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Abstract

In a hybrid emulsion spectrometer exposed to a wide-band neutrino beam at
Fermi National Accelerator Laboratory, 2638 neutrino and anti-neutrino events
were located in the second of two data samples. Thirty—nine events were consistent

with a D° hypothesis. The mean lifetime was (4.8755) x 10713 5.



Original Material

As is common in modern experiments in High—Energy Physics, in E531 many

people performed many jobs. I have participated in several phases of this project.

I helped to build the CPI in Toronto, and was part of a small group which
tested the device in a muon beam at Fermilab. Before and after this, I extensively
tested the CPI with an artificial source. At McGill University, I helped to analyze

the results of these tests.

Before the second run of E531, I took an active part in preparing the spec-
trometer for the acquisition of data. During the six and a half months of running,

I helped to collect the data, and to monitor and maintain the apparatus.

With the data safely recorded on tape, in Toronto I reconstructed the neutral
events with an interactive track-fitting programme. I also modified an existing
kinematic fitting programme. My analysis of the neutral decays, often performed
in parallel with collaborators at The Ohio State University, is desc¢ribed in sections

4.2 through 4.5.
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Introduction

T§ understand the nature of matter has long been the elusive goal of physics.
One of the techniques used in the pursuit of this goal has been the study of the
decays of sub—atomic particles. This has proved to be a fruitful approach, guiding
the development of a theory of matter by suggesting the existence of new particles
and new types of forces, by providing new insights into other areas of physics, and

by revealing new properties of matter.

The first such new property revealed by the study of decays was the very fact
that matter decayed. Becquerel! chanced upon the phenomenon of radicactivity
in 1896. Seven years later, Rutherford and Soddy?® had shown that radioac-
tivity involved the metamorphosis of one element into another, accompanied by
the emission of one of two types of radiation: § rays, which were just Thomson’s
electrons; and o rays, later identified as ionized helium atoms. Rutherford? later
guessed that a third type of radiation associated with decays, v radiation, which
did not involve any change of element, was just emission of pulses of electromag-

netic radiation, similar to X-rays.

Out of Rutherford’s research emerged another new property of matter, the
half-life®, ¢ 1 This is the time taken for a sample of an unstable species to decay
to one half of its original size. It is generally affected by neither environment
nor history®, and it is unique to the decaying species. This is characteristic of a

substance which decays at a rate proportional only to the size of the sample:

dnft) 1
——2{— = ——n(t) . (1.1)

T

The mean lifetime, 7, is the average decay time, and is equal to 1.44 t1.

The results of the studies of decays can have implications that reach far be-

yvond such specific details, into other areas of physics. For instance, another facet .
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of radioactivity uncovered by Rutherford and Soddy’ was that the energy released
in a decay was a much larger fraction of the unstable particle’s mass than was re-
leased in chemical reactions. Seeing no evidence that the radioacti\;e elements
differed from their non-radioative isotopes in their chemical properties, Ruther-
ford and Soddy concluded that “there is no reason to assume that this enormous
store of energy is possessed by the radio elements alone.” And they went on to
suggest a solution to the puzzle of the source of stellar energy: “The maintenance
of solar energy .. .-no longer represents any fundamental difficulty if the inter-
nal energy of the component elements is considered to be available, i.e., if the

processes of subatomic change are going on.”

Consequences for other areas of physics, more profound than just a new entry
in the Particle Data Handbook, are promised by further examinations of S—decays.
These reactions involve the emission of electrons and very light, if not massless,
neutrinos. If the neutrino is found to have a mass, and recent tritium decay
experiments suggest that this is so®, then the mass of the neutrinos created in the

Big Bang may suffice to hold together the Universe itself.

B3 decay is just one of many types of interactions between particles. All are
governed by four forces: gravity, electromagnetism, the weak force and the strong
force. That there is a weak force at all was first revealed by the discovery of 8
decay. This force is responsible for both trittum decay and for the decay of the

charmed particle DY, to be discussed in this thesis.

There is a suggestion of still another force, a milli-weak force. This hint
comes from experiments concerning the decays of the two neutral X mesons, K°

and K°. Both K’s can decay to two pions

K°(K°) - xtrn™ .
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Consequently, there is an amplitude for the K° to change into a K°, and vice versa.

K° «— K°

The kaons form a guantum-mechanical two—state system, which can be de-
scribed by specifying the amplitudes for the state to be either K° or K°. This
system can equally well be described by the amplitudes to be any two orthog-
onal superpositions of K° and K°. Omne such pair comprises the combinations
that have eigenvalues of C'P equal to 1. CP is the combined operation of
charge—conjugation, C, and pa.rity—reversa.l P. C turns the wave—function of a
particle into the that of its anti-particle and P changes the coordinates of the
wave—function from 7 to —7. Particles themselves have intrinsic parity quantum

numbers, which take the values =1. The K’s have negative parity.

If CP is a conserved quantity, and if the state’s CP is 1, then it can decay to
two pions, a state that also has CP = +1. The other combination (CP = —1) can
decay to three pions, but since the phase space available for three pions is much
smaller than for two, the lifetime of the odd state is much greater than that of its

even partner. When a K° is produced, for instance in the reaction
77 p — KCOAC |

it has equal amplitudes to have CP = +1. As time passes, the amplitude for the
state to have even CP decreases exponentially, while the amplitude to have odd
C P, with its much larger decay time, changes very little. After many lifetimes, the
state is overwhelmingly more likely to have odd CP. Yet, in 1964, Christenson,
Cronin, Fitch and Turlay® observed the long-lived state decay to two pions, albeit

rarely, but more frequently than was consistent with C P conservation.
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This means that there is a term in the total Hamiltonian, ¥, which does
not commute with C P, so that eigenstates of C P are not eigenstates of ¥, and
that ¥ permits transitions between states with different C'P. The neutral kaon
system remains the only one to exhibit C P violation. Further examination of
weakly decaying hadrons may answer the question of whether or not the non-
conservation of C'P can be accommodated by the theory of the weak interaction.

If it cannot, then the phenomenon is the harbinger of a new, fundamental force.

In some cases, the study of a decay has led to the prediction that new par-
ticles existed. For example, by 1914, Chadwickl® had shown that the electrons
from f#-decay emerged not with a unique energy, but with energies that varied
continuously from decay to decay. In 1927, Ellis and Wooster'! measured the
amount of heat released as a sample of ?'°Bi decayed. They found that the energy
produced per nucleus was equal to the average energy of the 8 rays, and not to
the maximum energy. From this, Pauli'? deduced that the energy released in the
decay was shared by the electron and a very weakly interacting new particle — the

neutrino.

Another type of particle predicted to exist at least partly on the basis of the
study of decays is the charmed particle. In fact, there were many charmed particles
predicted to exist, some of which have subsequently been discovered. The reaction

that sparked the the prediction of charm was
K —ptu .

The rate calculated for this reaction, in the theory of three quarks (u, d and s)
and two charged weak bosons (W™ and W™) in vogue at the time, was much
larger than the experimentally observed rate. This discord was due to the fact

that the prediction involved a divergent integral over all possible, unconstrained,
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momenta of the W’s in the intermediate loop {fig.1.1). The mechanism proposed!®
to avoid this discrepancy consisted of two pieces. The first introduced a neutral
vector boson, the Z°, which intefacted with quarks of the same type (flavour) (fig.
1.2). The second piece involved a new quark, the charmed quark, which inter-
acted weakly with the weak bosons and the other quarks. These two hypothetical
particles provided new channels for K2 — p*u~ (fig. 1.3). The amplitudes for
these indistinguishable reactions are assumed to combine cohérently to suppress

the decay rate.

The existence of a new flavour of quark led to the prediction of a spectrum
of bound states, the charmed hadrons. Their lifetimes and branching ratios were
estimated by Gaillard, Lee and Rosner'%. The first new particle to be interpreted
as direct evidence for the existence of charm was the J/¢, discovered in 1974'°. 1t
is a bound state of a ¢ and a € quark. Particles with open charm, that is, particles
composed of a ¢ quark and a quark of another flavour, were soon discovered in

ete™ experimentsi®.

The lifetimes of the charmed particles were estimated to be approximately
10713 to 10725, The apparatus needed to observe such short decays must have
excellent spatial resolution. At the inception of the experiment whose results are
the subject of this thesis, the only techniques available with resolution fine enough

1

used bubble chambers and nuclear emulsions!?, and even bubble chambers could

only resolve some of the decays.

Experiments which attempted to measure charmed particle lifetimes using
conventional bubble chambers relied on seeing the distinctive decays of neutral
strange particles that often come from charm decays; the charged strange particles
are not easily identified. Moreover, there are relatively many strange particles

originating from sources other than charm decays.
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In principle, all charmed particles that decay to charged secondaries within
an emulsion target may be seen. However, early emulsion experiments?® lacked a
satisfactory strategy for id;:ntifying the decay products and measuring their mo-
menta. Without this information, neither the invariant mass nor the momentum
of the parent could be calculated, and without the mass, the parent could not be
identified. Since its proper decay time (7) is related to its momentum (P) and its

mass (m) by equation 1.2,

¥  Bye  Pc’ (1.2)

where L is the observed decay distance, the proper time could not be calculated.

This experiment!® combined the attractive features of an emulsion target
with the advantages of an electronic detector. The target afforded fine spatial
resolution and a visible record, with very little background, of almost all types
of charm decay. With the spectometer, interaction and decay vertices in the
emulsion were located efficiently, and the secondary particles were identified and
their momenta were measured. This experiment was thus able to find, reconstruct

and identify short-lived particles with lifetimes between 10~ 1% and 10~ !1s.



Chapter 2

Theory

Charm decay is not a simple phenomenon. The data collected to date show
that the most elementary model of the process fails to explain it. For instance,
contrary to simple predictions, the lifetimes of the lightest charmed hadrons are
not the same. On the other hand, there is reason to believe that an understand-
ing of charm decay may soon be at hand, as the union of the quark model and
the Weinberg—Salam model of weak interactions adequately describes simpler pro-
cesses related to charm decay. This chapter discusses features of these models
which bear on the decay of the D°. For example, an important charm-decay
mechanism is ‘free quark decay’; an analogous mechanism plays the dominant role
in muon decay, a process that is well understood. ‘Free fermion decay’ and the
‘colour’ degree of freedom suffice to explain 7 decay, a process more closely resem-
bling charm decay. The mechanism of ‘helicity supression’, which explains why
pions decay to muons more often than they decay to electrons, also explains why
the leptonic decays of charmed mesons should be rare. Finally, consideration of
the exchange and annihilation mechanisms, quantum interference and quantum
chromodynamics (QCD), the theory of the strong interaction, may explain why

the lifetimes of the charmed hadrons differ.

Quarks

In the subatomic zoo, the D® meson is a member of a species known as
charmed hadrons. It, and its congeners (e.g. D, F*, A¥), are distinguished from
other hadrons by their masses (1865 — 2100 MeV/c?) and lifetimes (107%% —
1071%5)2%, There are other families of particles with similar masses but they
decay much more readily (~ 10~23s). Hadrons, as a group, differ from leptons

in that the latter do not interact strongly. For example, although the 7 lepton’s
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lifetime (3.5 x 107135} is similar to that of the charmed particles, and although
it has a comparable mass (1784 MeV/c?)??, so that it superficially resembles a
charmed hadron, it is unaffected by the strong force, since it apparently does not
decay to exclusively hadronic final states. Hadrons can be further distinguished
from leptons since the leptons appear to be point-like, whereas hadronic radii are

approximately 1 fm.

Compelling evidence suggests that hadrons are composed of quarks. One
example of such evidence is provided by the deep inelastic scattering of electrons by
protons. When the electron is scattered into a solid angle {2 with an energy Ey, the

double—differential inclusive cross—section is related to the cross—section describing

the scattering of electrons by point-like, ‘spin-3’ targets, {Mott scattering) by

equation 2.1,
d?c do 5
= 2.

where ¢? is the four—-momentum lost by the electron. The ‘form—factor’ F(¢?) is the
Fourier transform of the charge distribution of the scattering centres. Briedenbach
et al.?! showed that, up to |g|* ~ 6 GeV/c?, the ratio is approximately constant.
A constant form—factor indicates that the scatterers are point—like. Hence, the
same sort of evidence that Rutherford used to deduce the structure of the atom??

also leads to the conclusion that hadrons are made of quarks.

The large number of hadrons also suggests that they are not fundamental.
That there should be so many elementary particles is, if nothing else, aesthetically

unsatisfying,.

More evidence of the structure of hadrons can be seen in the patterns they
form. Before the discovery of charmed particles, it had been noted that hadrons

could be separated into groups characterized by the quantum numbers of spin (J),
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parity {P), charge conjugation {C) and baryon number (B). For instance, there
are eight particles with J£¢ = -é—++'and B=1{p, n, &7, 7, B9 B7, 89 A%,
Another example is the group of eight mesons with JF¢ = 0=+ and B = 0:
7, 7%, K=, ff‘E, K?°, n. A striking pattern is formed when the distribution
of hadrons within a group is plotted on a graph whose axes represent isospin ([)
and strangeness (s) (fig 2.1). The numbers of hadrons in these groups are also
the numbers of basis states associated with the simplest representations of the
Lie group SU(3). There is no hadronic group with only three members, the di-
mension of the fundamental representation. Gell-Mann and Zweig?? postulated
that the basis states of the fundamental representation of SU(3) were three new
particles, the quarks. They were named ‘up’, down’ and ‘strange’, u, d and s. The
members of the hadronic multiplets could then be regarded as basis vectors for

direct—product representations of SU{3). For example, the direct product of three

fundamental representations can be expressed as
33@3=1098088 1. (2.2)

The result is a reducible representation composed of four irreducible representa-
tions with dimensions ten, eight, eight and one respectively. There are baryon
groups corresponding to each representation. The patterns formed by the mesons
are mirrored by the direct product of a fundamental representation and its conju-
gate,

303=8@1 (2.3)

This is a direct sum of the eight- and one-dimensional representations of SU(3),

corresponding to the octets and singlets of mesons.

Since there are no hadron patterns corresponding to any direct products other

than the two mentioned above, it was concluded that there are three quarks in

9



a baryon and a quark and an anti—quark in a meson. Several properties of the
quarks may be deduced from this. For instance, the baryon number of a quark is

for an anti—quark. The quarks must be fermions with ‘spin—»%’, so that they

1
3

QO |

can form fermionic baryons and bosonic mesons. Lastly, the quarks have electric

charges that are multiples of ée, where e is the charge of an proton.

q(u) = e

1
q(d) = —ce (2.4)
q(s) = —%e

The model has been extended to include charmed particles. Distributions of
hadrons are plotted on three—-dimensional spaces, whose axes are I, s and charm
(¢) (fig. 2.2). Manifestations of a fifth quark have been discovered (b)%%, and
theoretical predjudice and some experimental evidence suggest the existence of
a sixth (¢)%2. The additional quarks have properties similar to those of the first

three. In particular,

g(e) = ge

1
q(b) = —ze (2:5)
¢(t) = ge

Colour

High—energy physicists have given quarks the additional property of colour®®.
This concept was invented to resolve the apparent inconsistency between the
nascent quark model and the quantum-statistical nature of the A™*. To do
this, each quark was allowed to have one of three colours (r, b and g). Within
a hadron, the colours must be distributed so that the composite particle has no

net colour. Were this not the case, each hadron would have several duplicates,
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testifying to the extra degree of freedom of the component quarks. Expressed in

the language of group theory, hadrons are ‘colour—singlet’ combinations of quarks.

