the clump crystals:

P otiEy
tavg = — (20)

T E;
where the sum 1is over all crystals in the clump that fired a CFD within
5 ns of the HPHC time (the <calcuiated meantime is used for the corner
crystal contribution), and t;i. Eir are the time and energy,
respectively, for crystal 1 of the clump. As a check of the photon

timing resolution, the measured time difference of coincident ‘s from

n° decays 1is histogrammed as shown 1in Figure 32. The FWHM of the
distribution is 1.8 ns, which corresponds to o4p = 540 ps per photon.
Evidently, the residual error 1n the relative calibrations of the

individual crystals, and any difference in response to photons vis-a-vis
electrons, contributes an additional resolution component, oerr = 270
ps, to the single crystal resolution for electrons. MNevertheless, this
timing performance is certainly noteworthy for such a large Nall(TR)

array.
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5.2.1.3 brift Chamber

The drift chamber timing readout is calibrated with electron tracks
(from type 11 tapes) which have hits in all eight wire planes. For each
such event, the eight possible subsets of seven wire-hits are used to
reconstruct a track. The timing difference between the excluded wire-
hit and that expected from the reconstructed track is histogrammed. The
centroid of each histogram determines an absolute offset to correct the
timing of the corresponding wire. Because these adjustments aftect, to
a slight decree, the reconstructed tracks for each event, this procedure
must be i1terated for several passes through the data wuntil a
satisfactory convergence of the timing offsets is achieved.

The drift chamber performance was checked with cosmic-ray events
which passed through the center of the detector, thereby simulating a
tuo-particle event with a common origin and an opening angle of 1809,
Such evenis were analyzed for reconstructed opening angle and distance
of closest approach betueen the two tracks. The opening angle was found
to have a gang = 0.5°. The resolution of the minimal distance was opjn =
0.4 mm. Comparison of the chamber performance with the Monte Carlo
simulation showed it to be consistent with an intrinsic spatial
resolution per wire of gres = 130 um, and a reconstruction efficiency of
974 for the low rate type 1l events. For the high beam rate used to
collect data tapes, these performance parameters degrade to no wWorse

than oreg = 150 um and 95% efficiency for er triggers.®3



96
5.2.2 Eneray
5.2.2.1% Calorimeter

As described above, in section 4.1.2.2, the Nal(T£) energy-readout
harduare is roughly calibrated by equalizing the response of each
channel to the 4.4 MeV photopeak from a Pu-a-Be source. The absolute
calibration of each c¢hannel 1is adjusted off~line 1in several steps.
First, the shape of the non-linear calibration function is derived for
each readout channel by analysis of a special set of test data. The
absolute scale of the calibration function is then set by the analysis
of v spectra (from m° decays), collected in the type Ill tapes during
the hydrogen target runs. Finally, the energy scale is checked by the
4.4 MeV source line and the monoenergetic ¥ from m p»nY. A check of the
charged particle response 1is provided by the Michel spectrum from type
11 tapes.

Initial efforts to derive consistent linear calibration functions,
using both the source data and pion data, revealed the Nal(T&) readout
system to be signiticantly non-linear. The Nal(TR) clips/split amplifier
was found to be the source of this non-linearity. A testing circuit was
assembled, which utilized an Ortec pulse generator and a Tektronix
precision variable-attenuator, to inject precisely graduated pulses into
the NaI(TR) readout channels. A typical response curve is shoun in
Figure 33(a), and Figure 33(b) shouws the discrepancy between the actual
response and the expected response extrapclated from a linear fit to the
large pulse-height region of the curve. The non-linear behavior aof the

readout chain is well represented by the functional form:

Ext] = B{p-pg) + C(1~exp(al(p-po))) (zn)
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where Ext] is the energy equivalent of the test pulse, p is the measured
pulse~height, pp is the readout pedestal, and a, B, C are the parameters
for a least-squares fit. It was found that the range of fit values for «
is narrouw, and that the quality of fit is insensitive to a within that
range, so it is sufficient to set @ = 0.00111, the average value over a
representative set of readout channels. This simplification allous the
reduction of the fitting problem to a simple linear least-squares fit
for B and € by an appropriate logarithmic transformation. The ratio B-sC
defines the shape of the calibration curvs, but the absolute scale must
be set by reference to a knouwn physical process detected in the
calorimeter. In order to provide a reasonable set of starting parameters
for the refinement of the absolute scale, the B and C parameters uere
normalized to match the previously mentioned linear calibration at 70
MeV. Figure 33(¢) shous that the residual non-linearity, after this
exponential correction, i1s typically £ 0.2 MeV for all energies less
than 100 Mev.

