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ABSTRACT

CHARM MUOPRODUCTION IN DEEP
INELASTIC SCATTERING AT 269 GeV/c

BY
JAMES PHILIP KILEY

An experiment was performed at the Fermi National Accelerator
Lab, located near Batavia, I1linois, using a positive 269 GeV muon
beam incident on a 7.38 meter long iron-plastic scintillator target.
With an incident flux of 1.0974 x 1010 muons (total Tuminosity of
2.80 x 1037/cm2), 449 events with two muons in the final state were
observed. Applying the track reconstruction and scanning efficiency
of ~ 70% gave the expected number of dimuons (644) for this experi-
ment (FNAL experimert 319). Subtracting the Monte Carlo calculated
m/K internuclear cascade decay and prompt muon production backgrounds
(a total of 56 events), and the QED trident dimuon background (a total
of 10 events), yielded 578 dimuon events which were attributed to
associated charmed D meson production and semileptonic decay. Using
a DD Monte Carlo simulation based on the Nieh DD production model, the
Pt (transverse momentum of the produced muon with respect to the
virtual photon direction) acceptance was calculated and used to unfold
the background subtracted renormalized data dimuon Pt spectra,
yielding the total number of dimuon events expected for the experiment
wfthout apparatus acceptance. This number of events was used to cal-
culate the cross section for associated charmed meson production,
which was calculated to be (3.2 + 0.8) nanobarns per nucleon. This

cross section compares favorably with the cross section calculated



by Barger et al., based on the photon-gluon fusion model of quantum
chromodynamics, of approximately 5 nanobarns per nucleon for our

incident muon energy.
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CHAPTER I
INTRODUCTION

1.1 Theoretical Overview

The current picture of the structure of matter is based on the
belief that matter is composed of quarks] and leptons, both of which
are spin % point-like fermions. Leptons (e.g. the electron, muon, and
neutrino) feel the electromagnetic and weak forces, but not the strong
force (i.e. leptons are not "co]ored"z). Quarks, which are predicted
to have fractional electric charges, see Table 1.1, feel the strong,
electromagnetic, and weak forces, and are thought to be the building
blocks of which the strongly interacting particles (hadrons) are
composed (e.g. the proton, neutron, pion, and kaon). There are two
kinds of strongly interacting particles: a) the baryons, common
examples of which are the proton and the neutron, which are fermions
(i.e. they obey Fermi-Dirac statistics3 and have intrinsic spins which
are half-integral multiples of h/2m, h the Planck constant) and are
composed of three quarks (antibaryons are composed of three anti-
quarks) and, b) the mesons, common examples of which are the pion and
the kaon, which are bosons (i.e. they have intrinsic spins which are
integral multiples of h/2n, and obey Bose-Einstein statistics3) and
are composed of a quark and an antiquark.

The forces between these elementary particles are viewed as due
to the exchange of spin one bosons (spin two for gravity). For the
strong force, the quarks are assumed to occur in three "co]ors"z, a

property of the quarks (analogous to the charge of a lepton, the

strong force can be thought of as due to the "color charge" of the




Table 1.1 Quark Properties

Baryon Isospin I3 Strangeness  Hypercharge Charm Charge

number  (I) (S) (Y) (C) (Q)
u 1/3 1/2 +1/2 0 1/3 0 2/3
d 1/3 1/2 -1/2 0 1/3 0 -1/3
S 1/3 0 0 -1 -2/3 0 -1/3
o 1/3 0 0 0 0 1 2/3

Q= I3 +Y/2 +2/3C

Table 1.2 Pseudoscalar Meson (Jp = 0°) Properties

Pseudoscalar Meson Octet

Quark Content Mass (MeV) Mean Life Time (sec)

m ud 139.6 2.6 x 1078
n ud 139.6 2.6 x 1078
n° 1/v 2 (uu-dd) 135.0 0.83 x 10716
K" us 493.7 1.24 x 1078
K™ us 493.7 1.24 x 1078
K° ds 497.7 >5.18 x 1078
K° ds 497.7 >5.18 x 1078
n° 1/v/ 6 (uu+dd-2ss) 548.8

Pseudoscalar Meson Singlet

n' 1/V 3 (uu+dd+ss)  957.6
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quarks, just as the electromagnetic force is due to the charge of a
particle) which distinguish them from the leptons, which are colorless.
The strong force between the colored quarks is seen as being due to
the exchange of the colored vector gluons, eight spin one massless
particles (note that the gluons carry the color charge and can inter-
act with themselves). The electromagnetic force between charged
particles is seen as being due to the exchange of photons, which are
spin one massless particles. The weak force between quarks or leptons
(a common example of the weak force is nuclear beta decay, n+p+e'5é)
is viewed as the exchange of the intermediate vector (spin one) mesons,
the w+, Z°, and W™, which are thought to have relatively large masses

(> 80 GeV/c2, compared to the proton masses of ~ 1 GeV/c2), which helps

account for the short range of the weak force.

4

In the 1950's", only two flavors of quarks, the u and the d quarks,

were necessary to explain the observed hadronic structure. In the

late 1950's, one more quark, the strange (or s) quark, was 1ntroduced4,
which helped to explain the large number of new strongly interacting
particles observed. By the 1960's, there were four leptons: the
electron, the electron neutrino, the muon, and the muon neutrino (as
well as the four corresponding antileptons). In the mid 1960‘55,
theorists suggested a fourth quark, the charmed (or c) quark, was
needed. This quark had to be relatively massive (mC ~ 1.5 GeV/c?,
compared with masses of ~ 300 MeV/c? for the u and d quarks, and a
mass of ~ 510 MeV/c? for the s quark) and was needed to explain

6 which will be

7,8

certain theoretical and experimental observations
described in detail later. The discovery of the y (3095) and its

family of associated states9 in 1974 was interpreted as the discovery




4

of a family of mesons composed of a charmed quark and a charmed
antiquark. So with four leptons (and their corresponding antilep-
tons) and the four flavors of quarks (and antiquarks), each of which
occured in three colors, all of the "necessary" fundamental particles
seemed to have been discovered. The discovery of the tau ]epton]O
(mT ~ 1.8 GeV/c2) in 1975, and its éssumed neutrino, added two
more leptons to the lepton family, breaking the quark-lepton symmetry5
(one of the compelling reasons for the c quark's existence). The

1 of

quarks gained another new member, with the discovery in 1977
the upsilon, which is now interpreted as a bound bb quark pair,

b being a new quark flavor, similar to the strange quark but with a
mass of ~ 5 GeV/c2. Another quark is expected, one which is asso-
ciated with the b quark and is called the t quark, which is expected to
be much heavier than the b quark. Bound particle states containing t
quarks have not yet been discovered. How many quarks and leptons will
ultimately be discovered is one of the remaining interesting problems
of elementary particle physics.

This thesis is concerned with the production, and semileptonic
decay, of charmed mesons in deep inelastic muon-nucleon scattering,
this being the most likely interpretation of multimuon final states
observed in deep inelastic muon scattering experiments at Fermilab in

12 13

the early © and late '~ 1970's.

1.2 Ultimate Structure of Matter

Man has always been curious about the smallest building blocks
of which matter is composed. The ancient Greeks developed the concept

of the atom as the smallest, indivisible building block of matter.