The interactions of the quarks are independent of the ‘values’ of the colours
involved. Mathematically, the Lagrangian describing the quarks is locally invari-
ant under the operations which change quark colours. From this it follows that
there are ‘gauge bosons’ (gluons), which transform according to the adjoint rep-
resentation of a Lie group, and that the gluons interact with the quarks??. The
choice of three colours (evidence for which is discussed later in this section) sug-
gests that the group is SU(3). (This is an application of the group SU(3) entirely
different from that mentioned earlier.) Since the simplest adjoint representation of
SU(3) is eight—dimensional, the model of coloured quarks has eight gauge bosons,
the gluons. Data from vN scattering experiments indicates that roughly half of a
nucleon’s momentum is carried by something other than quarks?® — presumably

the gluons.

The presence of vector gluons in a hadron affects the angular-momentum
configurations of the quarks in the hadron. The decay rates and branching ratios
depend on these configurations, so that an understanding of the decay process
must take into account the gluons. Since the quarks and gluons interact, gluons
can dynamically affect decay rates and branching ratios, not only of hadrons, but

also of leptons massive enough to decay into final states with hadrons.

It can be seen that there are three colour degrees of freedom by considering
e*e~ annihilation (fig. 2.3) and specifically the the ratio R (eq. 2.8).

o{eTe™ — hadrons)

E = 2.6
clete — putp—) (2:6)

The hadronic reaction can be viewed in two stages
ete™ — q7 (2.7)
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and

qg — hadrons . (2.8)

The amplitude for the latter is unity, since free quarks apparently do not exist, so
that some hadrons must always be formed. Reaction (2.7) is formally identical to

the production of pTu™.

If the centre—of-momentum energy is far from any bound-state masses, the
dominant mechanism is the exchange of a single photon in the ‘s’ channel (fig. 2.3),
and the ratio R should be independent of the dynamic details of the reaction. For
such a process, the amplitude is proportional to the charges of the two types of
fermions involved;

Acxege;, (2.9)

where ef is the charge of the final fermion pair, and e; is the charge of the initial

pair.

If quarks had no colour, the ratio would be simply
B = Z legee|?/|eneel*
q
- 2
= Zeq d
g

(2.10)

where eg(e.) is the charge of the quark ¢ (electron e). The sum extends over all
quark pairs whose lightest bound state accessible through this reaction has a mass
less than the centre—of-momentum energy. For instance, at energies between the

Y mass (bb) and the mass of the ¢ combination, the sum extends over five flavours

(u, d, s, ¢ and b), and the result is ~1-gln

In a world with ccloured quarks, the derivation of R is more subtle. Since the

photon has no colour, the emerging quarks form a colour-singlet. The amplitude
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for a quark pair to appear with flavour g and colour ¢ is
Acq = (singletice){ct|y* ) Aceq . (2.11)

The virtual photon state is represented by ;qr*>, and Ap contains the dynamic
details of the reaction. Colour is an indistinguishable degree of freedom, so the

rate must be calculated coherently.

D Aeg

colour

= Z <sing£et|c€> <CE"‘!* >A05q

colour (212)

= Aoey Z (.sz'nglet[cE)

colour

= NcAoeq<sz'nglet|cE>

Aq

I

The amplitude for the v* to materialize as a pair of quarks with colours ¢ and

¢ has been absorbed into Ag, which is the same for all colours. The number of

colours is V..

Within the context of SU(3), the colour-singlet wave function for a quark and

an anti-quark is
{singlet] = \/é(ﬁ + g7 + bb]

" (singlet|rF) = \/g =4 fﬂN{; ‘

Consequently, the total rate is

Tiot = ) |Aql?
q
— Z IN -1—A 2
_— p [+ JVC 08‘1' (2'14)

= Nol4o* ) el .
q

(2.13)
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If five flavours are involved, then

R =N, Z eg

w,d,s,¢,b
11
= '5—.1 c (2‘-15)
2 .
= 3:—3* zf Nc =3.

Figure (2.4)°° demonstrates that R is constant between the resonant masses. The
experimental result is consistent with the prediction of a simple model of quarks

with three colours.

The lightest charmed hadrons carry one charmed quark. Their valence—quark

contents are listed below.

F* ~¢3
(2.16)
A: "~ C(ud)_[zo

AY ~ esd

At ~ csu
The notation ‘I = 0’ indicates that the u and d quarks in the AT are arranged in
an antisymmetric configuration, with no net isospin. Since the electromagnetic and

stong interactions conserve charm, these lightest charmed particles decay weakly.

Weak Interactions

The phenomena of the weak interaction are described in terms of the interac-
tions amongst quarks, leptons and gauge bosons, all of which may be considered
as elementary and point-like. Transitions between initial and final states are rep-
resented by a time—evolution operator acting on asymptotic basis states. The

transition amplitude is given by
Ali — f) =< finaliSiinitial > . (2.17)
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The operator S is expressed as a sum of terms involving time—ordered products of

the Hamiltonian function {¥)} associated with the interaction under consideration.

5= 1+£f}{(sc)d4x— %//T(}((z)il(y))d‘*xd‘*y—i-.” (2.18)

To calculate the energy of a state, or the rate of a reaction, one needs to know
the form of the Hamiltonian operator. Both weak and electromagnetic processes

can be described by a Hamiltonian density of the following form:
H{z) = gJ,(z)WH#(z) . (2.19)

The dimensionless constant g is peculiar to the type of interaction. For example,
in electromagnetic processes g is proportional to the electric charge. The 4—vector
operator J,(x) {called a current operator) contains all the information about the
participating fermions, and W#(z) is associated with a vector boson such as the
photon of electromagnetism or the intermediate vector bosons W and Z° of the

weak interaction.

Terms in the S—matrix may be associated with space-time graphs of particle
interactions. No transitions are associated with the first term in S. The sec-
ond term corresponds to reactions like the one in figure 2.5. The fermion line is
heuristically associated with the current operator in eq(2.19), the W particle with
the W#, and the amplitude is proportional to the ‘coupling-constant’ g. Such a

reaction does not occur, however, since it is kinematically forbidden.

The simplest real reaction corresponds to the third term in S, and is rep-
resented by figure 2.6, A ‘virtual’ particle is exchanged between two fermion
currents. Processes of this sort include e™e™ annihilation {fig. 2.3), muon decay

(fig. 2.7) and charmed quark decay (fig. 2.8).
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In so—called charged—currents processes, such as charm decay and charm pro-

duction, the current takes the form

Jp = ?1'7;1-(1 ~s5)f2 - (2.20)

This describes an incoming fermion of type ‘2°, which changes charge by one unit

‘1’. The gamma matrices come from the Dirac

and turns into a fermion of type
equation. Two noteworthy features of the current operator are especially relevant
to the discussion of charm decay to follow. The first is the quark content of the
fermion operators, which will be treated later. The second is the ‘left-handed’
nature of J,. In the limiting case of massless fermions, the product %(l —~g)f is
a left-handed operator; that is, it describes fermions with negative helicity (left—
handed) and anti-fermions with positive helicity (right—handed). Weak reactions
involving massless right—handed fermions or massless left—handed anti—fermions
do not appear in the standard electro—weak theory. Massive fermions with the
‘wrong’ helicity participate in weak reactions, but the rates of these reactions are
suppressed. This suppression is what is meant by the statement that the weak

interaction is not invariant under a parity transformation, or that it does not

conserve parity.

One consequence for charm decay is that the decays of the pseudo—scalar
mesons to final states with only two fermions are suppressed (the aforementioned

helicity suppression}. An example is the decay depicted in figure 2.9.
Ft — 17y, (2.21)

This is an ‘annihilation’ decay. The component ¢ and § quarks annihilate to form
a W, which turns into 2 7+ and a v,. The decay of another pseudo-scalar
meson, the D°, is shown in figure 2.6. In the ‘free quark’ approximation, that is,

neglecting the effects of gluons, the ¢ and @ quarks form a ‘spin—0’ system and,
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through the exchange of an intermediate boson W, change into s and d quarks.
Free quarks apparently do not exist, and single-body final states are kinemaﬁca.lly
forbidden, so that other quarks must be created from the vacuum to combine with
the s and d as they move apart. Nevertheless, before the quarks separate, they

are approximately free.

The magnitude of the effect of the (1 —~s) operator on charm decays may be
estimated by examining the simpler and better understood decay of the charged

pion (fig. 2.12).

+

—+
T —— p

(2.22)

—sety,

This operator causes the pion to decay to u*wv, far more often than it does to
eTv,, despite the fact that the phase space available for the electronic mode is

approximately 3.5 times larger.

phase space (m — ev)  (mg? —m. )} (m.? + m.?)
phase space (1 — uv) - (me2 —mu2)2(m.? + m,2?) (2.23)
=3.5

Angular momentum conservation requires leptons in the final state to have identi-
cal helicities. Since the {1 —s) operator requires the massless anti-neutrino o be
right-handed, its leptonic partner must be right-handed. If the second lepton were
also massless, the reaction would be forbidden. However, since there are inertial
frames in which the massive, right-handed lepton appears to be left~handed, the
(1-~s) f operator must contain an admixture of left—handed lepton. The ‘number
density’ of such frames is proportional to {1 — 3), where 3 is the lepton’s velocity
in the pion’s frame. Consequently, the rate of the reaction is also proportional to

(1 — 3). In a two-body decay, 8 is determined by the masses of the reactants.

1-f=—7—"— (2.24)



Combining this with the ratio of phase spaces yields the following ratio:

rate(m — ev) me2 (ma? — m.2)?
rate(m — pv)  mu2{mg2? - m,?)? (2.25)
=1.23 x 1074,

in agreement with the observed branching ratio®° (neglecting a small factor stem-

ming from radiative corrections).

This result may be used to estimate the leptonic decay rate of the F. It is
proportional to the phase space and helicity factors derived above. In the simpler
case of I — puv,, the rate can only depend on five other quantities; Gg, mp, A, ¢
and Fp. The latter is the pseudo-scalar decay constant, which is related to the
wave function at the origin of the component quarks. Since m, < mp, m, is
negligible except as it affects the helicity and phase space factors already discussed.

The expression for the rate has the form

T(F — uv,) x GLFE(m% — mi)zmihacbmfv, (2.26)

where a, b and d are exponents to be determined. It will be shown later, in
connection with muon decay, that Gz has the dimensions of m~2. A dimensicnal

analysis then shows that the rate is proportional to m}a.

The expressions for I'(m — ww,) and T(F — 7v,) have the same form, so

that??
T(F —71v;) (F_ﬂ m, (mp? _mrz))il(mr)s
T(r — vy} \Frmy (mx? —m,2) mp
~ 3050
3050 (2.27)
I'(F — rvp) ~

7(r)
~ 1.2 x 10Ms1

Fr is the constant of proportionality associated with 7 decay, and can be calculated

from the measured pion lifetime. The value is 133 MeV?®, Fr requires a more
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subtle and uncertain calculation, based on QCD; the value is (275 £ 95} MeV3°.
Combined with the lifetime of the F31:32  equation 2.27 yields a branching ratio

of approximately 2.3% .

BR{F — rv.) = 1¢[(F — 7v/) {2.27a)

The same arguments can be applied qualitatively to the ‘exchange’ mechanism
of figure 2.6. The ‘decay’ D° — sd suffers from the same helicity suppression. In
a ‘free quark decay’ model of charm decay, this process contributes little to the

DY decay rate.

The other noteworthy feature of the current (eq. 2.20) is the quark content of
the fermion operators. It is noteworthy since the details of how the quarks interact
determine the characteristics of charm decay. The expression for the current may

be rewritten in a more economical form

Ju = ?17u(1 —78) f2
(2.28)

= T1L’7yf 2L
where the subscript L is a reminder that (1 — ~+5)f is a left—-handed operator. In
equation 2.28, f,, is a row vector and fur is a column vector whose elements
define the quark weak eigenstates ¢;. The first set of quark fields comprises one

member from each isospin doublet and the second set contains the other members

of the doublets.

fip = (@,20,8)  for =1 &, (2.29)

The quarks may also be described in terms of their mass eigenstates. These
correspond to the wave functions of the physical particles, which have well-defined

masses. The mass eigenstates ¢r are defined by the so—called mass terms in the
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Lagrangian

Emaas ~ Z mquarka.;‘LTﬁiR (230)
t=1,2

where L and R stand for left— and right-handed, and _d;i ;, and ;g are given by

_ dr
¥y = (¥r,Cr.t1} Yor = | SR (2.31)
bR

The weak eigenstates of equation 2.29 and the mass eigenstates of equation 2.31

need not be identical.

In general, the current can also be written in terms of the mass eigenstates.

Jo = 7. Utar (2.32)

It can be shown that the mass eigenstates and the weak eigenstates are related by

a unitary transformation, U.

As written in equation 2.28, the current links the weak eigenstates of set 1, u, ¢
and t with the weak eigenstates of set 2, d’, s’ and & respectively. In equation 2.32,
the physical states of set 1 are linked with mixtures of the physical states of set 2.
The mixtures are specified by the matrix I7. In a model with six quarks, this is
the Kobayashi-Maskawa matrix®3, which is characterized by four free parameters.

The magnitudes of the elements are given in equation 2.33°!.

0.9710 {0 0.9748 0.218 to 0.224 0 fo 0.01
U= 0.192 to 0.288 0.66 to 0.98 0,037 {0 0.053 (2.33)
0t00.14 0to 0.72 0 to 0.999

The relative sizes of the matrix elements determine which final states are more
likely to be produced in charmed-particle decays. It can be seen, by expanding

equation 2.32,

Jp = UzlaLﬁde + UngL"y,_,,SL -+ UggEL’yp,bL (2,3303)
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that charm decays depend on Us; and Uss. Charmed hadrons cannot decay to the
(heavier) mesons containing the b quark, so that charm decays don’t depend on
Uss. Since the amplitude of a simple reaction (fig. 2.8) is a quadratic function of
the Hamiltonian, so that the rate is a quartic function, and since Us; is less than
Usys, reactions which change strangeness by one unit (sf —s; = —1) will oceur
more often than reactions that don’t change strangeness. In particular, it is to be

expected that final states of D° decays frequently contain a X~ or a K°.

Generally, the physical leptons are mixed in the same way as hadrons. As in

the hadronic case, there are two sets of leptons:

lept oL lept Vel

epton __ epton __

Y =1 BL Yor = | vuyg (2.34)
TL VTL A

However, in contrast to the hadronic case, the elements of set 2, the neutrinos,
may be massless. If they are massless, then the physical eigenstates and the weak

eigenstates may be defined to be identical. The leptonic current is then

J::ptonic — EL"}’;AVe + EL'TH-VF- "'f";fLPYuVT . (2.35)

It will suffice for the study of charm decay to ignore the & and the ¢ quarks.
The simplified 2x2 matrix U then has only one parameter, the Cabibbo angle 4.