Once the shape and approximate scaling of the calibration curves are
determined, the final scale may be set by referring one point on the
curve to an absolute standard. The “central” energy of the n¢-decay v
spectrum (68.9 MeV) was chosen as the reference point because it was the
calibration energy closest to the 52.8 MeV region of interest for p-er.

Hhen the LH; target 1is illuminated with the 7~ beam, u%’s are

produced through the charge exchange reaction:

o p =+ 1% n. (22)
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The recoil momentum, qo, of the produced n%‘s is 28.0 MeVsc. The ®%’s
subsequently decay (98% of the time) to two photons. Because the n°
does not decay from rest, the produced photon energies are distributed
With the so-called “box spectrum”, wuwhich ranges from 55.1 to 32.7 MeV.
The minimum opening angle between the the ¥’s is 156.5%°. In the Crystal
Box detector, these 7% decays are thus observed as coincident photons,
in opposite quadrants, each within the above enzrgy range.

In the calibration procedure that tollous, the relevant measured
quantity is the clump energy sum, and specifically is not the individual
energy of the crys=tals. The final calibration spectra are collected in a
set of histograms containing one histogram associated with each crystal.
A given histogram 1is incremented when the corresponding crystal is the
HPHC of a clump. The fractioen of the clump energy contained in the HPHC
is required to be > 70%, so that the peak position of a calibration
spectrum 1is essentially determined by the gain of the HPHC. The
appropriate adjustment of gain for each crystal is then derived from the
lkiiztogram associated with it. Because adjustments to the gains of its
neighboring crystals subsequently affect the clump sum for a crystal,
the above procedure must be iterated several times until a satisfactory
convergence of the gain constants is achieves. The method given
immediately below is that required for vach of th=» passes through the
data.

Each n% decay contributes a count to the box spectrum collected for
each of tuo NaI(TL) crystals. Unfortunately, only those counts near the
endpoints of the box spectrum contain information about the absolute

energy calibration. Houever, the observation of 8y,, the opening angle
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betueen the photons, uniquely determines the two energies Ep*, Ep~, as

follous:
EP’.(GPP) = E0(1+G(epp)) (23)
where
Vimg)2 + (qo)2
Ep = (25)

2

is the #central energy” of the box spectrum, my is the w° mass, and

2
€(Bpp) = 1 - . (26)
(1-cos Bpplr?

The 2 for the decaying 1° is 1.0433. One may then construct

Eo* = Ep*(1-€(Bpp)) (27

and

EO- Ep-(1+€(epp)) (28)

for each event. Then all events contribute to a peak at E¢ for each of
tuo crystals. Thus, by using the position resclution of the Nal(TR)
calorimeter, one makes more efficient use of the calibration information

contained in the m° decay data.
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A further consideration is the fact that the detected energy, +f{or a
given incident photon energy, will depend on the impact poirt of the
photon due to shower leakage variations. This effect means that the
expected central energy will be a function of the photon impact point.
Therefore, the calorimeter crystals were assigned to 31 groups,
corresponding to the 31 geometrically distinct crystal positions
relative to a LMz target placed exactly at the center of the Box. To
assure optimum agreement of the Monte Carlo events with the data, the
observed central energy spectrum, for each crystal in a symmetry group,
is matched to the predicted spectrum for that group. The matching uas
done by scaling the B and C calibration parameters to align the observed
peak with the predicted one, while keeping the ratio Bs/C fixed. fFigure
34 shouws the Monte Carlo pred:ztion of the central energy spectrum for
group 25 and the agreement, after calibration, of the observed spectra
for two crystals in that symmetry group.