5

The discovery of radioactivity in 1896 by Henri Becquerel dispelled

the idea of atoms as permanent entities, and the 1911 experiments of
Ernest Rutherford showed that atoms consisted of a small, dense nucleus
surrounded by a cloud of atomic electrons. The discovery that the
atomic nucleus was composed of nuc]eons4 (protons and neutrons) seemed,
for a while, to make these particles, along with the electron, the
only ones necessary to explain the structure of matter. Early low

14 where the structure

energy electron-nucleon scattering experiments,
of the atomic nucleus and nucleons was probed by virtual photons
(photons for which the relationship E2 = p2¢c2 + m2c" gives a non-
zero mass) emitted by the scattering electrons, revealed that the
nucleon was not homogeneous, but rather had a complex structure. The
discovery of the muon, pion, and neutrino added new particles to be
accounted for, and in the 1950's and 1960's hundreds of new "funda-

4, including the strange particles

mental" particles were discovered
(which possessed a new quantum number, strangeness, and had to be
created in pairs when created via the strong interactions), the kaons
and hyperons. High Pt jet structure (the final state particles coming
out in well defined "jets" at large angles relative to the incident
particles directions) in pp scattering looked remarkably like the
jet structure observed in electron-positron scattering, suggesting
that protons contained point like constituents.

In an attempt to explain the spectrum of observed strongly inter-

acting particles, Gell-Mann and Ne'eman]

in 1961 developed a theory
based on symmetry groups]5 (called the eightfold way, based on SU(3)

symmetry). A11 known strongly interacting particles at that time
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fit into this scheme, and a new particle, the omega minus, was pre-
dicted to exist (it was d1'scover‘ed]6 in 1964). The theory predicted
the existence of a fundamental triplet of particles from which

all the other "known" hadrons could be constructed. These were the
three flavors of quarks, called u, d, and s. The quarks are point-
like fermions (spin % particles which obey the Fermi-Dirac statistics)
and were predicted to have fractional electric charges. The charge
of the u quark is 2/3 |e| , while the charges of the d and s quarks
are - 1/3 |e|, with |e| being the magnitude of the electron's charge.
Corresponding to these three quarks, there are three antiquarks (the
u, d, and s) with the same mass but with the opposite electric charge
of the corresponding quark.

The particles which feel the strong force (the hadrons) are
divided into two groups, the mesons and the baryons. The mesons are
bosons (i.e. their intrinsic spin is an integral multiple of %) and
are composed of a quark and an antiquark. Common examples of mesons
are the n+(ua), the = (ud), the K+(U§), the K (us), the K°(ds), and
the K°(ds). The properties of the lowest mass mesons are shown in
Table 1.2. The baryons are fermions (i.e. their intrinsic spin is
a half-integral multiple of 4i) and are composed of three quarks (anti-
baryons are composed of three antiquarks). Common examples of spin %
baryons are the proton (uud), the neutron (udd), the £ (dds), and the
z+(uus). The properties of the lowest mass baryons are shown in
Table 1.3.

The pseudoscalar mesons, which are composed of a quark and an

antiquark in a state of zero relative orbital angular momentum, have
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Table 1.3 Lowest Mass Baryon Properties

Baryon Octet (JP = 1/2+)
Quark Content Mass (MeV) Mean Lifetime (sec)

p uud 938.3 >1031 years

n udd 939.6 918

z+ uus 1189.4 0.80 x 10710

£° 1/v 2 (ud+du)s 1192.5 5.8 x 10720

z dds 1197.4 1.48 x 10710

£° uss 1314.9 2.9 x 10710

g dss 1321.3 1.65 x 10710

Baryon Singlet (JP = 1/2+)
A° 1/V 2 (ud-du)s 1115.6 2.6 x 10710

Baryon Decuplet (Jp = 3/2+)
++

A uuu 1232
At uud 1232
A° udd 1232
A~ ddd 1232
*+

z uus 1382.3
*0

L uds 1382.0
£ dds 1387.5
*0

5 uss 1531.8
i dss 1535.0

Q SSS 1672.2
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a total of nine possible physical states (in the language of group
theov‘yw, 3 x 3* = 1 + 8), which can be divided into a singlet and
an octet of particle states, as shown in Figure 1.1. Given two
spin % constituent particles, there are two possible results for
the total angular momentum of the particle state (for zero orbital
angular momentum), spin zero (pseudoscalar mesons) and spin one
(vector mesons). The corresponding vector meson states are the K*+,
K7, ot 6% 07, KL B, w, and  ¢(sS), shown in Figure 1.2.

For the baryons, there are 19 lowest 1ying physical states
(3x3x3 = 1+8+8'+10, but because of symmetry, one of the 8's does
not correspond to physically observed particles), which can be grouped
as a singlet, a baryon octet (spin %), and a baryon decuplet (spin
3/2), shown in Table 1.3; the only possible total spins being %
and 3/2, as the result of adding three spins of %. The weight dia-
grams for the spin % baryon octet and spin 3/2 baryon decuplet are
shown in Figures 1.3 and 1.4.

In the weight diagrams for the particle states discussed above, |
the states are classified according to two quantum numbers, I (isospin)
and Y (hypercharge). The isospin quantum number (I) is a measure of
the number of charged particle states which have approximately the same
mass, the total number of charged states being: 2I + 1. For the pions
I =1 (i.e. there are 2I + 1 = 3 charged states), and the states in
the pion multiplet are distinguished by their values of I3 (+1 for
the “+, 0 for the #°, and -1 for the 7~). For the nucleons (proton
and neutron) I =% (i.e. there are 2I + 1 = 2 charged states), with the

proton having I3 = +; and the neutron having I3 = -4. The other
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Figure 1.1

Pseudoscalar Meson Nonet
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additive quantum number Y (hypercharge) is defined as: Y =B + S,
where B is the baryon number and S is the strangeness quantum number.
The baryon number of a quark is +1/3 (B for an antiquark is -1/3), so
the baryon number of a baryon (composed of three quarks) is +1, the
baryon number of an antibaryon (composed of three antiquarks) is -1,
and the baryon number of a meson (composed of a quark and an antiquark)
is 0. The strangeness quantum number for the u and d quarks is zero,
and for the s quark is -1 (+1 for the s antiquark), so the strangeness
quantum number is a measure of the number of strange quarks in a par-
ticle state. The isospin and strangeness quantum numbers are conserved
in the strong interactions, while the strangeness quantum number is not
conserved in the weak interactions. Baryon number seems to be conserved
in all interactions, and is the reason the proton (the lightest baryon)
is so stab]e]7.

The one remaining property of quarks to be discussed is color.
Each flavor of quark (u,d,s,...) is assumed to occur in three different
colors (called red, green, and blue, for simplicity), a property of
the quark analogous to the charge of a charged particle. The quarks
that make up hadrons are colored, but the physical hadrons themselves
are colorless (i.e. net color equal to zero). For the baryons, the
three quarks in a baryon each have a different color, giving the
baryon itself a net color of zero. For the mesons, the color of the
antiquark is the anticolor of the quark's color, giving a net color
of zero for mesons. These three colors form an SU(3) color group,
which is thought to be an exact symmetry (i.e. quarks of the same
flavor but different colors have the same mass). The generators of

this SU(3) color symmetry (i.e. the objects which rotate the quarks
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from one color state to another) are the eight massless colored
vector (spin 1) particles called gluons (these are thought to hold
the quarks together in hadrons). These gluons are the carriers of
the strong force, in much the same way that the photon is the carrier
of the electromagnetic force between charged particles. Quarks inter-
act with each other by exchanging gluons (gluon emission changes
the quarks' color, but not its flavor).