The amplitude for a reaction involving

c—$ (2.36)
is proportional to cos #; amplitudes involving

c—d (2.37)

are proportional to sinf. Since cosé is nearly unity {cos# = 0.9737 £ .0025)%°,
reactions like 2.37, known as Cabibbo-suppressed reactions, are less probable than

those like 2.38, Cabibbo—favoured reactions.
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Decays

In the naive model of charm decay, the dominant mechanism is W-radiation.
This is shown in figure 2.8. An examination of the simpler, formally identical
processes of muon and 7 decays demonstrates that the rates of such reactions may

be calculated reliably.

The amplitude for the muon decay is determined by the third term in the

S—maftrix. It may be rewritten such that
A~ 92/ JH(2) Tuu(z, y) ¥ (y)d* zd*y (2.38)
where T, describes the exchange of a virtual W. Further revision yields

A~g? f d*zJ*(z)V,(z) 230
2.39

Vo= [ Tule)” Gty
This may be interpreted as the scattering of a current J#, associated with the (uv,)
pair, from a vector potential V), associated with the (er,) pair. In the analogous
electromagnetic case, a virtual photon is associated with a potential that satisfies
Maxwell’s equations. In the case of weak interactions, the W is associated with
a potential that satisfies Maxwell’s equations in a form appropriate for a massive

vector field:

(8,8, + ME)VH# — g*3*V, = j# (2.40)

where the current j# is associated with the e and the v,. The solution for the

Fourier transform (or, equivalently, the plane-wave) is

fu (=G gt (M
VE = ( PRy V73 )JV (2.41)

where ¢ is the 4-momentum carried by the W, My is its mass, and ¢g*#" is the
metric tensor

g0 =1. (2.42)
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Since 'q| is never greater than the mass of the muon, and the W's mass?° is

80 GeV/c?, V can be well approximated by

-~ 1
~ . 2.43

The decay rate is then given by
4

Ty — evv) = Ai,—4 flme,mu,hoc) . (2.44)
W

Details of the dynamics and kinematics are contained in f, a function of the only
relevant quantities. If it is assumed that the electron’s mass is negligible, then the

only remaining quantities are 2, m, and ¢. A dimensional analysis shows that

4 2
g 5¢
FMETE
W (2.45)
Ggmc?
h
A more thorough treatment verifies this result, and determines the constant of
proportionality.
GZ.m?3 e?
= —F BT (2.46)
19273h

5

The salient feature, that the rate is proportional to mj,

is modified only slightly

by electromagnetic radiative corrections.

The significant differences between u and 7 decays are that the r is heavier,
and can therefore decay into several different final states, as shown in figure 2.10.
The W+ materializes as one of three pairs of weak eigenstates, (ud ), (ev.),
(#Tv,), which are mixtures of the physical states. For the purpose of calculating
the r decay rate, the leptonic mass eigenstates are the physical states, since the

neutrinos are massless, or nearly so.

The decay of the 7 illustrates the effect of colour on W ~radiation deca,jrs. The

weak boson is colourless, so that the ud pair must form a colour singlet. As was
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the case in e* e~ annihilation, the amplitude for this is \/1/N.. After a summation

of N. indistinguishable amplitudes, the result for the hadronic decﬁy is
A(rT > Trud) = Ao/ Ne | (2.47)
where Ag is the muon-decay amplitude. The expression for the total rate is
L(r) =T(r* = Grud ) + T(rt = Trouut) +T(rF — Drvee™)
= To(N, +2) (2.48)

Lo = |4o|?

The ratio of the 7 and muon decay rates is then

I'(r)
N +2) =35

T'(u) = (Ve ) ( ) (2.49)

= 6.9 x 10° .
This is consistent with the accepted value®®, (6.5 £1.0) x 10°, if N, = 3.
The conclusion is that the decay rate of a free fermion is given by
Ghe 5

T) = Togmen™s ¢ (2:50)

where C is a colour factor, which also accounts for the two open, colourless, lep-

tonic channels.

If W—radiation is the dominant mechanism of charmed hadron decay, then the
lifetimes of the charmed hadrons depend primarily on the lifetime of the charmed
quark and should be equal. Less restrictively, in a semi-leptonic decay the charmed
quark is the only interacting quark, so that the semi-leptonic rates should be
equal. A third prediction, the magnitude of the lifetime, depends upon the mass
of the charmed quark. It has already been noted that isolated quarks probably
do not exist. Consequently, m. must be estimated indirectly. Since the ¢ is a c¢

combination, one estimate of m, is
Mg ~ %‘3 ~ 1.55 GeV/c? . (2.51)
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More sophisticated estimates®®, taking account of hyperfine interactions, yield
values such as 1.8 and 1.11 GeV/c?. The uncertainty in m. is reflected in a
very large uncertainty in the predicted charmed lifetime. This makes difficult any

attempt to judge the effects of the other mechanisms contributing to the decay.

To further complicate matters, the s quark is not approximately massless, as
were the electron and neutrinos in the two previous examples. If the mass of the
strange quark is roughly .5 GeV/c?, which is half the mass of the s3 state ¢, then

the phase space volume available for charm decay is smaller by a factor of two®°.

Using the simple approximations m. ~ 1.5 and m, ~ .5, the result is
7o ~ 17 x 107185 | (2.52)
With the other two estimates of m,,
7o ~ 3.4 x 107133

or

7o ~ 38 x 10735 . (2.53)

The Particle Data Group (ref. 20) lists the following values for the lightest charmed

hadrons:
(D) =9.271 1 x 10713

7(D°) = 4.4758 x 10713
(2.54)
r{F¥) = 19712 x 10718
(A7) = 2.3733 x 10713
Clearly, the lifetimes are not identical. However, the predictions 2.52 and 2.53

have the correct magnitude.

The prediction of equal semi-leptonic rates can be tested using the measured

semi-leptonic branching ratios®’ and lifetimes determined by this experiment32.
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It can be seen that the semi-leptonic rates of the D=, the D% and the A are

roughly the same.
TFsz(DT) =1.7+0.5 x 1011s

I'sz(D°) = 1.575 % x 10Ms (2.55)
sp(A7) = 2.3710 x 10'1s .
This is consistent with W-radiation being the only significant source of semi-
leptonic decays of the DT, the D° and the A}. The differences amongst the
lifetimes can be ascribed to other mechanisms which contribute to the hadronic

decay rates.

Hadrons are superpositions of an infinite number of short-lived quark and
gluon fluctuations, of which the simplest is the valence quark state. It was noted
earlier that the gluons interact with the quarks and can modify the decay rates of
hadrons. Considerable effort has been devoted to quantitatively describing these
interactions using QCD. Qualitatively, since the gluons carry colour, they can
alter the ‘flow’ of colour into the final states of reactions like the one in figure
2.8. In the absence of gluons, the initial ¢ and § quarks form a colour singlet, and
the final state colour singlets are (sg) and (ud). Gluon interactions can arrange
the final state quarks into two different colour singlet pairs: (sg) and (ua); and
(sa) and (ug). Since there are a great many different, indistinguishable quark—
gluon reactions which can produce these two final states, and since these reactions
are independent of quark flavours, an increase in the decay rates of all charmed

hadrons might be expected.

In the case of the DT, the two final states are the same. If the two d’s share the
same quantum numbers, the corresponding amplitudes will interfere destructively.
Thus, in a qualitative sense at least, there is reason to expect the DT decay rate

to differ from the decay rates of the other charmed hadrons.
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Mechanisms involving the interactions of quarks with gluons can also pro-
vide more channels for reactions that otherwise might be expected to be rare,
such as charm decays that produce final states without strangeness. W-radiation
usually produces strangeness. An example of a process that does not is the so-

® mechanism’, shown in figure 2.11. This contributes to Cabibbo

called ‘penguin®
suppressed decays, in some cases coherently, so that the Cabibbo suppressed rates

might be greater than would be expected from consideration of W-radiation alone.

In addition to colour, gluons also carry spin. A valence quark pair, in the
presence of gluons, has an amplitude to be both a colour singlet and a vector. The
two final state fermijons also no longer must form a ‘spin—-0’ combination, so that
the ‘helicity suppression’ mechanism may not be as important as suggested earlier.
Specifically, the semi-leptonic decay rates of the F= might increase, as might the
non-leptonic rates of the D° and the A}, whose exchange amplitudes are no longer
suppressed. The annihilation amplitude of the DT is Cabibbo suppressed, so that

the removal of helicity suppression may not be as significant for DT decays.

The ‘free quark decay’ model only approximately explains charm decay. Al-
though the model does predict the correct order of magnitude of the lifetimes, and
although it does predict the equality of the semi-leptonic rates of the D*, the
D% and the A7, it fails to account for the differences amongst the lifetimes. A
more sophisticated model, incorporating some or all of the mechanisms mentioned
above, is required to adequately describe the decay process. Buttressing such a
model must be new information concerning the properties of the heavier charmed
hadrons?® (e.g., A®, A", A9) and more precise measurements of the branching

ratios and lifetimes of the A}, the F, the D" and the D°.
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Chapter 3

The Experiment

The objectives of this experiment, known as E331, were straightforward: to
observe and identify charmed particles, and to measure their lifetimes. Fulfillment
of these objectives required apparatus with spatial resolution fine enough to permit
the measurement of short decay lengths — typically a few tens to a few thousands
of microns — and with the ability to detect and identify all the decay products,
and to measure their momenta. To accomplish the latter, and to predict the loca-
tions of the neutrino—interaction vertices, a multi-purpose detector*! (fig. 3.14)
was built downstream of the target. This detector was capable of measuring the
momenta of charged particles with a magnetic spectrometer, and it could measure
the energy deposited by photons in an array of lead glass blocks and by neutrons
and long-lived K%’s in a segmented steel calorimeter. Muons were identified by
their range in steel. Identification of charged hadrons was based on a combination
of measurements of momenta and flight times, and measurements of ionization

and scattering in the emulsion.

The necessary spatial resclution was afforded by a target of nuclear emulsion.
Indeed, at the inception of E531, the use of nuclear emulsion was the only technique
that could achieve such resolution. Target and spectrometer were exposed to the

neutrino beam at Fermi National Accelerator Laboratory, in Batavia, Illinois.
The Neutrino Beam

Two considerations suggest the use of a neutrino beam as an instrument
with which to produce charmed particles. The first is that charmed particles
are produced in neutrino interactions more frequently than in reactions induced

by other probes; experimental evidence available prior to the first run of E531
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indicated that neutrino charged—current interactions produced charmed final states
roughly 10% of the time??. An analysis of the data gathered in that run*?® showed
that the ratio was 6.51’}:2%. In contrast, only one in a thousand pN interactions

results in open charm®*?.

A disadvantage of emulsion is that it records the tracks of all charged particles
that traverse it between the time it is poured and the time it is developed. Neu-
trinos are electrically neutral, and thus do not produce the profuse background
of confusing tracks that would result from using a charged beam. Those tracks
associated with the decaying charmed particles become that much easier to find

and follow.

The neutrinos in the beam came from the decays of charged pions and kaons.
Charged pions almost invariably produce muons and neutrinos, while nearly 2/3
of all charged kaons produce u’s and v,’s. In turn, the mesons were created
in collisions between the nucleons in a target of beryllium oxide one interaction
length long, and protons that had been accelerated to an energy of 400 GeV/c. If
no effort is made, in the focussing process, to minimize the variation amongst the
energies of the charged secondaries, the resulting neutrino beam is called 2 wide—
band beam, as opposed to a narrow—band beam, whose component neutrinos have

momenta correlated to their positions in the beam.

The electrical neutrality mentioned above also prevents the focussing of a neu-
trino beam. Instead of focussing neutrinos, one focusses their charged precursors.
This was accomplished with a ‘horn’, a water—cooled, horn-shaped aluminum con-
ductor. During beam spills, a pulse of 140 kA of current flowed through the horn.
Each pulse was 100 ms long, to match the beam extraction period. An azimuthal
magnetic field, produced by current flowing through the horn in the beam direc-

tion, defocussed the negative pions and kaons, and focussed the positive particles,
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directing them into an evacuated beam pipe. The less energetic, more divergent
particles were more efficiently defocussed than were those moving along the axis of
the horn. {(Reversing the current focussed negative particles, to eventually create

an anti-neutrino beam.)

Inside the pipe, 10% of the pions and 30% of the kaons decayed, producing
neutrinos and positive muons. The remaining secondary hadrons, along with the
protons that traversed the target, and most, but not all, of the muons, were
absorbed in the concrete, the steel and the earth at the end of the decay pipe (fig.
3.1). The neutrinos which reached the site of the experiment had the momentum

spectrum displayed in figure 3.2.

Muon-neutrino beams are contaminated principally by four other types of
particle: negative and positive muons, electron neutrinos and muon anti-neutrinos.
Negative muons are produced in collisions between the v,’s and the nucleons in
the series of absorbers between the end of the decay pipe and the emulsion target.
Some positive muons from 7 and K decays don’t interact in the berm, and so
contribute to the contamination. Electron neutrinos in the beam arise from the

semi—electronic decay modes of both charged and neutral kaons.

K* - 1°¢%1,(v,) B.R.=4.8%
(3.1)
Ky — nFetv,(7.) B.R. = 38.8%

Neutrino beams are further polluted by #’s (and vice versa). In the latter
case, the neutrino flux is actually greater than the anti-neutrino flux at energies
exceeding 60 — 80 GeV, an observation that finds an intuitive explanation in a sim-
ple quark model. Some of the beam neutrinos arise from the decay of strangeness,
incarnated in the kaons produced in the pN collisions. This strangeness must

come from the quark ocean in either the target or the projectile. If an s quark is
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to form a meson, such as a K™, the anti—quark partner must also be plucked from
the ocean, because there are no valence anti-quarks in nucleons. Alternatively, if
the final meson is to carry an § anti-quark, as does a K7, it need only combine
with one of the six valence quarks in the proton and the target nucleon. The K¥’s
thus created have higher momenta than do K ~’s. This is because the valence u
and d quarks in the projectile and target nucleons are more likely to carry larger
fractions of the nucleon momenta than are the ocean quarks. Since the more en-
ergetic mesons tend to emerge from the BeO target at small angles to the beam
axis, they are poorly defocussed. Energetic K ’s, which decay to neutrinos, thus
contribute significantly to a 7 beam. Furthermore, the s and § are more likely
to materialize as a KT and a K° than to materialize as 2 K~ and a K° because
the charge of the initial particles is positive. A plug®?, inserted along the axis
of the secondary beam, reduced the number of K1’s and increased the ratio of
high~energy 7 flux to high—energy v flux at the target when the horn current was

chosen to focus negative particles.
The Emulsion Target

Thirty litres of Fuji emulsion constituted the target (figures 3.3 and 3.4) for

E531. Table 1 lists its chemical constituents.
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Table 1.