There are several checks available to assure that the f{inal energy
calibrztion is consistent over the dynamic range of interest. 1In all of
the comparisons belou, events were selected for which the HPHC of the
clump is within the central 5 X 6 array of one of thke quadrants. Figure
35 showus the predicted and measured detector response to the
mo: tenergetic ¥ a8t 129.4 MeY from w-p+nv. Although the measured
resolution of 7% (FWHM) is slightly worse than predicted, the absolute
peak position is clearly in agreement toc better than 1%.

Figure 36 compares the Monte Carlo prediction to the observed spectra
for n° decay events with an opening angle > 1759, In these events, the

two photons are almost parallel and anti-parallel, respectively, to the
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Photon Energy form p-n7Yy

(FWHM = ¥ % at 0.667 MeV)
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Figure 35: Predicted (a) and measured (b) 7 spectra for m-p=nv.
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Figure 36: Predicted (a) and measured (b) 7 spectra for n? decays
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1% momentum, and thus differ maximally in energy. This selection of
events leads to an observed energy spectrum with tuwo peaks near the
endpoints of the box spectrum. Of particular interest for the p-ey
experiment is the fact that the lower peak, near 55 MeV, 1s quite well
simulated in position and shape. The upper edge of this peak is
broadened due to the finite angular acceptance of the sample.
Therefore, the peak widih of 8% (FWHM) may be taken as an upper limit to
the detector resolution at 55 MeV.

The low energy photon response 1s checked by reference to the 4.4 Mev

1ine from the Pu-a-Be source. The Monte Carlo program did not fully
simulate the spectrum of radiation produced by the source. Instead,
monoenergetic photons were thrown at 4.4 Mev. The comparison of the

predicted 4.4 Mev photon response to the observed source spectrum is
given in Figure 37. The peak positions agree to Within 0.2 MeV, and the
photon calibration 1is therefore seen to be satisfactorily consistent
over a dynamic range of 30.

The only well-defined energy spectrum available, 1in the data, to
check the electron calibration is that of the Michel positrons. Type II
events were selected because the stopped muons are largely depolarized
in the target material, thus minimizing any asymmetry in the angular
distribution of the positron energy. Figure 38 shows that the simulation
and the data are in agreement to 14 for the electron calibration. Note
that some residual pile-up is evident in the actual data spectrum, uwhile
no pile-up was added to the events in the predicted spectrum. This
residual pile-up effect was simulated in the spectra, described belou,

used to analyze the p-ey data.
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Predicted Response to 44 MeV Photons

(FWHM = 14 % at 0.667 MeV)
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Figure 37: Predicted response of calorimeter to 4.4 Mev ¥ (a) and
measured Pu-a-Be source spectrum (b).
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5.2.2.2 Hodascope

The energy calibration of the plastic trigger counters is
accomplished using the type I electron tapes. Such a calibration tape is
first analyzed to determini the pedestals of all scintillator readout
channels. The electron trajectory through the scintillater, for each
single-hit event, 1is estimated from the time difference betueen the iuo
PMT’s connected to that scintillator, assuming the electron originated
in the center of the I-counter. This estimate determines the impact
position (on the counter), z, and the path length (through the counter),
1, of the electron track. The pedestal-subtracted responses of the

upstream and dounstream PMT’s are then taken to be of the form:

L
Pu = Gu’EC1)exp(=A(~+2)) (29)
2
L
Pg = 6g’E(Dexp(-A(—-2)) (30)
2
where 2z = 0 at the center of the counter, L is the length of the

counter, E(1) 1is the ionization energy loss of the electron, and A is
the light attenuation coefficient. The factor exp(-ALs2) can be absorbed

into Gy’,» G4’:

Py = 64E(1)exp(=-A2), Pg = GgE(1)exp(+A2) (31)

Over the range of path lengths possible in the Crystal Box geometry, the

energy deposited may be represented as

EC1) = Eol (32)
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where Eo is the dEsdx loes c=r unit path length, determined by Monte
Car's calculaticns to be = 1.74 MeVscm. It is easily seen that a
hi=togram of the the combination

(Pupd) 172
= Ep(6y6y)'”? (33)
|
gives a position-independent determination of the quantity (6,64)'/2.