The color property of quarks was hypothesized for the following

reasons: 1) Color was needed to preserve the Fermi statistics for

baryons. Baryons are fermions (they have half integral values of
intrinsic spin and must be created and destroyed in pairs) and their
total wave function must be antisymmetric. For the at (composed

of three u quarks in a state of zero orbital angular momentum),
which is a spin 3/2 baryon, all three quarks must have their spins
aligned. So the total wave function in this case is symmetric with
respect to the exchange of any two of the quarks (since the quarks
all have the same orbital angular momentum and spin alignment). If
each of the u quarks in the Attt is a different color, then the
quarks are antisymmetric in color, and the total wavefunction is now
antisymmetric with respect to the exchange of any two quarks. In
this case, it is seen that there must be at least three colors.

2) Color helps explain why the only quark combinations seen so far
for hadrons are qqq (qqq) for baryons (antibaryons) and qq for mesons.
There are no other simple colored quark and antiquark combinations
which give colorless hadrons. 3) Color helps explain the difference

between quarks and leptons. Quarks are colored and hence feel the
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strong force, leptons are colorless and hence do not feel the strong
force, only the electromagnetic and weak forces. 4) Color is neces-
sary in order to get the correct answer for the calculation of the

n° lifetime. The calculated lifetime of the n° is off by a factor

of three from the measured value if quarks are not colored. 5) Color
is needed to help explain the value of R(=¢ (e+e' > hadrons)/o(e+e' -
u ﬁ ")) measured in electron-positron scattering18. The calculated
value for this ratio (which will be described later) is low by a factor
of approximately three when compared to the experimentally measured
value if quarks are not colored, and the agreement between theory and
experiment is very good if quarks are colored.

The family of leptons (literally "light ones") do not feel the
strong force (i.e. leptons are not colored), but they do feel the
electromagnetic (for charged leptons) and weak forces. Leptons are
spin % fermions (they must be created or destroyed in pairs) and seem
to be point-like particles. The electron (discovered in 1897 by
J. J. Thomson; m, = 0.511 MeV/c2) was the only known lepton until

19

the discovery, in cosmic ray cloud chamber experiments ~ in 1937

and 1938, of the muon (whose mass is 105.66 MeV/c2, or approximately
207 times that of the electron; the mean life of the muon is 2.20 x
107 sec). Conservation of momentum, energy, and angular momentum

20

in nuclear beta decay led Pauli™ in 1933 to postulate the existence

of light, uncharged spin % particles, called neutrinos (and their
antiparticles, the antineutrinos). The existence of neutrinos was

21

demonstrated by Reines and Cowan~ in 1959, using the intense anti-

neutrino fluxes from a nuclear reactor. Experiments at Brookhaven and
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CERNZZ

in 1962-1963 proved the existence of two types of neutrino;

one was associated with the electron (and occured in nuclear beta
decay), while the other neutrino was associated with the muon (and
occured in pion decay). Muons and electrons each have separate addi-
tive leptonic quantum numbers associated with them, quantum numbers
that are conserved in any allowed reaction. Negative leptons and neu-
trinos have lepton number eigenvalues of +1, while positive 1eptohs
and antineutrinos have values of this leptonic quantum number of -1.

The decay u~ -+ e y does not seem to occur (it does not conserve muon

or electron number), whereas the decay u - e v

v does occur
e u

(this accounts for approximately 98.6% of muon decays, and does
conserve both muon and electron number). The current upper limits on
the masses of the neutrinos are: mass (ve) < 6 x 1075 MeV/c2, and

mass (vu) < 0.57 MeV/c2. Being point-like particles whose electromag-
netic interactions are well understood (using quantum electrody-

23)’

namics the charged Teptons are used in many scattering experiments

as probes of nuclear and nucleon structure]4.

If neutrinos are massless, then there are only two possible
directions their intrinsic spin vectors can point relative to their
direction of motion, either parallel or antiparallel. Nature has
made the choice23 that there are only left-handed neutrinos and
right-handed antineutrinos (i.e. for neutrinos, the spin vector
is antiparallel to the .momentum vector).

After a short discussion of gauge theorie524 (the current set

of theories that seem to explain the forces and interactions between

the quarks and leptons), the role of the charmed quark can be dis-

cussed.
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1.3 Gauge Theories

In this section, the forces which act between elementary
particles will be discussed. There are four known forces: the gra-
vitational force, the strong force (responsible for holding the
nucleons inside the atomic nucleus together), the weak force
(responsible for nuclear beta decay, pion and kaon decays, and neutrino
interactions), and the electromagnetic force (which is felt by the
atomic electrons in their orbits of the atomic nucleus). The relative
strengths of these forces can be seen by comparing their respective
coupling constants. The strong force has a coupling constant (as)
equal to ~ 1, the electromagnetic force has a coupling constaﬁt (a)
equal to 1/137, the weak force has a coupling constant (G) equal to
N 10'5/mp2, and the gravitational force between two elementary particles
has a strength of ~ 107 %3 relative to the strong force.

The range of the electromagnetic (EM) and gravitational forces
is infinite, since these forces are thought to be due to the exchange
of massless particles (the spin two graviton for gravity and the spin
one photon for the EM force), while the strong and weak forces have a
finite range (< 10713 cm), due (for the weak interactions) to the
exchange of massive particles (the spin one intermediate vector mesons,
the w*, Z°, and W™, whose masses are expected to be greater than
80 GeV/c2). The lifetimes of particles which decay strongly are
typically about 10723 sec, compared to about 10716 sec for EM decays,

and about 108 sec for weak decays.
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A11 of the particles necessary to explain the structure of

matter (the quarks and leptons) are fermions, which obey Fermi-Dirac
statistics and must be created or destroyed in pairs, while all of
the particles responsible for interactions between these particles
are bosons (i.e. the vector gluons of the strong interaction, the
intermediate vector mesons of the weak interaction, and the photon

of the EM interaction) which obey Bose-Einstein statistics, can be
created or destroyed singly, and which have no restrictions as to

how many particles can occupy the same quantum state (for fermions,
no two identical fermions can occupy the same state, identical imply-
ing having all the same quantum numbers, such as spin, iéospin, hyper-
charge, charge, and orbital angular momentum).

One of the first successful theories to be developed was the
theory of e]ectromagnetismzs, which is described by the Maxwell
equations. Besides successfully describing the electric and magnetic
properties of matter, it predicted the existence of electromagnetic
radiation. The development of special relativity in 1905 (by
A. Einstein) and quantum mechanics in the early 1920's led to a
successful description of the then known atomic physics phenomena
(such as the electron energy levels of atoms). The merger of special
relativity and quantum mechanics into quantum electrodynamics (QED)
in 1928 by Dira026 led to one of the most accurate theories to date.
It accounted for the spin of particles (spin being the intrinsic
angular momentum of elementary particles), was the first theory which

allowed for the creation and destruction of particles, and predicted
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the existence of antiparticles (the first of which, the positron,
which is the antiparticle of the electron, was discovered in 193227).
The electromagnetic force between two charged leptons is due to the
exchange of virtual photons, and using this concept the cross sections
for efe” > e'e” and eTe” » e7e” scattering can be successfully pre-
dicted using QED23.