Element  Percentage by weight

Silver 46.5
Bromine 33.7
Carbon 7.4
Oxygen 4.3
Nitrogen 2.7

Todine 1.31
Hydrogen 0.92
Sulfur 0.4

Chemical Composition of Fuji ET-7B Emulsion

It was divided into two batches, and each batch was exposed to the neutrino beam
in a different orientation, to fully exploit the advantages of using emulsion. The
first batch was made of ‘vertical’ pellicles which were strips of polystyrene 12 cm by
6.5 cm by 70 pum, coated on either side with 330 um of emulsion. The strips were
mounted as modules in a plane perpendicular to the beam direction. Each module
contained 98 pellicles, a total depth of 7 cm of emulsion. The vertical orientation
‘had the advantage that, in the presence of a background of many charged tracks,
the search for neutrino interactions and charm decays was more efficient than
in the horizontal modules described below. Furthemore, it was easier to follow
tracks from the spectrometer into the vertical emulsion than into the horizontal

emulsion®.

Horizontal pellicles were arranged so that the beam was incident parallel to
the sheets. Horizontal modules consisted of 108 sheets of solid emulsion, 7 ¢cm by
14 cm by 600 pum. This orientation had two attractive features. First, each event
presented an easily recognizable topology. Secondly, the best spatial resolution
near the neutrino interaction could be achieved by presenting the emulsion to the

beam in this way.
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Wrapped in polyla.minafed paper, the modules were mounted on a precisely—
machined frame of solid aluminum and aluminum hexcell. The hexcell structure
reduced to an acceptable level the amount of inactive material in which the neu-
trinos could interact, while providing adequate support strength for the target.
One corner of the frame was fixed while the others were free to move in case of
expansion or contraction. A system of linear variable differential transformers

(LVDT’s), with a spatial resolution of 15um, monitored such motion.

A large sheet of ermnulsion was placed immediately downstream from the target.
This fiducial {or ‘changeable’) sheet was constructed from a lucite base 91.5 cm by
70 cm by 800 um, and was coated on both sides with 75 um of emulsion. It acted
as a detector with fine spatial resolution and little background, so that tracks
reconstructed in the drift chambers could be found in the changeable sheet and

then be followed into the emulsion.

Several design features made this process highly efficient. The positions of the
modules with respect to the changeable sheet were marked on the sheet by 3Fe
X-ray sources embedded in the corners of each module. Sixteen more sources,
mounted around the perimeter of the aluminum frame, were used to locate the
fiducial sheet relative to the spectrometer. To reduce the movement of the emulsion
with respect to the spectrometer, the support frames for the target and the drift
chambers were placed on a 3.5 ton, optically flat, granite block. Residual motion
was recorded by the LVDT’s. Once a week during the data-taking period, the
sheet was changed to keep the number of background tracks to a manageable
level. Finally, an air—conditioner maintained the temperature of the emulsion at

(10 £ 2)°C. Clouding and image fading were reduced in this manner.

The emulsion could also be used as a particle identifier, since it recorded

the scattering behaviour of a particle and the ionization along its track. As a
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charged particle passes 'through matter, it collides with the atomic nuclei. Most
of the resulting deflection is due to multiple Coulomb scattering, although the
strong interaction contributes to scattering of hadrons. The distribution of planar
scattering angles may be approximated by a Gaussian distribution, with a standard

deviation given by

14.1 L 1 L
=z = {1+= Sl 3.2
30 P,B Ztnc \/LR (1'1- Qloglo(L3)> ( )

where #; is in radians, p (the momentum of the projectile} is in MeV /¢, Z;n is the
charge of the incident particle, and L/ Lg is the thickness of the material traversed,
in units of radiation lengths. When the polystyrene was taken into account, the
radiation lengths in the horizontal and vertical emulsion were 29.4 and 32.0 mm
respectively. Using equation {3.2}, it was sometimes possible to estimate p3 for
particles with low momenta by estimating the extent to which a particle scattered

and comparing that to the expected width of the distribution.

This scattering information could be combined with a measurement of the
ionization along a particle’s trajectory to identify the particle. The ionization
caused by a charged particle is a record of the energy it lost in inelastic collisions
with atomic electrons. The average energy lost in such collisions depends on the
particle’s velocity, and not on its momentum or its mass. Hence, for a given value
of pf, different particles will, on the average, lose different amounts of energy.
To estimate the average energy lost in emulsion, one measures the average grain
density along a track. In practice, the ratio I/l is determined, where Iy is the
average energy lost by a particle in the Fermi plateau region. Using figure 3.5, one
could estimate the likelihood of a {slow) particle being one of the five {e, u, 7, K,
p) expected to live long enough to leave visible tracks in the emulsion, and thus

complement the particle identification capacity of the time—of-flight system.
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The Time—of-Flight System (TOF)

The time—of-flight*® system played two roles. It measured the time taken
for a charged particle to transit the anterior part of the spectrometer, hence the
system’s name, and it constituted part of the electronic trigger which initiated the

acquisition of data.

The first time—of-flight counter (TOF I} abutted the downstream face of the
target. The counter was a rectangle of Pilot F scintillator, 1 ¢m thick and 74
cm by 92 cm, viewed from four sides by twelve phototubes (fig.3.6). Ideally, the
ionization from a track was detected by at least one photomultiplier on each of

the sides.

Situated 2.75 m downstream from the target was the second time-of-flight
counter (TOF II) (figure 3.7). This vertically—oriented hodoscope comprised six-
teen narrow counters (7.0 cm by 150.0 cm by 2.5 c¢m) and eighteen wide ones (10.2
cm by 150.0 cm by 2.5 cm). The narrow counters, with their superior time res-
olution, were placed in the centre of the experiment, along the beam axis, where
most of the charged particles passed. All counters were fashioned from Pilot F

scintillator and were viewed from both ends by photomultiplier tubes.

During the data—taking period, the TOF system was continuously monitored.
The high vdlta.ge supplied to the phototubes was held constant to within 1 volt.
The timing and gains of all the tubes were monitored using beam muons and
pulses of laser light. Between beam spills, a nitrogen laser was fired, and the light

was carried to all the counters along optical fibres.

Muons were also used to calibrate the system. Calibration tracks were chosen

such that there was only one track reconstructed in the drift chambers and that
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the pulse height in TOF I was consistent with only one minimum-ionizing particle.
The data from 220,000 muons were collected, and this condition was satisfied in
44,000 cases. Both calibration and neutrino data were recorded by ADCs and

TDCs.

The estimate of the ‘start time’ of a neutrino event could be made more
precise than a TOF I measurement alone, by using particles in the event whose
values of 3 could be calculated independently of TOF. This group comprised
particles identified as muons or electrons, and particles so fast {p > 10 GeV/c)
that their values of § differed negligibly from 1.0. For each of the particles of
known 3, start times were calculated using momenta and flight lengths measured
in the drift chambers. These values were combined with the TOF I start time
in a weighted average. Tracks irrupting from the target hit TOF I in different
places; accordingly, the TOF I start time took into account the rms ‘cluster size’
of the tracks. With this more precise start time, more precise flight times could

be calculated for the particles to be identified by TOF.

The resolution of the narrow counters was 75 ps, and for the wide counters it
was 100 ps (when there was a single track in a paddle and both top and bottom
tubes were on}. The resolution of TOF I (with all four tubes on) was 100 ps. Given
these resolutions, and the separation between TOF I and TOF II, the average
flight times of 7 GeV/c pions and protons differred by one standard deviation.
Pions and kaons could be similarly distinguished if the momenta were less than 3
or 4 GeV/c. The distribution of particle masses determined by the time—of-flight

system is displayed in figure 3.16.

A particle was identified by comparing its value of J calculated from its flight

time, and the value expected for the different possibilities (e, g, w, K, p), given
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the measured momenturm.

{ p2
/Bp'red : V‘m"z T P—2 (3.3)
A value of chisquared and a confidence level were associated with each hypothesis

to determine the best one,

2
X2 — (ﬁpred - ﬂmeas) (3-4]

Tmeas

The Trigger

The second function of the TOYF system was as a component of the data—
a.cquisition trigger. The spectrometer was capable of recording but one neutrino
interaction per beam spill, so that care was required to distinguish authentic neu-
trino interactions from signals produced by charged particles in the beam. A min-
imally biased trigger allowed the recording of both muon tracks for calibration,

and neutrino events.

The signature of the decay of a v-produced charmed particle was simple: no
charged particles entered the target and at least two left. The two particles were
the muon from the charged—current production reaction and one particle from the
decay. This signature was mirrored in a particular pattern of signals from the
detectors: a total TOF I signal 2% times the average minimum-ionizing signal, a
total TOF II pulse twice the minimum-ionizing value, and no signal at all from

the veto array. In symbolic terms, the neutrino trigger, T, , was
T, =G,eV e«TOF Izg% e TOF II>s. - (3.5)

Since some TOF II paddles overlapped, the condition TOF [[l>, did not neces-
sarily imply the presence of two particles. In equation (645), a ‘e’ stands for a

coincidence, ‘G,’ for the neutrino gate, and ‘V’ for a signal from the veto counters.
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The veto counters, seven scintillators that were viewed from both ends by
photomultipliers, were placed directly in front of the emulsion target. There they
served to reject reactions initiated by charged particles in the beam. Occaisionally,
charged particles were expelled backwards from the neutrino interaction, and their
signals in the veto array would have caused the event to have been rejected as
bogus. In order to avoid this, and thus in order to avoid losing potential charm

decays, the signal delay times were carefully adjusted.

The neutrino gate, G,, was the time period during which neutrino triggers
were accepted. Neutrinos passed through the experiment in 1ms bunches; a gate of
10ms duration was more than adequate to cover this. A signal from the accelerator

started the gate pulse.

Calibration data, from beam muons, were recorded during the last 5% of each

spill. Expressed symbolically, the trigger was
T,=G,eTOFI>; « TOFII_; (3.6)
where G, is the muon gate.

The Drift Chambers

After the system had been triggered, the drift chambersi®47 recorded the
passage of charged particles. These data were used for two purposes. The first
was to reconstruct tracks in three spatial dimensions. The tracks could then be
followed into the emulsion, where they led to neutrino interactions, charmed and
strange particle decays, and photon conversions. The tracks could aiso be followed
further into the spectrometer in order o associate signals in the calorimeters with
charged particles, paving the way for the identification of neutral particles in the

events. The second purpose of the drift chambers was to measure the momenta
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of charged particles. These measurements were used to kinematically reconstruct

the charmed and strange particle decays.

When a charged particle passed through the drift chambers, which were filled
with equal volumes of argon and ethane gases, it left in its wake a trail of ion
clusters. Pulled by an electric field, the ionization electrons drifted toward an
anode. Since the electrons drifted with a nearly constant velocity, the time taken
to reach the sense wire was also a measure of the distance of the original track from
the wire. From this measurement alone it could not be determined from which
direction the electrons drifted. This ambiguity was resolved with a technique

described later in this section.

Each chamber determined two coordinates of a track: the position of the
chamber itself along the beam direction was the z coordinate, and the position
relative to the sense wire in a direction perpendicular to both the beam direction
and the orientation of the wires was the other coordinate. For instance, a chamber

with wires in the vertical (y) direction determined the horizontal (z) coordinate.

Twenty—four drift chambers, deployed at different angles relative to the ver-
tical axis, and a vertical-dipole magnet formed the magnetic spectrometer. The
field inside the magnet was not uniform, but it was well known from a map with ap-
proximately 45,000 measurements made at 2.5 cm intervals. Qutside the mapped

region, the field strength was estimated using a polynomial parameterization.

Fifteen drift chambers (figure 3.8} were placed between TOF I and the mag-
net. Those rotated —60° (60°) around the beam axis were classified as ‘U’ (*V?)
chambers. Arranged in V-U-X f{riplets, alternate groups were displaced by one
haif—cell width, transverse to the wire direction, in the plane of the chambers, to

remove the left—right ambiguity mentioned above.
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Each upst—reamuchamber presented to the beam a total active area of 128 cm
by 128 ¢cm. Neighbouring planes were separated by 4.7 ¢cm. Thirty—two drift cells,
4 cm wide, each contained a gold-plated tungsten sense wire. A drift field of
700 V/cm was used in the outer regions of the cell. Near the sense wire, the field
increased proportionally with the inverse of the radius to provide the necessary

gas amplification.

Further downstream, between the magnet and TOF II, stood the remaining
nine chambers. They were placed in the following order: V-X-U-X'-X-V'-X'-
U’-X, the prime indicating a shift in position of half a cell. These chambers were
larger and had longer wires than their upstream counterparts, so the angles of
rotation with respect to the vertical had to be smaller (£11° for U and V), to
prevent the wires from sagging significantly under their own weight. With an
active area of 203 cm by 118 c¢m, the X chambers comprised 40 cells, each 5.08
cm wide, Presenting the same cross-section, the U and V chambers contained 43
and 44 sense wires respectively. An drift fleld of 750 V/cm was maintained in the

downstream chambers.

All drift chamber signals were amplified by a factor of 100 and were required
to exceed a discriminator threshold before being transformed into standard NIM
pulses. A multi-hit digitization system was the next stage in the signal-processing
procedure. The unit of digitization was 1.5 ns, which corresponded to 75um in
space. Subject to a dead time of 36 ns, which prevented the resolution of hits

closer than 1.8 mm, the system could register up to 15 hits per wire.

With this resolution, the drift chambers could record data from more than
one event per beam spill (for instance, the track of a calibration muon, and the

tracks from a neutrino interaction). Muons in the neutrino beam were employed
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to calibrate the drift chambers. A tuning programme calculated track-fitting pa-
rameters (such as drift velocity, which was about 50 um/ns), for use in subsequent
reconstruction of tracks from neutrino interactions, and in the measurement of

their momenta.

The momentum of a charged particle whose trajectory is bent by an angle §
is given by

PO~ 0.03 / Bdi (3.7)

where the average line integral in the E531 spectrometer is 6.2 x 103G-m. The
average horizontal momentum given to a charged particle, P#, was approximately
186 MeV/c. Positive particles were deflected to the right of the magnet (facing

downstream) (fig. 3.9).

For tracks that passed through the magnet and all 24 chambers, the (rms)

momentum resolution was

%@ = /0142 + (.004P)? (3.8)

Multiple Coulomb scattering in the air, the drift chambers, and in the ionization
chamber between the magnet poles contributed to the first term. The other term
is due to the drift chamber spatial resolution. If a track did not pass through
the magnet, its momentum could still be estimated, but with much less precision,

from its curvature in the fringe field.
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The Charged Particle Identifier (CPI)

A large proportional ionization chamber (CPI}*® was placed inside the mag-
net gap. The purpose of this detector was to identify the relativistic particles
that passed through it by sampling the ionization created along their tracks. As
mentioned in the section dealing with the emulsion, the ionization {and hence the
energy lost) is a function neither of mass nor of momentum, but of velocity. Conse-
quently, different particles having identical momenta will lose, on average, different
amounts of energy. Over a range of velocities Between 3~ = 5 and F~ = 1000, the
energies lost by pions and protons, in the argon-—cabon dioxide mixture we used,
differ by about 26%, and the losses of pions and kaons differ by about 16%4%°. The

goal of the CPI was to identify charged particles in this region.