Similarly, the quantity

Pu  Gu

— = —exp(-2A2) (34)
Pda G4

may be plotted versus 2z, so that a fit to the curve determines A and
6u’6g. From knouledge of (A)}'/%=(G G4)'”2 and B=Gy /Gy, the individua!

gains are determined as:
6u = (AB)Y/2, Gq = (AsB)V/2 (35)

The values of A for a given scintillator, as determined by successive
calibration tapes, give a quantitative monitor of any deterioration of

the light transmission properties of that scintillator. The quantity

PuPq i
= (1) (3%)
GG

is then used as the measure of the energy deposited in a trigger counter

which is independent of the electron impact position.

To define the calibration of the guard counters, the expected energy

spectrum due to Michel positrons from the target is generated using the
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Monte Carlo program. The peak of the observed spectrum for type Il tapes
is then matched to that of the predicted spectrum, thereby establishing
the calibration of each guard counter readout channel. This method is
sufficiently accurate for the guard counter calibration because these
counters are only used to veto prospective photon quadrants and they

never contribute to the energy sum of an electron hit.

5.3 MUDN-DECAY DATA

Approximately 150 data tapes were collected, containing 1.3 x 10°®
candidate p-»ey events, from a total of 2.2 x 10'' muons stopped in the
target during the experimental live time. The event sample was reduced
in two phases. The 2.84 x 10" events remaining after the first phase
were used to characterize the experimental backgrounds. A maximum-
likelihood analysis was performed on the 192 candidates surviving the
second phase to calculate the most probable number of p-ey events in the

residual sample.

i

5.3.1 Reduction of Candidate Events /

As explained above in section 3.4.5, the experimental signature for a
p+ey event 1is a time coincident electron-photon pair, each with 52.8
MeV, and an opening angle of 1809, Therefore, the reduction of
candidate events consists of cuts on the observed timing, energy, and
relative angle 0% prospective e-7 pairs, as well as cuts to eliminate
undesirable instrumental effeects. A preliminary description of the off-
line pile-up rejection 1is first presented, folloued by the data-

reduction procedure.



5.3.1.1. Pile-up Rejection

The on-line p'le-up detection system was not useful for the January
1984 run cycle, so the pile-up was eliminated, as much as possible, by
off-line software cuts. The Hal(TR) timing information was used to look
for any indication of out-of-time energy deposition. A c¢lump was
eliminated as a candidate particle if any of the following conditions

were true:

1. the HPHC did not fire its CFOD

2. a crystal in the neighbor set fired its CFD more than 5 ns out of

time with that of the HPHC

3. an NS crystal wuwith > 7 Mev did not fire its CFD Within 5 ns of

the HPHC

The effect of these cuts on the experimental acceptance are discussed in

section 5.6 belowu.

5.3.1.2 Phase 1 Reduction
The phase I data reduction is summarized 1in Table 5. The cuts are

conceptually described as follous:

1. Cut 1 required less than 0.25 MeV for the energy sum of all the
photon-quadrant plastic counters, including the guard counters
and the nearest counter from both neighboring quadrants. It also
required the time difference between the g and y signals, used in

the ¢ * ¥ trigger coincidence, to be positive and lecs than 4 ns.



112

TABLE §

Summary of Phase I Data Reduction

2.2 x 10! p-stops 1.3 x 10% ey triggers

Number of
Data Cuts Surviving Events

. scintillator veto

0 ¢ T(y)-T(e) ¢ 4 ns 4.8 x 108

E.(e) 2 35 Mev

Ecl(y) * 35 Mev

|atep] ¢ 4.5 ns

no pile-up 1.2 x 10°%
. etectron track reconstructed

to target 9.4 x 104
. Ee 2 35 Mev

Ep 2 35 MeVv

Ee * Ep + |Petpp| € 135 Mev 5.95 x 10"
. Bep 2 140° 4.08 x 10%

. no reconstructed drift

chamber track for ¥ 2.84 x 10"
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Because the timing of the ¥ signal was explicitly set later than
that of the e signal uwhen the trigger wuas set up. the second
requirement merely reduces the windou for accidental
coincidences, by a factor of tuo, without eliminating any real

coincidences.

Cut 2 required the Nal(TR) energy sums, for both the electron eand
photon clumps, to be at least 35 MeV with no detected pile-up. In
addition, the time difference between the electron and photon
clumps is required to be no more than 4.5 ns. (Note that this
requirement is made on the clumps, while the timing requirement

in cut 1 is made on the trigger).