The current theory of the strong interactions, quantum chromo-
dynamics (QCD), is based on the idea that the strong force is due to
the exchange of colored gluons (gluons are thought of as the "glue"
that holds the hadrons together). The eight vector gluons are spin
one massless particles, and are the generators (i.e. the objects
which change the quarks from one of the three possible color states
to another color state) of the exact SU(3) color theory (exact in that
the masses of quarks of the same flavor but different color are the
same). Unlike QED, where the carrier of the force (the photon) does
not carry the property of the particle which is responsible for the
force (i.e. the charge of the particle emitting the photon), in QCD
the gluons are themselves colored and can interact with each other.
Quarks.in a hadron continually emit and reabsorb gluons, some of
which break up into low momentum quark-antiquark pairs (which compose
the quark-antiquark "sea", i.e. the non-valence quarks of a hadron,
the valence quarks being the quarks which determine the identity of
the hadron under consideration). Gluon emission changes the color
of a quark, but not the quark's flavor (i.e. a u quark emitting a
28

gluon remains a u quark). Lepton-nucleon scattering experiments

have shown that only about % of the momentum of a nucleon is carried
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by the charged quarks, the remainder is thought to be carried by

the electrically neutral gluons.

In QED, the shorter the distance from a bare electron that is
probed, the stronger the EM force is measured to be. The "bare"
charge of a lepton is screened by a cloud of virtual electron-positron
pairs which come from the electromagnetic vacuum23. The QCD force
appears to act in just the opposite way, the closer one gets to a
bare quark (or equivalently, the higher the energy of the probe used
to look at nucleon structure), the weaker the strong force seems to
get. This property is known as asymptotic freedom, and accounts for
the fact that as higher and higher energy probes are used to look at
nucleon structure, the probes seem to be looking at essentially free
quarks. This is due to the "antiscreening" of quarks by gluons.

The strong force seems to become stronger at large distances
(i.e. when low energy particles are used to probe the structure).

This "infrared slavery" is thought to be responsible for the fact that
free quarks have not been observed. As a quark is pulled further from
the other quarks making up a hadron, a point is reached where enough
energy has been added to the system that one of the gluons holding

the quark in the hadron fractures, yielding a quark-antiquark pair.
The antiquark of the pair combines with the quark to yield a meson
(bound qq pair), while the quark of the pair remains in the hadron.

As more and more energy is added to a hadron, instead of producing
free quarks, quark-antiquark pairs are created which are seen as
mesons in the final state of the interaction. The only observable
particles seem to have a net color of zero, and this seems to

account for the nonobservation of free quarks.
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Finally, the form of the weak interaction will be discussed.
The prototype theory of weak interactions is the Weinberg-Sa]ang
model of weak and electromagnetic interactions. The Weinberg-Salam
model is an SU(2) X U(1) model (SU(2) for the weak interactions, and
U(1) for the electromagnetic interactions) which combines the weak
and electromagnetic forces into one force, the electroweak force.
The weak interactions are seen as being due to the exchange of the
triplet of intermediate vector (spin one) mesons (the w*, Z°, and
W, the generators of the SU(2) weak group), while the electromag-
netic force is seen as being due to the exchange of spin one photons
(the generator of the U(1) electromagnetic group). The charged weak
interactions (the exchange of Wt or W mesons) change the flavors of
quarks and leptons, coupling the members of the quark and lepton weak
isospin doublets to be described later. Nuclear beta decay
(n - p+e'5e) is seen as being a process in which one of the d quarks
of a neutron emits a W and becomes a u quark, while the W~
couples to an electron and an electron antineutrino, leaving a proton
and two leptons in the final state. This interaction can be viewed
as one current (i.e. the hadronic current) interacting with another
current (i.e. the leptonic current), mediated by the exchange of an
intermediate vector meson (i.e. a current-current interaction4), in
much the same way that electron-electron scattering can be viewed
as one leptonic current interacting with another leptonic current,
mediated by the exchange of a virtual photon.

The leptons (which only interact weakly and electromagnetically)

are grouped into left-handed weak isospin doublets:
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(e ()
e/ L p/ L
The electromagnetic current (mediated by photon exchange) takes the

form6:

g em
H
while the charged currents are the sum over the two leptonic doublets:

= -ey e - |
Y@ MY H

CORN
J - = ? VT (T + v )y

y; 1s the Dirac wave function

where: 1, is the isospin raising or lowering operator

+

Y, (1 + Ys) means (V-A)23 space-time structure for
the current

which, for the charge raising current (mediated by the w*) gives:
(+) = 5 + + v +
J, veyu(1 Ys)e VuYu(] YS)U
the first term of which is for the coupling between the w*, an electron,
and an electron neutrino, while the second term is for the coupling
between the w*, a muon, and a muon neutrino. From Ju(+)’ Ju(—) s we

(o).
get Ju :

(0)=1/ U +
J, s ? by Dy ) vy

and a second term, which comes from the symmetry breaking of this model: |
3 (M) = 5 sin2g g @M
H W u

where Oy is the Weinberg angle and has been measured as sin2@w =

0.20 + 0.03%%. In its final form, the weak neutral current for leptons

takes the form:

(0) L = 1 LA 20 A
= + - ey (1 + e + 2 sin‘o e
J, % ve( YS)Ve ey, ( YS) sin?o ey,

+ 49 1+ v = Luy (1 + + 2 sin20 py u.
L VuYu( YS) ' zUYu( YS)U R

-/
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In this form, the neutrino couples to itself left-handedly and the

electron and the muon remain uncoupled by the neutral current (i.e.
electron and muon quantum numbers are conserved separately).
For the weak hadronic current (with only the u, d, and s quarks),

we get a weak isospin doublet (whose form was suggested by Cabibbo31

(&) .

where de = d cos 0. *'s sin Oc» and €. is the Cabibbo angle (given

in 1963):

by tan 0, = 0.22 + 0.02). The form of the charge raising current
becomes:
J (+) - uy (1 + v )dcoso. + uy (1 +y )s sin o
H U 5 c H 5 c
and we see that the W couples the u and d quarks with a strength
proportional to cosec, and that the W' couples the u and s quarks

with a strength proportional to sinec. The form of the neutral

current is (with three quarks):

g ()

¥ {u + - + 2 -5 + in2
" 5 {uYu(l Ys)u ayu(l Ys)d cos?e, SYu(] ys)s sinZe,

S + i - + i
SYu(] ys)dsmeC cose_ aYu(1 ys)s sine_ cose_}

. em
2 sin ew Ju .
Two questions arise looking at this form of the hadronic weak

currents. Why do we seem to have an unused quark (s. = s cose,. -

0
d sinec), and why are the forms of the leptonic and hadronic currents
not more symmetric? In 1964, Bjorken and G]ashow5 proposed adding

a2 new left-handed hadronic doublet:

()
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where ¢ is a new quark (the charmed quark) with Q = + 2/3 |e|, and

which has isospin I = 0, strangeness S = 0, and is an SU(3) singlet.
The hadronic neutral current (Ju(°)above) for three quarks contains
pieces which couple the u quark to itself and the d quark to itself
with different strengths (which would not be expected); it also con-
tains pieces which couple the d and s quarks, but this is not observed
experimentally, as there seems to be no strangeness-changing neutral
hadronic currents (i.e. the decays K° - wuTand KT > 17vs are not

observed). Glashow, Iliopoulos, and Maiani32

noted in 1970 that using
this second doublet (containing the charmed quark and the Cabibbo
rotated s quark) would solve these problems, giving a hadronic neutral
current of the form:

Ju(o) = 4 {GYU(] + YS)U + EYU(] + YS)C - aYu(] + Ys)d

- Sy, (1 + Ys)s} -2 sin2o Juem

the same form as for the leptonic neutral current. Note that this form
of the neutral current is "flavor conserving" or diagonal in the flavors
(i.e. weak neutral currents do not change the flavors of quarks).
1.4 Charm

By the early 1970's, theorist56 had many compelling reasons to
want another flavor of quark (besides u, d, and s), which they called
charm. One reason was to reestablish quark-lepton symmetry (i.e. there
were two lepton weak isospin doublets, but only one quark weak isospin
doublet and a singlet). Another reason was the absence of strangeness
changing neutral currents (which the four quark theory doesn't give).