The ionization along a track was sampled fifty times, in proportional cells 2
em in the beam direction by 1 cm (figures 3.10 and 3.11). JTonization electrons
drifted towards one of two planes of sense wires. The drift field was provided by
three high-voltage planes, one each at the top and bottom, and one in the middle,
and by fleld—shaping wires encircling the chamber. Each anode in the signal plane

was surrounded by six cathodes.

The chamber was filled with a mixture of gases that was 80% argon, by vol-
ume, and 20% carbon dioxide. Temperature and pressure within were monitored
with temperature and pressure transducers. Before entering the CPI, the gas

passed through an oxygen trap and a water absorber.
The Electromagnetic Shower Detector

The purpose of the lead glass system was to detect photons, identify electrons,

and measure their energies. This information was neccessary to infer the presence
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of neutral pions, which decay to two photons. Electrons and photons produced
electromagnetic showers in a lead converter and in blocks of lead glass. Extruded
proportional ionization counters n(EPIC’s) detected the ionization caused by the
showers in the converter, and the light produced by the electrons in the lead glass
was collected by photomultipliers. The total amount of light was proportional to

the energy deposited by the shower after the EPIC’s.

Sixty-eight blocks of lead glass, 19 ¢m by 19 cm in cross-section, were arranged
as shown in the figure 3.12. Blocks in the centre of the array, 35.6 cm (12.5
radiation lengths) in length, were composed of SF2 lead glass. The remaining
blbcks, 30.5 cm in length (10.5 radiation lengths), were fashioned from F2 lead

glass.

Signals from the photomultipliers were amplified, split in the ratio of 20:1, and
recorded by ADC’s. This provided a range large enough to measure the energy lost
by minimum-ionizing particles, and the energies of the electromagnetic showers.

The maximum energy measureable by each block was approximately 35 GeV.

The resolution of lead glass improves with the energy measured. Since the
longer blocks were more likely to fully absorb very energetic showers, and since
most of these were expected to fall in the centre of the array, close to the beam
axis, all of the long blocks were mounted in the centre of the lead glass system,

except for one which was needed for the test beam calibration.

The blocks were calibrated using data from tests of one block of each type in
the M5 test beam at Fermilab. Data for electrons and minimum—ioniiing particles
were recorded for beam energies extending from 3 to 30 GeV. Taking into account
the non—uniform response of the blocks across their faces, it was established that a

minimum—ionizing particle deposited, on average, 397 £ 13 MeV in a long block,
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and 333 4+ 13 MeV in a short block.

During data-taking, the blocks were calibrated using beam muons. Relative
gains and ADC calibrations were monitored using light from a neon flash tube,
fired between beam spills. Optical fibres carried the light to the front of each

block.

Since the biocks were approximately .7 hadronic interaction lengths long, some
hadrons deposited considerably more energy than muons of the same momenta.
Consider the case of 30-GeV pions. The energy-loss spectrum is shown in figure
3.13. The abscissa is graduated in pulse height units, and the peak correponding
to the 30-GeV electrons in the test beam is clearly visible. The pion interaction
spectrum has an exponential form, with a coefficient equal to -.0095 (channel) 1.
The probability that a 30—GeV pion will lose an energy equivalent to a pulse heght
of Z or greater is the ratio of the area under the spectrum from Z to infinity,

divided by the total area.
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The factor 2 accounts for the energy lost in inelastic electromagnetic collisions,
reflected in the area under the minimum-ionizing peak, which is just visible at the
low—energy end of figure 3.13. For example, a 30-GeV pion will lose roughly one

third or more of its energy ten percent of the time.

The EPIC’s formed the other active element in the electromagnetic calorime-
ter. Filled with equal amounts of argon and ethane, three pla,nés of EPIC’s were
placed immediately in front of the lead glass array, sandwiched between the blocks
and a lead converter (2.8 radiation lengths). Each EPIC cell was 2.54 cm deep,

2.54 cm wide, and contained a stainless steel anode wire, .38 um in diameter. Wires
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in the Y’ plane were strung horizontally, while the wires in the ‘U’ and *V’ planes
were rotated- from the horizontal by +60° (fig. 4.5). The uncertainty in position
measurements made with the EPIC’s was 0.75 cm in the Y’ direction, and was
slightly worse in the ‘X’ direction. Since the EPIC system was approximately
312 cm downstream from the target, the uncertainty associated with the slopes
of reconstructed photons was close to three milliradians. The EPIC signals were

calibrated in terms of the equivalent number of minimum lonizing muons.

The energy resolution of the lead glass alone was

olE) _ 15 (3.11)

E VB

Including the energy lost in the EPIC’s, the resolution was

P@ G e oo

where MIPE is the number of minimum-ionizing —particle~equivalents in the

EPIC’s, averaged over three views. Since minimum-ionizing particles lost .02

GeV as they passed through the EPIC’s, this can be rewritten as follows:

The Hadron Calorimeter

The segmented hadron calorimeter measured the energies of hadrons produced
in neutrino interactions, including neutrons and long-lived neutral kaons, which
were not detected in the other spectrometer elements. Each segment consisted of
10 cm of steel, followed by an active element. The first three active elements were
EPIC’s, which could also determine the position of the hadronic showers. The

last three active elements were scintillators. Some of these were fashioned from
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NE110 scintillator, and the rest were made of NE114 scintillator. Each paddle,
1.3 cm thick, 76.2 cm {30 inches) wide and 2.44 m tall, was viewed from the top

by a photomultiplier. All signals were recorded by ADC’s.

The three anterior active elements were EPIC’s. Fach aluminum extrusion,
filled with the same argon—ethane mixture that filled the drift chambers and the
lead glass EPIC’s, contained a wire 0.38 um in diameter. Each plane of wires
comprised eight channels. Strung horizontally, so that the y position of the wire
ga.'ve the y position of a hit, the wires were arranged in groups of four. An ADC
recorded a logical OR. of the signals from each quartet. If it is known that a
pulse is from one of the four neighboring cells, each 2.54 cm (1.0 in) wide, it is
equally likely that the signal comes from any one of the four. Consequently, the

uncertainty in the y position is given by

10.0

afy) = \/]E

em (3.14)

where the factor of 12 is due to a uniform probability distribution within bound-

aries.

One can estimate the z position of a track using the calorimeter, because the
EPIC wires were resistive. The difference between the pulse heights at either end
of the wire reflect the position of the track. To correct for different amplifier gains,

one makes a histogram of the quantity

PHW — PHE % R. (3.15)

PHE (PHW) is the pulse height at the east {west) end of the wire. The parameter
R was adjusted so that the histograms were centred at zero. The position is

proportional to the difference between the adjusted pulse heights. To calibrate
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the calorimeter, one uses drift chamber predictions of the positions of muons and

charged hadrons, and fits the pulse heights to the following expression.

(PHW _ PHE x R)

I =m

(3.18)
(PEW + PHE x R)
The standard error in z(pred) is 6.35 cm for muons, 6.1 cm for hadrons with

energies above 2 GeV and 8.9 ¢m for hadrons with energies below 2 GeV,

The function of the calorimeter was to measure the energies of hadrons. In
the steel, hadrons collided with the ;1uc1ei, creating showers of charged particles.
These, in turn, were detected in the scintillator and in the EPIC’s. The resulting
pulse height N, in units of the most probable pulse height for a muon passing

through the calorimeter, is related to the kinetic energy, T, of the incident hadron

by
5.4287%
N=mg—¢—— .
T+0.721° (8.17)
when T is expressed in GeV. The parameterization was established for another
calorimeter of similar design®®. It assumes the hadronic showers to be completely

contained. To estimate the kinetic energy of a hadron, reverse equation 3.17.

T 2(5i28) (1 . \/1+ 4(5.42;2(.721))

The resolution is given by

(3.18)

o(T) = 1.1VT . | (3.19)

Figure 3.15 illustrates the response of the calorimeter to muons. The position
of the most probable pulse height corresponds to six minimum-ionizing signals
(for six calorimeter segments). According to equation 3.18, this is also the total

pulse height for a hadron whose momentum is 1.6 GeV/c.

47



The Muon Counters

Muon identification is a special step in assembling the pieces of the charm
decay puzzle. If it can be established that one of the particles leaving the primary
vertex is a muon, then the event can be classified as a charged—current interaction.
Once the track is tagged as that of a muon, its charge (™ or u™) reveals the
incoming projectile as a neutrino or an anti-neutrino. Any muon coming from the
charm-decay vertex brands the decay as semi-leptonic; the accompanying neutrino
escapes detection, carrying with it informa:tion about the momentum and mass of

the charmed parent particle.

As is common in high-energy physics, muons in this experiment were identi-
fied by their range in steel. Two scintillator hodoscopes punctuated an expanse of
battleship-hull steel at depths (in the beam direction) of 1.2 m and 2.3 m. (These
figures include the contribution of the hadron calorimeter and the lead glass.)
Muons with momenta less than 1.9 GeV/c didn’t reach the first bank of counters
(Muon Front, or MF); muons whose momenta exceeded 3.6 GeV/c crossed the
second plane (Muon Back, or MB). No other charged particles could penetrate

the steel to reach MB.

If the position of a track in the muon counters, as predicted by the drift
chambers, agreed with the estimate based on the muon counter data to within 2.5
standard deviations (the resolution of the muon counters was 13 cm), then the
track was identifed as belonging to a muon. The front muon counters were 93%

efficient; the back counters were 97% efficient.
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Chapter 4

Analysis

The spectrometer described in the previous chapter was operated in the
wide-band neutrino beam at Fermilab for six and a half months, from mid-
November of 1980 until the end of May, 1981. The data gathered by the elec-
tronic detectors were recorded on magnetic tapes using an Eclipse 2000 com-
puter. Neutrino interactions were located in the fiducial volume of the emulsion
using the ‘follow-back’ technique, which is described below; the ‘scan—back’ and
‘volume—scan’ techniques, also described below, were employed to find the DV de-
cay vertices. In this manner, the decay candidates were found independently of
their positions in the emulsion along the beam direction, and independently of

their decay lengths.

There followed an exhaustive examination of each decay candidate. The emul-
sion scanners measured the slopes of the decaying particles, and the slopes of the
tracks coming from primary and secondary vertices. Tracks in the target were
matched with those reconstructed in the drift chambers. Whenever possible, par-
ticles were identified using the TOF system, the calorimeters, the muon counters,
or ionization measurements in the emulsion. Neutral hadrons were detected using

the calorimeters.

For each decay candidate, there were several hypotheses consistent with mo-
mentum and baryon conservation. All were examined using an hypothesis—testing

programme, and in each case the one with the smallest x? was chosen.

From these choices, as pure a sample of D%s as possible was established,
using the strategies described in this section. The final sample comprised 39 D%’s,

including 26 two—pronged decays {V’s} and 13 four-pronged decays. It further
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included three semi-leptonic decays, and four examples of the D*T — D%
reaction. Also described in this chapter are the techniques used to determine the
effects of features of the analysis algorithm which could distort the final result,
and of reactions which could contaminate the sample. The final result, the most

probable mean lifetime, was estimated using the Maximum Likelihood method.
Scanning

The first stage of the analysis was a search for the neutrino interactions and
for the charmed-particle decays. The emulsion scanners first followed back, info
the emulsion, tracks that had been reconstructed in the drift chambers and which
were predicted to have emerged from vertices within the target. The track re-
construction programme, written and implemented at The Ohio State University,
typically yielded a few (one or two) high-momentum tracks; one of these was
usually tﬁe muon from the neutrino interaction and the remaining tracks were
produced either by other particles leaving the primary vertex, or by the products
of a secondary interaction or a decay. The so—called ‘follow—back’ (FB) technique
was very effective; of 420 tracks found on the fiducial sheet, which were expected
to point to vertices, 412 were in fact followed to vertices, an efficiency (nrp) of
981 £+ .007. The associated uncertainty is simply the standard deviation of a
binomial distribution.

o = w = .007 ' (4.1)

Once a vertex had been found, the search for charm decays was begun.
Both neutral- and charged—particle decays were sought using the scan-back (SB)
approach (described below). Two additional techniques were employed to aug-

ment this approach; volume-scan (VS) in the case of neutral-particle decays and

follow—down (FD) in the case of charged—particle decays. Since this thesis is con-
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cerned only with neutral decays, the FD process will not be discussed here. Details

can be found in references 46, 47 and 51.

Volume-scanning was used near the decay vertices. The group at Nagoya
University scanned a cylindrical region 1000 ym long with a radius of 200 pm.
Other groups scanned a conical volume. The efficiency of the VS technique was
estimated from knowledge of the number of photons expected to convert within

the scanning region, and the number of conversions observed.

pairs found

nvs = (4.2)

pairs expected

As an example, with the V8 approach, the Nagoya group found 47 pairs. The

O’S,

expected number was calculated as follows. There are approximately two «
and hence four ~’s produced in each charged—current neutrino interaction?’. The
number of photons expected to convert over the scanning distance of 1.00 mm is

thus

npairs = 4 X evt x (1 — e~ 108/415) — 160 + 4 (4.3)

The conversion length (41.5 mm) is 9/7 of a radiation length, and there were 1583
events examined for conversions (evt). The volume-scanning efficiency for the

Nagoya group is then

nvs = 47/npatrs = .29 + .04 . {4.4)

The efficiency thus estimated is an over—estimate of the efficiency for finding
neutral decays. This is because the tracks from a conversion initially lie one on
top of the other, and appear to be darker, approximately twice—minimum-ionizing
tracks. They are consequently easier to see than are the more divergent tracks

from decays, which are mainly minimum-ionizing tracks.
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Those decays very close to primary vertices present a special problem. In this
region, tracks from a decay may become confused with primary tracks, so that it
is difficult even to establish that there is a decay. The diameter of the region is
a function of the number of heavily ionizing tracks (N H) from nuclear breakup,
and of the number of ‘shower’, or minimum-ionizing tracks (NS). The form of
the relation was estimated by measuring the diameters of 320 neutrino interaction

regions, taken at random from the data of the first run of E531.
NS
D(um) = (NH + ?‘)/4 + 1.8 (4.5)

The shortest decay length amongst the second—run neutral decay candidates was

15.3 um, outside the ‘region of confusion’.

Scan—back was the principal strategy used to find the charm-decay vertices.
After the primary vertices had been found using FB, the tracks emerging from it
were matched with tracks reconstructed in the drift chambers. The SB technique
involved following back into the emulsion the remaining tracks in the chambers
whose momenta exceeded 400 MeV/c and whose slopes with respect to the beam
axis were less than 300 mr. These tracks led to nuclear interactions, photon

conversions, strange—particle decays and charmed—particle decays.