With the data sample reduced by a factor of 10, the track-
reconstruction program may be used to eliminate electron clumps.
A track pointing within 15 cm of the electron clump wuas
successtully reconstructed back to the target for about 904 of

the remaining events.

Cut 4 required a minimum of 35 Mev for the electron and photon
clump energies, Eg» and Ep, as well as a maximum of 135 Mev for
their sum plus the “missing momentum” of the tuo particles.
(Monte Carlo predictions shouw that the latter requirement on the
residual vector momentum of the event is quite conservative and

will not cut any real p-»ey events).

Cut § required the opening angle, 8qp, to be at least 140°.
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6. Finally, cut 6 searched for evidence that the photon was in fact
a misidentified electron. The »:ceptable %2 of fitted tracks was
relaxed, and the angle of the track with the target surface was
allowed to go to 0°, to find any reconstructable tracks pointing

within 15 cm of the photon clump position.

A sample of 28,350 events remained after these cuts were imposed.

Figure 39 shous the distribution of the electron-minus-photon time
difference for this sample. A prompt peak, clearly visible on top of a
flat spectrum due to random coincidences, is consistent with the photon
timing resolution of the RaI(TAL) calorimeter. The peak is from inner-
bremsstrahlung events that satisfy the above cuts, and any u-ey events
that may be in the sample. The “shoulders” of the flat background are
rounded for two reasons. Ffirst, the timing requirement in cut 1 removed
events, near the upper and lower edges of the spec*rum, that would have
passed the cut 2 timing requirement. Second, a “time-of-flight
correction” was made, after cut 2, to the timing of all clumps. Because
the timing of all plastic counters and Nal(TL) crystals was calibrated
relative to the I-counter, an adjustment to the clump times must be
made, to account for the difference in distance from the clump position
to the I-counter, as opposed to that from the c¢lump to the reconstructced
electron origin on the target. Tt electron origin was not available to
the analys:s until the track reconstruction was turned on in cut 3.
After the time-of-flight correction was made, some events had a value
for |At,p| exceeding 5 ns. The extreme out-of-time events from this
sample were used tc characterize the random background for the maximum

likelihood analysis.
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5.3.1.3 /hase 11 Reduction

Once a suitable set of background events had been selected, the data
sample could be further reduced in preparation for the final statistical
analysis. The minimum opening angle accepted was increased to 8ep 2 166°
and the relative timing requirement was tightened to |At.pi € 2 ns. The

phase II energy cuts for the photon uere:

47.5 MeV € Ep § 58 MeV

The electron energy, Eg, Was alsc restricted to a maximum of 58 MeV. The
minimum threshold of 44 Mev was imposed on the electron NaI(TR) clump
energy. The lower cut was applied in this manner, for technical reasons,
to provide a consistent Nal(TR) quadrant threshold for wuse in the
calculation of the experimental acceptance. A sample of 192 events

remained after the phase Il cuts.

5.3.2 Maximum ;ikelihood Analysis

Given the energy, timing, and position resolutions of the Crystal Box
tetector, the data sample collected from 2 x 10'! p-stops is expected to
contain random coincidence events, and (possibly) inner~bremsstrahlung
events, that are indistinguishable from p-+ey within the limitations of
these resolutions. Such a data sample 1is said to be “background-
limited”. In principle, the Monte Carlo model could be used to predict
the number of hackgrounds events expected to survive the data reducing
cuts. However., the statistical uncertainty in the predicted background
level will restrict the result of such an analysis to an upper limit for

the number of observed events. To set the most stringent upper limit
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"hat 1is rigorously allowed, the statistical analysis technique of
#maximum likelihocd” is employed.

The residual data sample 1is presumed to consist mostliy of random
coincidence events, with small admixtures of prompt background events
(u»eYv¥) and p»ey events. Each event is characterized by a set of n = 4
observables, o, and each event.tvpé is defined by 1its probability
density distributions for these observables. For this data, the

observables are:

0 € {sep.ntep.ze,zp} (37)

and the event types are associated with the following distributions:

Pilo;) for w»eY, Qilo;) for u»eyu¥, and R;{c;) for random coincidences.