This fourth quark would also make the u quark and d quark self-couplings

(through the weak neutral current) have the same strength, as was to
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be expected. A final piece of evidence was the fact that the value
of R (ratio of o(e+e' > hadrons)/c(e+e' +-u+u')) measured in electron-
positron scattering experiments was lower than expected for electron-
positron energies greater than three GeV (even after accounting for
the factor of three in o(e+e' -+ hadrons) due to color). If hadrons
are made of quarks, then both of the processes e+e' -+ hadrons and
e'e”™ > uTu” are due to the couplings of the virtual photon (created
by the e+e' annihilation) to two spin % structureless fermions, see
Figure 1.5. The only difference is that quarks occur in three colors
and have fractional charges. Neglecting kinematic terms, o(e+e° >
u+u')<’c eu2 = 1, while for hadrons, c(e+e- > hadrons) « 3 Zeq2 =
3 ((2/3)2 + (1/3)2 + (1/3)2) = 2 for three quarks, and = 3 ((2/3)2
+ (1/3)2 + (1/3)2 + (2/3)2) = 3-1/3 for four quarks, the factor of
three being due to the fact that quarks come in three colors. The
measured value of R (see Figure 1.6) is much closer to 3:1/3 than to
2 for energies above 3 GeV (where cc pair production is expected to
begin).

A fourth quark would yield a whole new set of particle states,
mesons and baryons with one (or more) of the usual quarks replaced
by a charmed quark. For the lowest mass mesons (qq bound states),
there are 16 expected pseudoscalar states (i.e. 4 x 4* = 1 + 15).
There is the already discussed pseudoscalar meson nonet (for which

.

charm = 0), a new singlet state (the Nes which is a cc state and has
a net charm of zero), and six new charmed mesons, the D and F mesons.
The weight diagram for the pseudoscalar (spinpar]ty = 07) mesons is

shown in Figure 1.7. The quark contents of these new charmed mesons

-






Figure 1.5 e’e” Annihilation into Quarks and Leptons
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Figure 1.6 Experimentally Measured Value of R
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Figure 1.7 Pseudoscalar Meson 15-plet
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are as follows: D' (cd), D°(ci), FF(c3), D7(dg), B°(ug), and F™(s);

the first three of these have C (charm) = +1, while the last three

have C = -1.
The first new particle discovered which contained charmed quarks

was the y(3095) meson, discovered at SLAC7 in efe” scattering and at

Brookhavengin p-Be scattering in 1974. The y is a vector meson

(spinparity = 17), and excited states of the y, the y'(3684), the
v"(3772), and the v"'(4414), were soon observed in efe” scattering

experiments9. The v has an extremely narrow width (width ~ 67 keV,

compared to a typical hadronic width of ~ 200 MeV), implying a very
long 1ifetime for such a massive state (i.e. some conservation law

keeps the y from decaying strongly, giving it a relatively long life-
time compared to a typical hadron). The y is now believed to be the
lowest mass vector bound state of a ¢ and a ¢ quark (since C = +1

for a charmed quark and C = -1 for a charmed antiquark, the ¢ has
a net charm of zero and is said to have hidden charm). The ¢
decays about 7% of the time into efe” pairs and 7% of the time into
u+u- pairs. Assuming the mass of the charmed quark to be about %
the mass of the y gives a charmed quark mass of approximately 1.5
GeV/c2, compared to a u or d quark mass of ~ 300 MeV/c2.

The discovery of the first charmed meson was in 1976, when the

D meson was discovered at SLAC23 in efe” scattering experiments. The

D° (whose mass is 1863 MeV/c2) was seen as a mass peak in Kn final
states, while the D+ (whose mass is 1868 MeV/c2) was seen as a mass
peak in K'r'n* final states. Shortly afterwards, the F meson (whose
mass is 2030 MeV/c?) was discovered34. These discoveries, along with
the discovery of the nc(2830) at DESY35 in efe” scattering (a pseudo-
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scalar cc bound state), completed the 15-plet of pseudoscalar mesons.

Because of the relative strength of the c¢ quark-s quark coupling
(which is « cos 0cs compared to the ¢ quark-d quark coupling which is
< Sin ec), the hadronic and semileptonic decays of D mesons are expected
to have strange particles in the final state (usually K or K* mesons).
The purely leptonic decay modes of the D and F mesons are shown in
Figure 1.8, along with the analogous strange meson leptonic decay
mode of the Kiz. The strength of this D decay mode is relatively
small, as it is suppressed by a factor of sin O The main decay

modes we will be interested in are the semileptonic decays of the

D mesons, shown in Figure 1.9. These can be interpreted as a c quark

in a D or D° meson emitting a W boson, becoming an s quark in the
final state (coupling strength « cos ec), while the W couples to a
lepton and a neutrino, giving a kaon (or K*), a lepton, and a neutrino
in the final state. This is the suspected source of multimuon final

states observed in vN36 and uN]2 scattering experiments in the early
1970's.

1.5 Lepton Scattering
Charged leptons (i.e. muons or electrons) can be used to probe

the electromagnetic structure of nucleons. At low energies, the

electric and magnetic properties of the nucleon itself are probed
(i.e. the electric and magnetic nuclear form factors are measured]4),
while at high energies the structure inside the nucleon itself is
probed. A charged lepton, in the nuclear field, can emit a virtual
photon, which can then interact with one of the quarks inside a nucleon.

Since the leptonic vertex of this interaction is well understood
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Figure 1.9 Semileptonic Decays of

the D and F Mesons
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(using QED), what is being measured is the structure of the nucleon
with which the virtual photon interacts. The cross section for deep

inelastic Tepton-nucleon scattering is given by37:

420 o20s%(0/2) gy, (q2,y) + 2 tan2(e/2) Wy(q2,v)}
dE'de 4E°251n“ (e/2)
where Eo is the incident lepton's energy, E' is the scattered lepton's
energy, o is the electromagnetic fine structure constant (v~ 1/137), o
is the polar scattering angle of the lepton, and W; and W, are the
structure functions of the nucleon. W; can be eliminated using the
re]ationship37:
Wp 1+ v2/q?
E ST+
where v is the energy transfer to the nucleon (= Eo - E'), g2 is the
four momentum transfer squared of the virtual photon (=4E°E' sin2(o/2),
in the lab frame), and R is the ratio of the longitudinal photon
absorption cross section to the transverse photon absorption cross

section37. This gives the result:

W,
d?26  _ _aZcos?(e/2 2 {1+ 2 tan2(e/2) 1+ vz/gz}
dE'de 4 ?sin*(0/2) b 1+R

for the deep inelastic lepton-nucleon scattering cross section. The

Feynman diagram for this process is shown in Figure 1.10, along with

a definition of some of the kinematic variables. Taking the value of
R (=0.25) from low energy electron-proton scattering experiments38,

a measurement of this cross section will give us vW, (also called F,),
the nucleon structure function.