Scan—back comprised three separate operations: reconstructing a track in the
drift chambers, finding that track on the fiducial sheet and following the track from
the sheet to a vertex. The latter is simply the follow—back process described earlier.
To estimate how reédily tracks in the chambers were located on the changeable
sheet is straightforward. Of 148 good tracks reconstructed in the chambers which
were also identified with tracks in the emulsion modules, 142 were found on the
sheet; the efficiency (ncs) is .959 £ .016. Both ncs and nrpp were estimated di-

rectly by the scanning group at Nagoya University. The corresponding efficiencies
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of the other groups were calculated using equation 4.6,

np found ) (np searched
a

(ncsnrele = (ncsnFB)NGY< p found )NGY (4.6)

np searched
where *NGY’ refers to the Nagoya group, ‘G’ refers to any other scanning group,
‘np found’ is the number of photon conversions found using SB and ‘np searched’

is the number of conversions sought.

The efficiency of reconstructing a track in the drift chambers (7pe) was cal-
culated after the charmed decay search had been completed. Each event was
examined to determine which decay tracks satisfied the scan—back criteria. In
some evenis, none of the tracks met the criteria, in others, all of them did. Those
events in the former category were found using volume—scanning. If one were to
use SB exclusively, one would not know how many such events {Nj) there were.
‘Thus, the first ‘unknown’ was Nj. Aiso unknown was npc. Finally, the total
number (N) of charm decays was ‘unknown’, but was constrained to be the sum
of the the N,,’s, where N,, is the number of charm decays with m tracks meeting

the SB criteria. The equations to be solved were

Npm = N(nCm)ipe™ (1 —npe)™™™ (4.7)

where n is the number of prongs and ,C,, is the binomial coefficient. For each n,

the equation of constraint is

n
N=)Y Np. (4.8)
m=0

In the simple case of a V, where n is 2, equations 4.7 and 4.8 reduce to
Ny =N"(1~n5c)
v R % v
Ny =2N"npc(l —npc)
{4.9)
N;’ = NV’??JC
NY =N + Ny +NY
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There were a total of 40 V’s in the second run sample; 5 events, found with
volume—scanning, had no tracks satisfying the criteria, 13 events each had one

acceptable track, and in 22 events both tracks were acceptable.

N]_ = 13
(4.10)
Ny =122
Substitution of equation 4.10 into equation 4.9 produced this result:
nbo = 0.77 £ 0.06
N =2+1 (4.11)

NY =37+1.
The values calculated for N§ and NV are consistent with the values obtained by

using both SB and VS.

The results of a graphical analysis of the equations associated with four—
pronged decays in the second run are listed in equation 4.12.

neh. = 0.51 +0.09
N3P =1.0+2.0 (4.12)
N* =175+2.0

Each of the 14 observed four—pronged events had at least one track that satisfied

the SB criteria; this agrees with equation 4.12.

In addition to the V’s and straightforward four—pronged decays, there was
one event in which one of the tracks interacted in the emulsion and produced
two forward-moving tracks. All five of the tracks met the scanning criteria, yet
only two were found in the chambers; the efficiency in this case was 0.4+.2. The
net efficiency for reconstructing tracks from four-pronged decays is the average of

these two values, weighted with the number of events of each type:

1405, + ng,
ni’e’t=( "’f::f”c = 504 .08 . (4.13)
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To recapitulate, any track from a V was reconstructed in the drift chambers
with an efficiency of (77£9)%, and any track from a four-pronged decay was

reconstructed with an efficiency of (50+10)%.

The efficiency with which the scan—back technique, applied to a single track,
led to a vertex is the product of the efficiencies of its sub—processes. Thus, when
n g p represents the follow—back efficiency and ncg the efficiency for finding tracks

on the changeable sheet,

Wga = ﬂgcﬂcsﬂps = 0.72 + .09
(4.14)

ner =0t nosnrs =047 £.08 .

Since each V {four-pronged event) has two (four) tracks, V’s (four—pronged events)

are found by SB with an efficiency given by equation 4.15.

nv=1-(1-1%p)% =0.92+.05
(4.15)

Nap =1 — (1 —nay)* =0.92 £ .05
The probability of finding a neutral decay with SB is the average of nv and 74
weighted with the relative production rates of V’s and four-pronged events in
neutrino interactions. The MARK II collaboration®? found that V’s are produced
(63.0£5.4)% of the time, and that four—pronged events are produced {22.2+4.7}%

of the time. Consequently, neutral decays were found by the scan—back strategy

with an efficiency of .92+4.04.

The net efficiency for finding neutral decays in a region in which both scanning

methods were used is given by

Nnet = 1 — (1 - ??SB)(I - nvs) . (4.16)

For example, the Nagoya group’s VS efficiency was .29 3-.04; the net efficiency was

.95 +.03. The net efficiencies of the other groups are listed in Table 2.
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Table 2.

Group Code From (pm) To (um) Efficiency

KH 0.0 3.0 0.0
3.0 10.0 0.30
10.0 300.0 0.67

300.0 50000.0 0.62

NV 0.0 15.0 0.0
15.0 30.0 0.71
30.0 1000.0 0.95

1000.0 50000.0 0.92

03 0.0 3.0 0.0
3.0 10.0 0.63
10.0 300.0 0.84
300.0 50000.0 0.81
ON 0.0 15.0 0.0
15.0 30.0 0.74
30.0 1000.0 0.98

1000.0 50000.0 0.97

Scanning Efficiencies

The important features of the scan—back technique are that it is independent
of decay length and that it is independent of the position of the interaction, along
the beam direction, in the target. The first point is illustrated by figure 4.1. This
is a graph of the ratio of the number of conversions found to the number expected,

as a function of conversion length. That nsp is independent of the vertex position
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is shown by figure 4.2; it depicts the efficiency with which neutrino interactions
are found using I'B, as a function of vertex position. This efficiency is essentially

uniform.
Event Reconstruction

Two programmes were used to reconstruct the tracks of charged particles
in the drift chambers. One was written and implemented at The Ohio State
University. The other, a complementary programme, developed at the the Uni-
versity of Toronto and at McGill University, used both automatic and interactive
track—fitting techniques. In its interactive mode, the latter programme displayed
a schematic picture of the spectrometer on a terminal screen (fig. 3.9), so that it
was possible to view the apparatus from different angles. The programme indi-
cated on the display the locations of the drift chamber wires that had been hit by
charged particles, and it also showed the positions of TOF counters, calorimeter
EPIC’s, and muon counters that had been struck. _Using the automatic mode of
the Toronto programme, first the tracks in the downstream chambers were recon-
structed, and then the upstream tracks were reconstructed using the interactive
mode. The downstream chambers tended to have significantly fewer signals, so
that there were fewer combinations of hits that constituted reasonable candidates
for tracks. Consequently, the programme could quickly find and display these

combinations.

To guide the interactive search for an upstream track, the programme drew a
‘road’ on the terminal screen. A road was a projection, through the spectrometer,
of a track already found in the emulsion. The curvature of the projection was
determined by the momentum estimated by the OSU programme, and the slopes

of the projection were those measured in the emulsion. In the case of a spectrom-

57



eter track not associated with an emulsion track, the projection used the slopes

determined by the OSU programme.

Two techniques were employed to fit an upstream track. In the first case,
‘using manually—selected hits closest to the projection in two stereo views, the
programme projected the resulting segment into the third view, added hits from
that view closest to the projection and attempted to fit a track composed of hits
from all three views. This was repeated for each of three pairs of views. The
second technique entailed the fitting of hits that had been manually selected from
all three views. In both cases, the programme was allowed to drop hits from the
initial list, and to add hits, in order to decrease the x? per degree of freedom. An
acceptable upstream fit had a x? per degree of freedom less than 5.0, and had no

less than ten hits (out of fifteen upstream chambers}.

To complete the process of reconstuction, each upstream segment was joined
to all downstream segments that appeared to be continuations of it. The segments
were joined using a quintic spline; the five parameters were the slopes and z and
y co—ordinates at the origin of the co—ordinate system, and the inverse of the
momentum. Tracks retained by the programme had at least fifteen hits (out of
24 chambers) and a x® per degree of freedom less than 5.0. Generally, there
were several similar candidates for each track. The candidates selected were those
which had the most hits, the lowest x? per degree of freedom, and whose slopes

best matched the slopes of the emulsion tracks.

If the slopes of a track reconstructed in the drift chambers and the slopes of
a track found in the emulsion differed by amounts which could be explained by
multiple Coulomb scattering in the emulision, then the tracks were defined to be
matched. In some cases both the exit slopes, measured at the downstream face of

the target, and the decay vertex slopes were measured. In others, only the decay
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vertex slopes were measured. The first case had the benefit that the two sets of
slopes — drift chamber and emulsion — were measured at points in close proximity.
Consequently, the effects of multiple scattering in the emulsion had little bearing
on the matches. In practice, the exit slopes were measured less precisely than were

the decay slopes, by about a factor of two (figures 4.3a through 4.3f).

After the drift chamber data had been condensed into a list of tracks and
momenta, the work of identifying the charged particles began. Some particles
could be identified in the emulsion. A converting photon produces an ete™
pair whose tracks, before separating, are indistinguishable from a single twice—
minimum-ionizing particle — a distinctive signature. Ten pairs were found in the

neutral-decay sample. The momenta of the leptons, measured in the drift cham-

bers, were corrected for the effects of bremftrahlung (see later).

Six charged tracks (other than those of ete™ pairs) stopped in the emulsion,
and 26 more were not matched to tracks in the drift chambers, out of a total of 242
tracks in the neutral sample. It was sometimes possible to identify the particles
using measurements of p3 and ionization. The former were derived from the rms

scattering angles, the latter from the tracks’ grain densities.

In the sample of 39 decay candidates, there were 104 decay tracks in the emul-
sion that were matched with drift chamber tracks. There were 37 primary muons
identified with the muon counters; 35 muons hit both the front and back counters,
and 2, with momenta less than 3.6 GeV/c, hit only the front counters. The two
events without identified muons could have been neutral-current reactions, and
so need not be interpreted as evidence of muon—counter inefficiency. Three events
were semi~muonic decays. In one case, the secondary muon hit the front and back
counters. In the other two instances, the secondary muons, whose momenta were

less than 3.6 GeV/c, struck only the front counters.
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Each reconstructed track was projected from the chambers into the plane of
the TOF II hodoscope, and was associated with a paddle that had been hit. To be
of use, the TOF II data were required to satisfy three criteria. First, the prediction
of the y position of a track in the TOF paddle had to agree with the estimate
derived from an extrapolation of the track from the chambers. (Hodoscope position
measurements had a precision of approximately 2.0 cm.) The second condition was
that the total energy deposited in the scintillator be consistent with the average
energy lost by one minimum-—ionizing particle. This criterion was necessary since
it was not possible to calibrate the TOF system in sttu well enough to reliably
separate the effects of two particles hitting the same paddle. The final criterion
was that there be no other track segment in the downstream chambers pointing
to the paddle in question. (This could have been the downstream segment of a
track that had not been fully reconstructed, or it could have been the track of a
particle emitted in the upstream direction from a shower in the electromagnetic
calorimeter, which abutted the TOF hodoscope.) If a particle had been identified
as a muon with the muon counters, or ag an electron coming from a conversion
in the emulsion, or if it had a momentum greater than 10 GeV/c, then it was
used to improve the estimate of the event’s start time, as described in the section
dealing with the calibration of the TOF system. Protons, kaons and pions were
distinguished as previously described. Hypotheses whose TOF confidence levels
were less than five per cent were not considered any further. Twenty—five of the
101 non—muonic decay tracks were identified by TOF and in 23 more cases one

hypothesis could be rejected.

When as many charged particles as possible had been identified as hadrons,
muons or electrons, it remained to associate with them the energy deposited in the
calorimeters; extra energy implied the presence of neutral pariicles. In the lead

glass system, a muon signal was typified by a triple coincidence of EPIC wires (fig.
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4.4) and an energy of 400 MeV in the lead glass block behind she intersection. The
system responded similarly to hadrons, but, since hadrons could initiate showers
in the .7 interaction lengths of lead glass, the energy that they deposited was
sometimes significantly greater than 400 MeV. In practice, a value of not greater
than 1/3 of the particle’s momentum was held to be consistent with the energy

lost by a single hadron.

In contrast to hadrons, electrons almost always lost all their energy in the
lead glass. Any charged track which exhibited this behaviour was probably that
of an electron. Electrons also radiate bremfitrahlung photons. For purposes of
shower reconstruction, it was assumed that all such radiation was emitted as a
single photon while the electron was in the emulsion, which had a much shorter
radiation length (X;) than the drift chambers. A Monte Carlo programme was
used to estimate the uncertainty associated with this assumption. The energy of

the electron before radiating, E;, was calculated from
E; = peX/%o (4.17)

where p is the momentum of the electron after travelling a distance along the beam

direction X in the emulsion. The energy radiated, Eg, is then

Ep = E; — Ey
(4.18)
= Ef(cX/XO -1).
The associated uncertainty is given by
o(B:) = v/ (€X1%0) 0 (p)" + ((p/ Xo)X1%0) 0(X) 42 . (4.19)

The value of ‘¢’ was determined by the Monte Carlo programme.

After account had been taken of all the energy in the lead glass system asso-

ciated with the charged tracks, what remained was used to reconstruct showers.
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If there was only one triple coincidence of EPIC wires, or if there were several
in close proximity, only one photon was reconstructed. In these cases, the total
energy in the shower was the sum of the energies recorded by the three EPIC wires
and the lead glass block behind them. If there were two clearly separated shower
candidates in the same block (fig.4.6}, the energy in that block was apportioned
in ratio evinced by the EPIC pulse heights. For example, if E; is the energy of the

" shower in the block,

By _ Ei(ppic)
By Eymric)
Ey + E3 = Eplock (4.20)

Eriock

£y = .
27 1+ Eymric)/Eegric)

In the case of a shower candidate not accompanied by a triple coincidence of EPIC
wires {a ‘block—only’ shower), the photon was assumed to be in the centre of the
block. Any shower in a block not contiguous with other blocks that contained

showers, and whose energy was less than 100 MeV, was discarded.

Invariant masses of photon pairs were calculated to establish neutral pion
candidates. If any of the masses differred from the pion mass by more than three

standard deviations, the candidate was discarded.

After the data from the electromagnetic calorimeter had been scrutinized,
data from the hadron calorimeter were examined for indications of the presence of
neutrons and K?’s. Charged tracks were associated with signals in the calorimeter
EPIC’s, and to a less precise degree with those in the scintillators. The total energy
in the calorimeter was compared to the energy expected from all the charged
tracks, as estimated from the momenta measured in the drift chambers, and the
energy associated with each track was compared to the value expected for that

track.” A surfeit of energy associated with a track, or a significant signal that
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was clearly separated spatially from the charged tracks, constituted evidence for

a neutral hadron.
Kinematic Analysis

At this point, the raw ingredients of pulse heights and grain counts had been
distilled into a mixture of momenta, slopes and particle identities. The next step
was to ascertain which of the events could reasonably be ascribed to the decay
of a D°. In other words, how likely ié it that a set of particles emerging from a
vertex were the products of a DY decay? An hypothesis testing programme, based
on an algorithm using Lagrange multipliers®® for constrained kinematic fitting,
selected a set of momenta and slopes that minimized x? and ensured that the
four equations of energy and momentum conservation were satisfied at each decay
vertex. If there were fewer unknowns than equations, then the system was over—
determined and the equations were solved iteratively. The iteration process ended
when the r and y constraints were satisfied to within 1.0 MeV/c, the z constraint
to within 10.0 MeV /¢, the energy constraint to within 10.0 MeV, and the reduced
x? had changed by less than 0.1 from the previous iteration. The probability of a

given hypothesis was then estimated.