The products

4

P({o;}) =1l P;to;) (38)
1
4

Q({o;}) =11 Qitoy) (39
1
4

R({o;}) =1l RjC0;) (40)
1

give the probability for an event of the corresponding type to be

observed with the particulur set {oj}. For a sample 0¥ N events, the

likelihood function

Lta,B) = N° ﬂ[ aP({o;};) + BQl{o;};) + (N-a-B)R({oi}j)] 41)
J
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is the probability that the sample consists of a uvey events, B p~ervdy
events, and (N-a-B) random events. The values agmax and Bgax that
maximize the {ikelihood function determine the most probable content of
the respective event types in the sample. For simplicity of calculation.
it is clearly sufficient to maximize the reduced likelihood function

La,RB)

Lola,B) &g —— (42)
L€, 0}

because L(0,D) is a constant scale factor.

5.3.2.1 Generation of Probability Density Distributions

The ingredients required to carry out this prescription are the Pi’s,
g;’s. and Ri’s corresponding to the three event types. The Pij’s, for
p~eY, and the Q;”s, for p-eyvV, uere generated from two large samples of
Monte Carlo events. These events uwere analyzed with the same cuts as
the data. The resulting probability distributions for p-ey are shoun in
figure 40, and those for #-~eYvd are shown in Figure 41. The probability
distributions of Ate,, for both event types, were assumed to be a
gaussian of a width consistent uith that of the prompt peak observed in
the phase 1 data sample (Figure 39). The Rji’s (Figure 42}, for the
random background, uwere taken from those phase I events with |atep| >
1.2 ns. The timing distribution for random events was assumed +to be

independent of Atep.
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5.3.2.2 Calculation of amax and Baax

The calculated distributions ot P, Q, and R for the Monte Carlo p-ey
events are shoun in Figure 43. Figure 44 shous the same three plots for
Monte Carlo p-eyvV events. The abscissa of each plot is the negative
Yogarithm of the probability product for the particular event, so that
the events 1increase in probability as the abscissa decreases. These
plots provide a check of the computer algorithm used to calculate the
likelihood function. Roughly speaking, the u-ey events are 10 times more
likely to be u-»er events than to be either u-seyvv’s or randoms, and an
analogous statement holds for the u+eyvyv events. The distributions of P,
@, and R for the final data sample of 192 events are shoun in Figure 45,
As expected, very feuw events have a significant probability to be psev’s
as compared to the distribution in Figure 43(a). A greater number have
probabilities @ near that exéected for p»ervv’s, and the R distribution
is strongly peaked to the taft, indicating the sample consists mostly of
randoms.

The individual probability products were appropriateiy combined, and
the reduced likelihood function explored as a function of a« and B, with
the result given in Figure 46. The maximum value of Lo is obtained for
dmax = 2.5, and Bpax = 16. The 90% confidence level (CL) for a is the

value a.] satisfying

Lo da dB = 0.9 x Lo da dB . (433

(= B
o f—— N
o C———— X
o — X

The first integral was approximated by a sum of Ly over B from 0 to 40,

in steps of one, to form the projected Lo distribution shown in Figure
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47. The Lo function is effectively 2ero for all B > 40, and it varies
smoothly over the entire range of beta, so this approximation is
reasonable. The projected distribution was then analyzed to find the
minimum upper limit, for a sum over a, that would include 90% of the sum
over a from 0 to 25. Again the projected Ly function is smoothly varying
and goes to zero rapidly for a > 25, so the approximation is a good one.
The 90% ¢L for a, obtained 1in this manner, is ag} = 9.5, From the
projection of Ly, summed over a from 0 to 25, shown in Figure 48, the

807 CL for B is seen to be Be) 26.

5.4 EXPERIMENT NORMALTZATION AND ACCEPTYANCE

The experimental acceptance was calculated from an analysis of the
Monte Carlo p—+eY events, by applying the same cuts that were imposed on
the data. The fraction of events that passed the trigger requirements,
the phase I cuts, and the phase II cuts, was f = 18.5%. An additional
fraction of the events would actually be excluded from the data sample
due to pile-up effects and due te the fact that photon quadrants could
be vetoed., 11r the trigger, by an accidental coincidence with a HMichel
positron. To estimate these effects, a tape of data wuwas analyzed for
which the trigger was generated randemly Within the macropulses of the
beam and the stopping rate was 3 x 105 p*s/s. The result c¢f this analysis