The structure functions W; and W, depend on the two Lorentz






Eo
E, = scattered muon energy

o = cos (B - P1)/|Pol|P1]) = scattered muon polar angle
q2 = 4EgE;sin2(e/2) = four momentum transfer squared

v = Ey - E; = energy transfer to nucleon

incident muon energy

[

"

q2/2M_v= Bjorken scaling variable
v/Ey = hadronic fractional energy
1/x
2
M 2+ ZMpv - g2)? = hadronic final state mass
elastic scattering: o = 1

= & < x
"

inelastic scattering: w > 1

W (M +mv)

p

Figure 1.10 Deep Inelastic Muon Scattering Kinematics
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invariants q2 and v. As the energy of the virtual photon becomes
large, the scattering process is expected to look like elastic photon-
quark scattering, with the effects caused by the other quarks in the
nucleon becoming neg]igib1e39. In the Timit of large g2 and v, the
structure functions should depend only on the ratio of g2 and v (i.e.
on x = q2/2mv, m being the nucleon mass). This is the concept of

39, and was observed at low g2 in early SLAC ep scat-

Bjorken scaling
tering experiments40. However, scaling violations (i.e. the nucleon
structure functions depending on g2 as well as x) were observed in
uFe4], up42, ud43, and ep44 scattering experiments in the early 1970's
Quantum chromodynamics calculations of the form of this scaling vio-

Iation45

(based on the corrections to the cross section due to the
emission of gluons by the quarks inside a nucleon) have been reason-
ably successfu]46. Scaling violations will be discussed again in
Chapter IV.

In the early 1970's, multimuon final states were observed in

2 and vN36 scattering experiments. For muon scattering, one of

uFe
the final state muons was the scattered incident muon, while the

second (for dimuon final states) and third (for trimuon final states)
muons were due to some other physical process besides deep inelastic
muon-nucleon scattering. For neutrino (antineutrino) scattering, one of
the muons in the final state comes from the neutrino's (antineutrino's)
coupling to a w*(w') and a u_(u+), where the W boson then couples

to one of the quarks in the nucleon, changing the quark's flavor (as
shown in Figures 1.11 and 1.12). Conventional sources for the second
and third muons in the final state, such as w/K internuclear cascade

decays (the decay of pions or kaons produced in the hadronic showers
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Figure 1.11 Neutrino Nucleon Scattering Diagrams
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Figure 1.12 Antineutrino Nucleon Scattering Diagrams
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accompanying a deep inelastic interaction), prompt muon47

48

production
at the interaction vertex, or QED trident™ production are expected
to yield produced muons with very low momentum (p, or p3), and very
Tow pT's (momentum of the produced muon relative to the virtual photon
or W meson direction), which was not observed. These processes are
shown in Figure 1.13 and 1.14 for deep inelastic muon-nucleon scat-
tering. Also, the calculated rates for these processes]2 did not
account for the entire dimuon or trimuon sample observed.

The associated production (for uN scattering, single charmed
meson production is possible for wN and vN scattering) and semilep-
tonic decay of charmed D mesons is the most 1ikely source of these

high p, and high Pr produced final state muons. The observation of

KS e+u' events in bubble chamber experiments49 seemed to suggest

that charmed mesons were being produced in the energy range available

to the uN and vN scattering experiments (these events Can be interpreted
as DD production, with a D meson decaying semileptonically to yield

a muon, while a D meson decays semileptonically to yield an electron

of charge opposite that of the produced muon; the kaon in the final
state suggests D meson production because of theVCabibbo favored c-s
quark coupling). These events were not observed at lower energies
because of the charm production threshold, i.e. enough energy has to

be available in the production rest frame to produce a D and a D

meson, at least 3.72 GeV (plus the energy of any other particles
in the final state). Figure 1.15 shows the scattering diagram for

muon induced dimuon events and gives definitions of some of the

relevant kinematic variables.
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a). Decay b). Quark Recombination
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c). Associated Charm Prod. d). Vector Meson Prod.

Figure 1.13. Hadronic Multimuon Diagrams
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For dimuons:

P1 = momentum of largest energy positive muon
= leading particle momentum
P2 = momentum of negative or smallest energy positive muon
o, = cos™1((P, - 4)/|P2||d|) = polar angle between second muon and
virtual photon
Pr = p,sine ) = transverse momentum of second muon relative to
the virtual photon direction
20 = cos Y((By + B,)/|B1||B2|) = polar angle between final state muons
Ap = ¢; - ¢,= azimuthal angle between final state muons

Muu = 4E,E,sin2(a0/2) = apparent mass of final state muons

m
]

Eo - El - E2 - EH =y - E2 ‘EH

missing energy
Inelasticity = (E, - E; - E,)/E,
Asymmetry = (E; - E,)/(E; + E,)

Figure 1.15 Multimuon Final State Kinematics
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The first muon scattering experiment to observe multimuon
final states (which could not be accounted for by conventional pro-
cesses) was Fermilab experiment E2612 ( a Cornell-Michigan State-
University of California collaboration). A total of 32 dimuons and
11 trimuons were observed in E26, using an earlier version of the
apparatus used for E319 (the E26 apparatus is shown in Figure 1.16).
In this Figure, P denotes the proportional chambers, S the spark
chambers, T the trigger bank counters, and V denotes the halo and
beam veto counters (halo veto counters are at the front of the target).
E26 used a 1.94 meter long iron-plastic scintillator target, with an
incident flux of 6.8 x 10° 150 GeV positive and negative muons. The
acceptance for the E26 apparatus was such that the minimum accepted
muon energy was approximately 17 GeV (a muon had to traverse the entire
apparatus to be found by the track reconstruction program, at least
for dimuons, since track searchin950 began in the spark chambers at the
downstream end of the magnetic spectrometer) and the minimum allowed
angle was approximately 13 mR. The dimuon p, and Py (relative to the
virtual photon direction) data distributions for E26 are shown in
Figures 1.17 and 1.18 (the E319 data distributions and calculated
background curves are shown in Chapter V). The curves on Figure 1.17
and 1.18 are the calculated /K decay, prompt muon production, and QED
trident dimuon backgrounds for E26, labelled as: 1) decay muon from
pion and kaon production in the hadronic cascade following a deep
inelastic muon interaction, II) prompt muons from the initial inter-
action via conventional processes, III) prompt muons produced in the

hadronic cascade, IV) QED tridents with one muon undetected, and
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V) the total calculated background for the above mentioned processes.
Plots of the variables Q2, x, y, and W are shown in Figure 1.19 for
the E26 data, comparing the "leading particle" (largest energy final
state muon with the same sign as the incident muon) distributions
for dimuon events with the scattered muon distributions for deep
inelastic single muon scattering (these distributions are shown in
Chapter V for the E319 final data sample).

The rate for two muon final states in E26 was measured to be
greater than 5 x 10 * times the rate for deep inelastic muon inter-
actions (~ 25,550 deep inelastic single muon events passed the
experimental cuts for an incident flux of 6.8 x 10° muons). The net

cross section for dimuon events in E26, uncorrected for acceptance,

was 5 X 10 36cm2/nucleon for the process uNsupuX. The bulk of these
events were not due to conventional background processes, and were
thought to be due to associated charmed meson production and decay,
although the relatively small size of the data sample prevented any
definite conclusions from being reached.

Using the E319 data sample (449 found dimuons for an incident
flux of 1.0974 x 1010 positive 270 GeV muons) and Monte Carlo simu-
lations, a charm production cross section was calculated which had
the apparatus acceptance removed (this process is described in Chapter
V). This cross section is compared to a QCD calculation of charmed
meson production, using the photon-gluon fusion modeIS], the Feynman
diagram for this process is shown in Figure 1.13. This process is the
interaction of a virtual photon with a ¢ or c quark from the nucleons

quark-antiquark "sea", which is produced when a gluon inside a nucleon
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breaks up into a cC pair. The scattered c and ¢ quarks pick up
other quarks from the quark-antiquark "sea", to materialize as D
and D mesons, which can then decay semileptonically to yield one or
two produced muons in the final state of a deep inelastic muon-
nucleon interaction.