Initially, the programme was executed in a mode that determined the mass of
the weakly—decaying parent. If the fitted mass was sufficiently close to the accepted
D° mass, then the programme was re-executed in a mode which constrained the
parent mass to be 1.8647 GeV/c%. All expected decay hypotheses consistent with

the TOF data and baryon conservation were examined.

The salient results of the fitting procedure were the lifetime and momentum
of the parent, and a confidence level associated with each hypothesis. At fimes,

no acceptable {CL> .01} hypotheses were to be found. In such instances, the zero

63



constraint {0-C) solutions were examined. In general, if it is assumed that there is
a single undetected neutral particle in an event, then the mass of the parent
is a quadratic function of the parent momentum. (The quadratic coefficients
are functions of the masses of the parent and the missing neutral, and of the
masses and measured slopes and momenta of the secondaries.) For a given choice
of neutral and parent mass, there are two solutions for the parent momentum
and lifetime. Each solution yields a prediction of the missing neutral particle’s
trajectory. When the path lay outside the acceptance of the spectrometer, the
0-C solution was retained. When the path lay inside the acceptance, and no
evidence for the neutral’s passage was extant, the solution was discarded, unless

the assumed missing neutral was a neutrino.
Lifetime calculation

The maximum likelihood method®* was used to reduce the individual mea-
surements of proper times to the best estimate of the D° lifetime. The likelithood
function, £{z), is given in equation 4.21. It represents the probability of making
n measurements of a quantity, with values y; which are distributed according to

a probability distribution function (pdf) dependent upon a single parameter z.
n
L(z) = [ pdf (v, 7) (4.21)

i=1

In particular, if the measured quantities are proper decay times, then L{r) will

have its maximum value when 7 is the most likely estimate of the mean lifetime.

Assuming that all decay time measurements are equally likely, the distribution

function is
1
pdf(t;,7) = ;e_t"/" . (4.22)
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If the detection efficiency, €, is a function of the observed decay length {;, then

the distribution function is

_ 1 E(Ig)e_t /
pdf(tz-:?-) =7 A(Pi-,?')
T 1 t'/ !
) L —~t T
A(P;,7) = ] Te(l Je dt (4.23)
L.', = '}'iﬁiCtz )
p
= (—)icly
(2)e

The normalization factor A(p;,7) ensures that the probability of observing any t;

with values between 0 and the longest measureable time 7" is unity.

The logarithm of £ also has its maximum value, In{Lnmqz), when 7 is the most
probable lifetime of the sample (fig. 4.7b}. The standard error (‘1 ¢’} in 7 may be

estimated from the values of r for which
in{L) =In(Lmaz) £0.5 . (4.24)

The 95.4% confidence (‘2 ¢’) limits were calulated by determining the values of 7

such that

In(L) = In(Lmaz) + 2.0 . (4.25)

The lifetime was deduced from a parabolic interpolation of the likelihood curve
near the maximum In{Lm.z). The standard error was calculated using a linear

interpolation near in{Lmaz) £ 0.5.

Within the fiducial volume of the target, there were 39 D° candidates. Figure
4.7a displays a graph of dN/dt as a function of time. The slope of the line was
determined with the maximum likelihood method, and the numbers of decaying
particles were weighted with the scanning efficiencies. The most probable mean
lifetime is

r(D°) = (4.8133) x 107 %, (4.250)
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and the ‘2 o’ intervals are +2.0 and —1.3 x 10~ ! sec.
Piscussion

Since these data were collected in the second run of E531, it is permissible to

combine the two sets of data to yield a single estimate of 7(D°). The result is®®
7(D°) = 43137101 x 107 Bsec. (4.25b)

58,80 are displayed in figure

This value, and the values obtained by other groups
4.13. The estimates are consistent, and have an average value of (4.35 £+ 0.32) x

10718 g,

The uncertainty of equation 4.25a reflects the indeterminacy associated with
the fact that a small number of decay times were drawn from an exponential distri-
bution. This error can be alternatively estimated by simulating with a computer
programme the process of choosing samples of decay times from an exponential
distribution. One hundred samples, of 39 proper times each, were selected from
a population whose mean lifetime was 4.9 X 10‘133.. The most likely lifetime
was calculated using the same programme used to analyze the experimental data;
the result was (4.90 £ .08) x 107135, and the rms width of the distribution was
{0.78 £.06) x 10~ 135, From this exercise two conclusions can be drawn: first, that
the maximum likelihood technique neither over— nor under—estimates significantly
the most probable lifetime; and second, that the uncertainty is dominated by
statistical fluctuations in the small samples. The latter is supported by the simi-
larity of the uncertainties derived from the Monté Carlo and Maximum Likelihood

approaches.

In what follows, it is argued that each event in the sample is a decay of a D°

meson, and not one of the reactions which might mimic this process. The first
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such reaction is the decay of a strange particle (either a KJ or a A® baryon). In the
emulsion, their decays look like the two—charged—body decay modes of the D°. The
charmed and strange particles can be distinguished by their masses. One can, in
addition, estimate the number of K and A® decays expected to be observed in the
emulsion, and compare it with the number actually observed, In this experiment,
~ there were 12 strange—particle decays found with the ‘scan—back’ method (see the
previous section}. In only one case did both tracks meet the ‘scan—back’ criteria.
Using the method described in the previous section, we estimated the efficiency

with which the tracks from strange V'’s were reconstructed in the drift chambers.
No = N(1 —npc)?
N: =2Nnpc(l —npec) =11 (4.26)
Nz =Nnpe =1

The solution is that there were probably 44 strange V’s in the emulsion; their

tracks were reconstructed with an efficiency of 0.15. Accordingly, the efficiency

for finding a strange V is

nv =1—(1—npcncsnra)?
(4.27)
= .27 .

This is a crude estimate, because N> is so small and because np¢ is so sensitive
to it. However, because N» is so small, it is apparent that strange V’s are not
found efficiently. A Monte Carlo calculation®® yielded an efficiency of .3. Thus,

approximately 40-44 K2’s and A®’s decayed to charged particles in the target.

This estimate is consistent with what one would expect based on the results’
in reference 56. The authors determined the ratio of the visible V cross—section -
to the total charged—current cross—section as a function of the invariant mass, W,

of the hadrons in the final state. In the first run of E5314%, when the energy of
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the protons in the main ring was 350 GeV, the average value of W was about 5.0
GeV/c?. Hence
Y el (4.28)

The momentum spectrum of the observed K°’s and A%’s in this experiment was
such that

(fyﬁcTK)K = 14.9 cm
{4.29)

<"fﬁc1‘A>A =192 cm .

Since there were nearly as many K's as A’s (4 K’s, 6 A’s and 2 indistinguishable
cases)

(yBer) ~ 17 cm . (4.30)

This value was determined using only those K’s and A’s which decayed in the
emulsion; the average for all strange particles should be higher. Consequently, an

upper limit on the fraction expected to decay in the target is
F<1—e 2517 o 14, ' (4.31)

(The average distance travelled by a particle before leaving the target is half the

depth of the emulsion.) The expected number of visible V’s (Nv) is then

Ny < Nips 22 f
ce
Nin: = 2638 (4.32)
Ny < (2638)(.1)(.14) ~ 37
where N;p; is the number of charged—current interactions (2638). This is consistent

with the previous estimate.

If, despite the above arguments, there were strange particles in the sample of
decay candidates, then a mean lifetime calculated without any V’s {except those

which come from D** decays - see later) ‘might differ significantly from the original
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estimate. In the sample, there were 13 4—-pronged decays and two V’s from D**

decays; their mean lifetime is 5.2 fi:g %107 13,

The conclusion is that, since the number of visible strange V'’s is consistent
with expectations, and since the mean lifetime of a sample of events which excludes
any possible strange particles is not significantly different from the lifetime of the
complete sample, there is no good reason to suspect that any of the V’s in the D

sample are really strange-particle decays.

Another reaction which can masquerade as the decay of a D° is the decay
of a massive, long-lived neutral baryon other than the A°. For instance, the AT
has a mass®® of 2460 MeV/c?, and the neutral member of the isospin doublet is
expected to have a similar mass. Whenever a charged decay product is consistent
with the proton hypothesis, the baryon decay ansatz must be considered. Of the
26 constrained events in our data set that were consistent with the D° hypothesis,
13 were also consistent with baryon decay hypotheses. The mean lifetime was

calculated without these events; the result was 5.271- x 10713,

A weakly—decaying neufral baryon might produce, as one of its decay prod-
ucts, a 7 or a ™. Each of these particles decays to one charged particle and

one neutral particle.
vt prO

T s nrt (4.34)
5T — n
The transverse momentum of the charged tertiary particle (p or %) with respect
to the direction of the I is approximately 190 MeV/c, so that if the T decays
in the emulsion, the final particle will leave the target with an angle significantly
different from the angle of the T at the charm decay vertex. No instances of this

were found. In each case in which an emulsion track from a decay was matched
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with a drift chamber track, the difference between the angle measured at the vertex
by the emulsion scanners and the angle of the reconstructed track was consistent

with multiple Coulomb scattering.

Neutral baryons in the sample of DV candidates might be revealed by a clus-
tering of fitted masses about the baryon mass. To investigate this possibility, a

Gaussian ideogram was generated.

1 1 <1 2
F =4/o= Y ) ——eStmimmo/ois) 4.33
B(mo) 27 2, 2 s (4.33)

2

The double sum extended over the 13 events which were consistent with the
baryon—decay hypothesis, and over all such hypotheses. The quantities m;;, o5
and n; are, respectively, the fitted mass and uncertainty of the it* hypothesis, and
the number of hypotheses in the 7** event. It can be seen from figure 4.8 that there
is no clustering of fitted masses. The 13 baryon candidates thus evince neither a
mean lifetime significantly different from the D° lifetime, nor a clustering of fitted
masses, nor is there any evidence of £ decay. There is therefore no suggestion of

baryon decays in the sample of D° candidates.

In addition to the decays of sirange particles and long—lived baryons, there
is another reaction which might be mistaken for the decay of a D°: the nuclear
interaction of a neutral hadron in the emulsion. The number of such interactions
expected to appear amongst the decays in the i*® scanning region is the product

of four factors:

o the average number of neutral hadrons produced in charged—current neu-

trino interactions (Npqq);

o the probability that such hadrons will interact and produce even numbers
of charged secondaries without evidence of nuclear recoil — that is, no short, dark

tracks near the vertices (Pyg=0);

70



o the probability of interaction in the i*® region (Pin:(Z:)).
o the scanning efficiency in the ¢*2 region (¢(Z;));

Nint = NpadPrva=0 Z €(Z;) Pint(Z:) (4.35)

t

On average, there are 0.7 proton and 4.3 charged meson tracks, 0.15 K 025

47,57 One would expect,

and 0.05 A%s produced per charged—current interaction
conservatively, there to be as many neutrons produced as protons, so that there
are 0.9 ‘stable’ neutral hadrons per charged—current interaction. Neutral hadronic
interactions have the topology of a neutral decay 4.7% of the time3®. The probabil-
ity of interaction at a distance Z; from the neutrino vertex (ZF°% < Z; < Z[ wohy

is given by

Pint(Z:) = e~ ZE70 1> _ = EN (4.36)

where ) is the interaction length, and Zfﬁgh and Zf“’“’ are the boundaries of 8
region. The interaction length is used instead of the absorption length, which is
twice as large, to take account of elastic scattering which can also mimic neutral

decays. Finally, the scanning efficiencies are listed in Table 2 (p. 54).

In the 2638 inferactions recorded, approximately .6 hadronic interactions
would present the topology of a D° decay. Since the nuclear interaction length of
the emulsion was 351 mm, there is only a 4% chance that one of these interac-
tions would occur within 5 mm of the primary vertex. All of the D° candidates
appeared in this region, so that it is very unlikely that any of them were nuclear

interactions.

In addition to being influenced by background events, the most probable life-

time can also be affected by artifices of the analysis. The first example is the
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manmner in which the 13 0-C events (Appendix 3} were treated. In each of those
cases, it was assumed that only one neutral particle escaped detection, and its
momentum was calculated using the constraints of energy and momentum conser-
vation. The mass of the parent is a quadratic function of ‘missing momentum’,
and there were in general two solutions for the momentum for each parent mass
(fig. 4.9). The average of the solutions, when the parent mass was equal to the
DP mass, was used in the calculation of the mean lifetime. (Once, one of the two
solutions was discarded because the neutral particle posited should have been, but
was not, detected by either the electromagnetic or the hadronic calorimeter.) A
mean lifetime was calculated using the 26 constrained decay hypotheses; the result
was 4.4 T1% x 107135, Extreme estimates of the mean lifetime were obtained from
the sample of 39 events using all the high ‘0-C’ solutions, and then using all the
solutions with low lifetimes. L.ess insouciant techniques would produce estimates
of the mean lifetime closer to the naive original estimate. Since the two extreme
values, 5.07°5 x 10735 and 4.7%2 x 10~ 135, differ insignificantly from the first

estimate of 4.8 x 1035, a more sophisticated approach is unwarranted.

Another uncertainty in the estimate of the mean lifetime is the uncertainty
associated with the scanning efficiencies. As indicated above, D° candidates were
located independently of their decay lengths, {. If, for some reason, this were
not true, then the estimate of 1 would be wrong. This matter was addressed by
noting the effect on r of using efficiencies strongly dependent on decay length. The

efficiencies in Table 2 were replaced by the functions

—.0001 - I{um) + 1.0 I < 3mm
e(l) = .
0.5 [ > 5mm
and
0001 - {(um) + 0.5 !l < 5mm
e(l) = (4.37)
1.0 ) [ > 5mm .

72



The parameters in equation 4.37 were chosen because they represent large, and

unlikely, deviations from a uniform scanning efficiency.

With the efficiency functions in equation 4.37, the most probable lifetimes
are 5.4fé:$ x 107135 and 4.21‘8:; x 10~ '%s. Both of these are consistent with the
original estimate of 4.8 x 10~ '3s. Since it is unlikely that the scanning efficiency
is less uniform than postulated here, any real bias would not significantly affect

the estimate of the mean lifetime.