Was a reduction o] the acceptance bv another 17% to the final value of

€ = 0.83f = 0.83(18.5%) = 15.4% |, (44)

A check of the normalization is provided by the number o} p+vervy

decays observed 1in the data sample. The sample of Monte Carlo p-eYvv
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events was generated according to the standard QED matrix-element. When
these events wuwere analyzed uwith the same cuts as the data, and the
number of events surviving the cuts was normalized to 2.2 x 10'' muon
decays, the expected number in the final data sample was 10 * 1. The
most probable number observed, according to the maximum likelihood

analysis above, 1is 16 * 8, in reasonable agreement with the expected

number.



Chapter VI

RESULTS AND CONCLUSIONS

6.1 CALCULATION OF BRAMCHING RATIO UPPER LIMIT

The (90% ¢€L) wupper 1limit for the branching ratio BR(u*-e'y) is
calculated as follous:
Qe 9.5

BR(u*=se'y) ¢ = . (45)
(# u stops)ee (2.2x10'1)(0.154)

The final result for this data sample is then

BR(u*=e*y) ¢ 2.8 x 10-1° (80% cL) . (46)

This result, from the first data-taking run of the Crystal Box detector,
does not improve upon the existing upper limit f{for p*se*y quoted in
Chapter 2. Houever, this limit is a confirmation of the previous result

by a new experiment with a different apparatus.

6.2 RECENT IMPROVEMENTS

The data-taking from the recently compieted Crystal Box run, conducted
during the summer of 1984, observed five times more muons with improved
detector performance. The major changes to the apparatus are listed

belou.
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1. The on-line pile-up detection system was operational. It has
already been shown to reduce the number of high-energy photons

contributing to the background spectrum by a factor of 3.

2. A new system for monitoring and controlling the temperature uas
installed in the electronics  racks to reduce pedestal
instabilities 1in the NaI(TR) PHIM’s and thereby improve the

energy resolution.

3. Stabilizing circuitry was added to the inputs of the quadrant
energy-sum modules in the trigger, to remove bothersome (60 Hz)
AC pick-up. This addition was to assure consistent thresholds
and subsequently allow less restrictive off-line energy cuts,

implying a larger experimental acceptance for this data.

4. The temperature of the detector environment was better controlled

to reduce timing fluctuations due to drifts in the PMT’s.

5. Possible refinements to the Nal(TX) position algorithm that may

improve the resolution of Bep are being examined.

Given these improvements, the analysis of the new data sample is

expected to reduce the limit achieved in this thesis by as much as a

factor of five.
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6.3 FUTURE EXPECTATIONS

The Crystal Box detsctor was originally conceived as a means to
search for the decay p*-e*r7r. An essentially simultaneous proposal to
Yook for u‘*=we*e*e" was also approved by the LAMPF Program Committee,
with the suggestion that they be run concurrently. It was only later
realized that an improved p*+e*r experiment could also be simultaneously
done. For these reasons, the roughly cylindrical symmetry of the
datector is best suited to look for 3-particle decays, and therefore is
not the optimum configuration for p*se*y. In addition, the logistics of
searching for three rare reactions at once requires compruomises in the
running conditions which are not most appropriate for any of the three.
The design of a dedicated u*-+e*y experiment is now being pursued by somc
of the Crystal Box collaborators. Tne goal of this design effort is an
experiment sensitive to a branching ratio for p*se*y at the 1level =zt a

feu times 10°14 .

6.4  SUMMARY

The motivations to make a sensitive search for neutrinoless muon decays
have been discussed. The design and fabrication of the Crystal Box
detector to perform a simultaneous search for three such modes has been
described. The data-taking procedures, and the subsequent detector
calibration and analysis of the pw*se*y events have been presented. The

result from this first Crystal Box data run of

BR(p*-e*r) € 2.8 x 1010 (90% cL) (47

confirms the existing limit of

BR{utae*y) € 1.7 x 10-10 (902 cL) . (48)
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An improved result, from recent experimental runs with five-fold greater

statistics, is expected in the near future.
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