One of the major improvements of E319 over E26 (besides the much
larger total Tuminosity and improved apparatus acceptance for dimuons),
was the use of an iron-plastic scintillator sampling ca]orimeter52,
which made possible an accurate measurement of the energies of the
hadronic showers accompanying deep inelastic muon interactions.
Hadronic shower measurements were not possible for E26, due to hadronic
shower leakage from the target, and the fact that the ADC's were set
up so that they saturated for greater than five particles passing
through a target counter (in E319, two ADC's were used per counter,
giving a much larger dynamic range; each counter could measure from
one to 300 particles passing through it). This allowed a measure-
ment of the "missing energy" due to decay neutrinos, which was
expected if the dimuon events were due to charmed meson production

and decay (the missing energy measurements are discussed in Chapter V).






CHAPTER 11
EXPERIMENTAL APPARATUS
2.1 Muon Beam

Muons used in our experiment were derived from the decays of
secondary particles produced by the 400 GeV proton beam at Fermilab.
The proton beam began in the pre-accelerator, where it was given a
maximum energy of 750 KeV. The energy was then raised to 200 MeV
in the linear accelerator, after which the protons were injected
into the booster synchroton and raised to 8 GeV. These protons
were used to fill the main ring, where they were R.F. boosted to
energies of up to 400 GeV. Every 15-20 seconds the protons were
delivered to the main beam switchyard as a 1.8 second Tong beam
spill (with 2ns R.F. buckets every 18.8 ns), from where they could
be sent to the proton, meson, or neutrino experimental areas. The
accelerator is shown in Figure 2.1.

Upon entering the neutrino area, the proton beam was focused
onto the "triplet train" production target, a 12" long, 0.75" diam-
eter aluminum oxide cylinder in enclosure 99 of the neutrino line.

Pions, kaons (v 10% of the number of pions), and protons of the
desired energy were swept into a 300 m long evacuated decay pipe,
while the remainder of the proton beam went to a beam dump. In
the decay pipe, a large fraction of the pions and kaons decayed
leptonically yielding muons and neutrinos. In enclosure 100 the
charged particles were bent westward (28.68 mR) and focused into
the N1 muon Tine, leaving the neutrinos to proceed down the neutrino

line (NP). In enclosure 101 the beam was again focused and bent
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28.68mR eastward. The beam was bent back westward (28.68mR) in
enclosure 102 and almost ali of the strongly interacting particles
(protons, pions, and kaons) were removed by 61 feet of polyethylene
in the magnet apertures, yielding a /7 ratio of 4x108. Multiple
Coulomb scattering of the muons at this point caused many of them

to diverge from the beam, which Jed to a large fraction of the halo
muons seen at the front of the target in the muon lab. The muon beam
was refocused in enclosure 103 and proceeded to enclosure 104 where
the final momentum selection was made. The muons were bent eastward
(28.68mR) by shimmed main ring dipoles and then entered the muon lab.
The muon N1 beam Tine is shown in Figure 2.2.

Because the incoming muon energy was determined by its bend through
the 1E4 dipoles (in enclosure 104), a precise knowledge of the magnetic
field (both as a function of magnet current and distance along the beam
axis) was necessary. This was obtained using an NMR probe and a
gaussmeter. Results from these measurements are shown in Figure 2.3
and Table 2.1. The "effective length" of one magnet, defined as
i) B-d]/Bmax, was found to be 18.64 meters.

Control of the magnet currents and polarities of the triplet
train and N1 muon beam Tine was accessible to the neutrino line staff
and experimenters through a remote terminal hooked to the MAC computer
system controlling a CAMAC serial branch highway. The magnet settings
for a typical 270 GeV u+ run are shown in Table 2.2.

Using the ionization and scintillation counters in the beam 1ine,
as well as our beam counters and proportional wire chambers, the beam
was tuned to give the maximum number of useful beam muons, minimum

number of halo muons (muons outside the beam which could strike the
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Table 2.2 Magnet Currents for the Triplet Train

Magnet

ouT
ovT
OHT
OFT1
OFT2
)
OPT
OPT3
W01
W02
1W03
0
1FO
1D0
1Q1
1E1
V1
TW2
1F3
1D3
1E41
1E42

52

and Muon N1 Beam Line

Type

bend
bend
bend
pitch
focus
focus
focus
bend
pitch
bend
focus
focus
bend
bend

Setting(amps)

290
15
121
96.2
95.6
2777
3102
3177

4332
4832
25
370
370
4175
3862
120
3712
940
980

4319.98
0

Reading(amps )

281-284
15.5
117.5
92.5
92.4
2690
2978
3060
4630
4180-4190
4630
106.25
361.5
350-353
4000
3715-3720
8.125
3540
918.747
955
4237.48
4230-4234
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trigger counter banks), and an acceptable beam shape at the face of
the target. For 1013 protons incident on the production target, the
typical number of beam muons was 4-6 x 10° per spill. For the u+
data runs (the only data sample considered here), the average beam
energy for data events was 268.6 GeV.

2.2 Apparatus Overview

The apparatus consisted of the following elements: the incident
beam defining counters, the B and C counters, which guaranteed that
the beam muon passed through the aperture of the 1E4 dipoles and the
active area of the beam multiwire proportional chambers (MWPC's); the
beam MWPC's and counter hodoscopes, which gave information on the
incident muon's momentum and position at the face of the target; the
target/calorimeter, which supplied the u-nucleon scattering targets,
and was used to measure the energy in hadronic showers, the interaction
vertex, and helped to discriminate between single and multimuon final
states; the hadron shield, just downstream of the target, which
absorbed pions and kaons produced in the downstream end of the target
and kept them from entering the magnetic spectrometer; the magnetic
spectrometer, consisting of iron toroidal magnets, magnetostrictive
wire spark chambers, and hadron MWPC's (upstream of the hadron shield),
to measure the scattered muon(s) trajectory and hence determine its
energy and angle at the end of the target; the trigger counter banks,
three sets of counter banks located inside the spectrometer, used to
ensure that the scattered muon passed through the active area of the
spark chambers and was indeed a deep-inelastic scatter; the beam vetoes,
three circular counters centered on the spectrometer axis used to

reject events with an unscattered beam muon in time with a halo muon;
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the halo veto, a set of counters similar to the trigger banks located
just upstream of the target, used to ensure that in-time halo did not
trigger the apparatus; the fast electronics, which generated standard
logic pulses from counter information which were used to form the event
trigger, fire the spark chambers, and generate all the necessary gates
needed to read out the detector information for each event; and the
CAMAC and mini-computer systems, which read out the detector informa-
tion, digitized it, and wrote it onto magnetic tape for later off-line
analysis.

A right-handed coordinate system was defined with the z-axis
along the nominal spectrometer axis (pointing downstream), the x-axis
pointing vertically upward, and the y-axis pointing to the right of the
beam (east).

Each of these elements of the apparatus will now be considered
in more detail. A diagram of the apparatus is shown in Figure 2.4.

Z-positions of all the spectrometer and beam elements are shown in

Table 2.3.

2.3 Beam Counters

Scintillation counters are specially treated plastic detectors
which scintillate when a charged particle passes through them. The
resulting light is then internally reflected down a 1light pipe, where
it causes electrons to leave the surface of the cathode of a photo-
multiplier tube. This electron signal is then amplified by a dynode
chain, which results in the final photomultiplier tube signal at the
anode.