The estimate of the mean lifetime can also be affected by the method used
for choosing the decay hypotheses. In each constrained event, the hypothesis
with the highest confidence level was chosen. When there are other acceptable
hypotheses (C.L. > .01}, this procedure is expected to select the wrong hypothesis
occaisionally. One consequence of this is that the number of Cabibbo-suppressed
reactions might appear to be too high. Of the 26 constrained decays in this
experiment {Appendix 2), 15 were Cabibbo—favoured, 7 were Cabibbo—suppressed
and 4 were ambiguous. (Three of these involved K}’s. In the fourth event no
primary muon was identified, so that it wasn’t clear whether the parent was a D
or a ﬁo.} This result is inconsistent with the naive view that Cabibbo-favoured

decays should outnumber Cabibbo-suppressed decays by a factor of about 20.

However, 4 of the 7 Cabibbo—suppressed decays also had acceptable Cabibbo
favoured solutions. If these events, and the 4 ambiguous cases, are really Cabibbo .
favoured, then there are 23 favoured and 3 suppressed decays. This is consistent
with the naive expectation; if Cabibbo—suppressed decays appear 5% of the time

on average, then 14% of the time there will be 3 or more in a sample of 26.

This ‘mis—selection’ of hypotheses can, in principle, affect the mean lifetime.

Nevertheless, when the 4 Cabibbo—suppressed decays were replaced with the ac-
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ceptable Cabibbo—favoured solutions, the most probable lifetime did not change

significantly.

A third feature of the analysis algorithm which could have led to an erroneous
result is the manner in which reconstructed #°’s were combined with the charged

%5 and the resulting

decay products to ensure momentum conservation. Since 7
photons left no tracks, there was usually no way to decide whether the 7° came
from the neutrino interaction vertex or the decay vertex. (This decision could be
made if a photon converted in the emulsion, and if the eTe™ pair clearly pointed to
one of the vertices.} The cited lack of tracks leads one to question the conjoining
of signals in the lead glass with the decay vertices: how likely is it, in fact, that

photons unassociated with the decay could be used to reconstruct 7°’s and to yield

acceptable D° hypotheses?

This question was addressed by selecting, from two separate events, two show-
ers whose invariant mass differed from the 7°’s mass by less than three standard
deviations, and by combining them with the charged particles from a charm-
decay candidate from a third event. Events with four prongs and those with two
prongs were treated separately; photons from 4-pronged events were combined
with other 4-pronged events, and photons from V’s were combined with other

V’s. Only showers which were distinct and unambiguous were used.

From the 4-pronged events, 218 v combinations were formed, of which 87
had acceptable masses. When these were combined with the charged particles from
one of the 4-pronged events, 18 of the ersatz pions yielded acceptable hypotheses
(CL > .01). Of those, 5 hypotheses had confidence levels higher than did the
combination formed entirely within one event. Consequently, in the two 4-pronged
events involving a single #°, it is justifiable to choose the hypotheses with the

highest confidence levels, since there was only an 11% chance that pairs of photons
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unrelated to the charged particles could produce decay hypotheses with higher

confidence leveals,

The V’s yielded 508 v+ combinations; 143 of them had acceptable invariant
masses. Substitution of these bogus 7°’s for the secondary 7° in a V event yielded
15 acceptable hypotheses. None was better than that event’s original hypothesis.
As in the previous case, it is therefore justifiable to choose the hypotheses with
the highest confidence levels; here there was less than a 6% chance that pairs of

unrelated v's could yield higher confidence levels.

Having now considered what the events were not, the remainder of this section
discusses the evidence that they were D%’s. Sometimes D°’s come from the decays

of D*T's,
D*t D%t

l (4.38)

X
The difference between the masses of the two charmed particles can be measured
much more precisely than can the masses of either the DY or the D*T. The
uncertainty is determined largely by the uncertainty in the momentum of the
pion, which is usually not very energetic, and whose trajectory consequently bends
significantly in a magnetic field. In such instances, the momentum can be measured
very precisely. The mass difference (145.41%.16 MeV/c?)° is only 6 MeV/c?
greater than the pion’s mass, so that unrelated D%+ pairs are unlikely to yield

such a small value.

Three pairs with small mass differences were found (fig. 4.10a). The values,
in MeV/c?, were 148+ 2, 150+ 3 and 143 £4. All three proved to be kinematically
consistent with the D*™ hypothesis. To investigate how frequently unrelated D°’s

and 7’s produce small differences, given the momentum distributions peculiar to
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this experiment, mass differences were calculated for [’s and #’s from different
events. Of the 1262 combinations formed, four had masses less than or equal to
150 MeV/c? (fig. 4.10b). One would thus expect to observe, amongst the 30
combinations formed from D’s and 7’s from the same event, 0.1 examples with
masses less than 150 MeV/c?. Since the probability of observing one or more such
cases in a sample of 30 is 9%, the 3 candidates that were found probably came

from D*t decays, and were therefore probably D°’s.

Even if a mass difference could not be calculated, the decay chain could still
be identified. This situation arose when the momentum of a decay product was
not measured. Since the mass difference is so nearly equal to the 7™ mass, the
D® and the n+ are released almost at rest in the D*T frame, and they have very
little momentum perpendicular to the direction of the D*T. Consequently, in
the lab frame, the pion has little momentum transverse to the D? direction. In
the three D*T cases cited above, the perpendicular momenta were less than 50
MeV/c. This was also true in the four ‘mixed-event’ combinations, but none of
them pi'oved consistent with the D*T hypothesis when analyzed with the kine-

matical hypothesis—testing programme.

With the criterion that 7’s from D**’s have perpendicular momenta less than
50 MeV/c, we examined for evidence of D**’s those events with incompletely—
specified secondary decay products, which also had primary pions whose momenta
had been measured. Among the 2584 ‘mixed-event’ pairs formed, 93 satisfied the
condition. Moreover, of the 1262 cases already mentioned which allowed a mass
difference measurement, 46 had perpendicular momenta less than 50 MeV/c (fig.
4.10d), and none was consistent with the D*1 decay chain. Since the fraction of
‘mixed-event’ pairs with perpendicular momenta less than 50 MeV /c is the same

in both samples, we were able to use the restricted sample to conclude that the
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probability of an unrelated pair having a p; of 50 MeV/c or less, and which fit the

D* hypothesis, is less than 2.1% (1/47).

In the sample of 68 ‘same-event’ pairs which included D%’s with undetermined
mormenta, 5ix cases met the transverse momentum condition (fig. 4.10¢). All six
were kinematically consistent with the D** hypothesis. Since the probability of
observing by chance one or more examples in a set of 68 is less than 12% , all six
candidates were probably D**’s. {Two of these were outside the fiducial volume,
and were not included in the collection of 39 decays for which a mean lifetime was
calculated. They have been discussed here fo illustrate the characteristics of the

D*+ — D% decay chain.)

In the full sample of 39 D° candidates, there were four primary tracks which
stopped in the emulsion, and 22 more which were not matched in the drift cham-
bers. The momenta of these tracks could not be measured, but the events could
still yield evidence of D**s. In the six previously—identified D** events, the angles
between the 7%+ tracks and the directions of the D°s were less than 70 mr. Of the
1262 ‘mixed-event’ pairs which had both mass difference and p; measurements, 90
had angles less than 70 mr. None was consistent with the D** hypothesis. This
corresponds to a limit of 1.1% (1/91). Among the ‘same-event’ pairs in which all
momenta were measured, there were ten cases with opening angles less than 70
mr, six of which fit the D*t hypothesis. These are the D** candidates already
identified. The probability of having one or more acceptable fits, by chance, in a
sample of 10 is less than 10%. Thus if the angle between a 7+ and a D is less
than 70 mr, and the kinematic fit to a D** decay is acceptable, the event is prob-
ably the decay of a D*T. When the events with primary pions with unmeasured
momenta were examined, no cases were found that were consistent with the D"~

hypothesis.
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To summarize, four decay candidates were identified as D%'s because it was

established that they came from D* decays.

There are two other decay chains involving D*’s and D%,
D% - Doy

and

D*® — D%, _ (4.39)

In principle, the first has characteristics similar to those of the D*t — DOx*
chain, since the pions have similar masses, as do the D*’s. Specifically, the mass
difference is very nearly equal to m,o, so that unrelated Dx pairs are most likely
to have mass differences much larger than 145 MeV/c%. Moreover, the momentum

of the m° perpendicular to the D° direction is small.

Practical considerations altered these expectations. The 7° candidates were
reconstructed from pairs of photons. Measurements of the photon energies, made
with the lead glass system, are less precise than are measurements made with
the drift chambers of the momenta of charged particles. Furthermore, there are
two photons to dominate the uncertainty in the mass difference, whereas in the
charged case there was only one 71, Accordingly, the uncertainty is greater than

in the charged case.

Pairs of 4’s were selected using the following criteria: the invariant ma.és was
greater than 70 MeV /c?, less thaﬁ 200 MeV/c2, and differed from m o by less than
2.5 standard deviations; neither photon had an energy more than five times greater
than the energy of the other; the net momentum of the two +’s perfmendicular to
the D direction was less than 50 MeV/c; and finally the momentum of the x° was
less than 2.0 GeV/c. The last condition was introduced because the momenta of

the primary pions in the D*T decays were less than 1.6 GeV/c.
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Three triplets satisfied these conditions. One involved a DP already identified
as part of a D*+ chain. The other two had mass differences that were too large
and imprecise {222+54 GeV/c? and 215235 GeV/c?). Thus, no examples of the

D*® — D0 chain were identified.

The third decay chain is D*° — D%y, Unfortunately, the kinematic restric-
tions are less exigent than in the Dn cases. The photon is massless, so that
relatively many unrelated D’s and «y’s might be expected to yield mass difference
values between the canonical mass difference?®, 142.5 MeV/c?, and the kinematic
limit, 0.0 MeV/c?. Moreover, the perpendicular momenta of the v’s with respect
to the D directions need not be small. There was no evidence to indicate the

presence of the D*9 — D%y chain in the D° sample (fig. 4.11).

Most of the decays in ;che full sample were consistent with one or more hy-
potheses, since not all of the secondary particles could be identified. The proper
lifetime for each event was calculated assuming that each reaction was the decay
of a D°. To test this assumption, a Gaussian ideogram of fitted parent masses was
generated. The fitted masses and uncertainties, m:; and oy;, were calculated using
the hypothesis—testing programme, requiring only that energy and momentum be
conserved at each vertex. In cases involving the decay of a #°, the pion’s mass
was constrained to be 134.96 MeV/c?. The Gaussian function F(mg) was then

calculated.
M1 E 1 & |
F(mo) = o Pl Z ;j'_‘e_'s(m""—mo’,a“j} ' (4.40)
ij=1 7 oi=1 "4

The double sum extended over all acceptable {C.L.> 0.01) meson—decay hypothe-
ses, and over the 25 events for which a mass could be calculated. Each event had
n; hypotheses. The result, shown in figure 4.12, is that there is a very clear clus-

tering of fitted masses about a central value (1865 MeV/c?) consistent with the
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accepted mass of the D° (1864.7 MeV/c?). This supports the assumption, explicit

in the lifetime calculations, that all the events in the sample were D° decays.
Conclusion

In this chapter, it has been shown that decay candidates were found indepen-
dently of their positions along the beam direction in the emulsion, and of their
decay lengths (except for very short lengths, and for decays outside the target).
There is no evidence that the events were anything but the decays of D° mesons;
in particular, they were neither strange decays, baryon decays, nor nuclear inter-
actions. In some cases, events were identified as D%’s because they ca,rl;le from
D** decays. The most likely average invariant mass of all the events is 1865,
consistent with the accepted D° mass. Finally, the most probable mean lifetime

of the sample is 4.8f3:$ x 10713 seconds.
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Figure 2.5. Second Term in S-Matrix

Figure 2.6. Third Term in S-Matrix
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Figure 2.8. Decay of a Charmed Quark
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Figure 2.8a. Decay of a2 Charmed Quark
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Figure 2.10. Tau Decay
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Figure 2.11. The ‘Penguin’ Mechanism

Figure 2.12. Pion Decay
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10.

11.

12,

13.

14.

15.

Appendix 2.

Constrained Decays

Decay Mode
(D*)E~x* (°)

Ktr—xC

mta—r
xtr~ K¢

K—n+x0

Proper Time
(1013 5)

12.63
0.70

0.38
0.01

.79
0.14

7.13
0.31

0.60
0.02

11.9
0.4

3.75
0.16

1.65
0.10

1.69
0.12

10.0
0.5

1.38
0.08

6.26
0.32

3.08
0.17

11.40
0.30

1.96
0.06

Momentum
(GeV/c)

10.36
0.17

33.11
C.99

17.00
0.29

4.24
.07

13.29
0.26

8.5
0.2

21.55
0.23

11.40
0.17

15.64
0.69

15.6
0.4

9.08
0.10

41.72
2.12

21.75
0.33

18.90
0.07

14.35
0.25

Length
(um)

21046
112

120
2128
10
486

128
1589

50

1301
55

303
18

425
24

2221
110

201
12

4199
1077
60

3477
100

452
15



i6.

17.

18.

19.

20,

21.

22.

23.

24,

25.

26.

Decay Mode

Ktr—#x%g0

Proper Time
(10—12 )

2.4
0.1

1.06
0.74
0.08

6.64
0.56

8.64
0.47

0.44
0.04

Momentum
(GeV / ¢)

19.5
0.3

23.42
0.49

3.74
0.09

4.56
0.03

14.19
0.68

12.38
0.14

61.83
11.43

10.9
0.1

28.2
2.4

15.15
0.16

22.4
1.3

Length

- (um)

760
40

1332
74

112
8

273
19

15
2

378
2

1058
54

129
14

3006
3

2107
112

157
10



Appendix 3.

Unconstrained Decays

Decay Mode Proper Time Momentum Length
(107135)  (GeV/e)  (um)

K- ut(v,) 4.1 30.9 2054
B 9.0 14.2 2
K—at{x% 2.8 15.9 705
10.8 . 4.0 20
T (K°) 2.0 21.7
9.9 4.4
rt K~ (x%) 0.9 25.4 383.4
6.8 3.5 0.3
atr~ (K°) 0.4 57.7
6.3 3.8
K-a~rxtat(x) 3.6 5.83 338
0.2 15
K~ x*(x% 0.07 30.5 34.0
0.28 7.5 0.5
x~rt(K°) 0.03 67.9
0.26 8.0
(P )x*tr— (K9 2.07 19.7 654
14.3 2.84 20
pt K~ (v,) 0.29 5.4 25
0.50 3.1 2
pt K= (v,) 1.1 11.7 197
2.4 5.2 20
T K~ (x°) 1.4 20.5 459
‘ 4.1 7.0 23
" (K°) 0.8 37.2
3.8 7.6
K—7t(x%) 1.9 14.0 437
2.5 11.0 28
K7t (x%) 9.2 6.8 994
14.1 4.4 5
7~ nt(K°) 3.5 17.9

14.3 4.3



Decay Mode

12. w- a7 " nT(KP)
KE-gtn~n+ (7%
7= a T K7t {x")

13. K-zt (x9)
7zt (K°)

Proper Time Momentum
(10712 ) (GeV/c)

0.3 4.4
0.3 3.9
0.3 3.8
9.8 8.3
7.4 11.0

10.5 7.7

Length
(um)

18.0
0.5

1306
11
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