Two sets of scintillation counters were used to define the

incident muon beam. The three B counters, located upstream,
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Table 2.3. z-Positions of all E319 Equipment (cm)

Equipment Position

E398 PWC1 -15512.95

BH1 -15486.28

E398 PWC2 -8512.30
BH2 -8485.63

Bl -8450.00

B2 -7800.00

B3 -6460.00
E308 PWC3 -6393.49

E398 PWC4 -6393.49

BH3 -6366.82
E319 PWCS -3685.54

Cl -3630.00

E398 PWCS -3294.28
E598 PWC6 -3294.28
Cz -525.00

E319 PWC4 -517.76
C> -490.00

HV1 -480.00

HV?2 -400.00
E519 PWC3 -235.55

Target - Calorimeter -165.74 to 574.14
E319 PWC2 625.
E519 PWC1 649.

Hadron - Shield I 756.76 to 798.51

WSC9 848.68

Hadron - Shield II 869.63 to 902.65
WSCS 922
M1 * 978.54 (7
WSC7 1035.37
M2 % 1092.68 (79.853)
SA 1148.87
SA' 1170.70
WSC6 1201.42
M3% 1282.70 (79.06)
M4 * 1370.33 (79.86)
SB 1427.80
SB' 1449.87

e
=1
o
~—
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Table 2.3. Continued
Equipment Position
BV1 1464.79
WSC5 1478.92
MS* 1565.59 (79.46)
M6 * 1655.13 (80.02)
SC 1710.53
SC! 1731.96
BV2 1747.20
WSC4 1761.49
M7* 1822.77 (78.75)
M8* 1911.19 (79.93)
BV3 1960. 36
WSC5 1988.05
WSC2 2086.29
WSC1 2190.43

*Values are center (length)

Key: PWC = Proportional-Wire-Chamber
BH = Beam Hodoscope
B = Beam Telescope B
C = Beam Telescope C |
HV = Halo Veto Counters
WSC = Wire-Spark-Chamber
M = Magnet
BV = Beam Veto Counters
S = V Trigger Bank Hodoscopes
S' = H Trigger Bank Hodoscopes

To convert to FNAL coordinates, the Chicago Cyvclotron Magnet
-2337.12 cm

106525.85"

Center in the MSU coordinate system is -920.125"
FNAL System
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downstream, and in the middle of the enclosure 104 dipoles, were 0.25"
thick x 3.5" (horizontal) x 2.5" (vertical) and covered the magnet
apertures in enclosure 104 (the last beamline bend before the wmuon
lab). The three C counters, located at the entrance of the muon lab
and just upstream of the target, were 7.5" in diameter X 0.25" thick
and were used to ensure the muons passage through the active area of
the E319 beam proportional chambers. A1l B and C counters used Amperex
56AVP phototubes. Fast cables (speed of pulse propagation = 0.97c)
were‘used to carry the photomultiplier tube signals of B;, B,, Ba,
and C; to their discriminators in the muon lab (where they were clipped
to three ns at the inputs), since these signals were the last to arrive
and needed to form the event trigger. These counters had measured
efficiencies of > 99% for our runs.

The energy of the incident muon can be calculated knowing the
positions and angles (relative to the "nominal" beam axis) of the
muon before and after the enclosure 104 dipoles. For this purpose,
we had the use of three E98 (Chicago-Harvard-I11inois-Oxford muon
scattering group) beam hodoscopes. These hodoscopes consisted of
eight 1/16" thick counters; seven of which were 0.75" wide and one
which was 1" wide (the eastmost counter which was labelled #1), with
the entire hodoscope being centered on the magnet aperture. These
were located downstream in enclosure 103, and upstream and downstream
of the magnets in enclosure 104, all of these hodoscopes measured y
(east-west) displacements only. Use of these hodoscopes allowed a

1% energy determination on an event-by-event basis.
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2.4 Multiwire Proportional Chambers (MWPC's)

The E319 MWPC system (on loan from Cornell University) consisted
of 12 planes (each with 2 mm wire spacing) combined in sets to yield
five chambers. PC5 (at the entrance of the muon lab, near C;) was an
XY module with 96 wires/module and an active area of 19cm x 19cm.

PC4 and PC3 were UVW modules (96 wires/module) located just upstream
of the target (near beam counters C, and C3), with the V and W modules
rotated 120° clockwise from the U module looking in the positive

z direction; for PC4 u was in the +x direction and for PC3 u was in
the -y direction. The active area of these detectors was a 19cm
diameter circle. PC2 and PC1 were located downstream of the target
(before the hadron shield); PC2 was a UV module with 160 wires/module
(active area 31.8cm x 31.8cm) and PC1 was an XY module with 192 wires/
module (active area 38.2cm x 38.2cm). For the hadron PC's (PC2 and
PC1) and all the spark chambers, u = (x + y)/v2, v = (y - x)/v2, and so
x=(u-v)/V2, y=(u+v)/2.

The anode planes of these PC's consisted of 20 micron thick gold-
plated tungsten wires (tensioned to 50 grams) with 2 mm wire spacing,
sandwiched between two three-mil thick aluminum foil high voltage planes,
which were 0.25" from the anode plane. The outer windows of each
module were 6 mil thick Kapton film. The pre-mixed "Magic Gas" used
was: 20% Isobutane, 4% Methylal, 0.25% Freon 13B1, and the balance
Argon. Typical high voltage was -4.5kV, which was adjusted for each
chamber using a Zener diode divider chain with 70 volt steps.

Charged particles passing through the chambers knocked loose

valence electrons from the gas molecules, which because of the large
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electric field, were accelerated towards the nearest anode wire,
causing an electron avalanche which induced a negative pulse on
that wire. The signals on all wires were amplified and discrim-
inated (threshold ~ 5mV) at the chamber and sent differentially
down 100 ohm ribbon cable (3 wires/signal; up, down, and ground)
to avoid noise pickup and cross talk between channels.

Since the PC's ran continuously, the PC signals were latched
into CAMAC Tlatch cards only if a fast pre-trigger logic signal
(called PC Strobe) was received. PC Strobe was used to generate a
10-20 ns wide PC Reset signal (which set all latch bits to zero),
followed by a 100-120 ns wide PC Enable signal (any PC signals
arriving at a latch input during this period caused the latch bit for
that wire to be set to one). If a real trigger occured (later in
time than the PC information was latched), a signal was sent, using
fast cable, into the computer portacamp to gate off the PC Reset and
Enable units, preventing a later beam track from being stored into
the latches. Diagrams of the amplifier/discriminator cards and
latch cards are shown in Figures 2.5 and 2.6. More details on the

construction of the proportional chambers can be found in the thesis

of Y. Watanabe.] See Table 2.4 for a summary of proportional chamber
characteristics.

The other set of beam PC's used belonged to E98. These consisted
of 6 planes with 96 wires each (with 12 wires/inch and an active area
of 8" x 8") centered on the magnet aperture they were located near.
Each anode plane consisted of 0.8 mil diameter stainless steel wires

tensioned to ~ 20 grams, sandwiched between two high voltage wire
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Table 2.4 Proportional Chamber Information

) No. of Size of Planes
PWC Location (cm) Planes Orientation* Edge to Edge (cm)

A) E319 Proportional-Wire-Chamber (PWC)

5 -3685. 54 2 -X,-Y 19.2
4 -517.76 3 X, V', W' 19.2
3 -235.35 3 -Y, V, W 19.2
2 625.32 2 -U, vV 32.0
1 649.77 2 =X, Y 38.4

*Sign indicates direction in which the numbered wires increase.
Wire spacing = 2.0 mm

Reset Pulse Width = 15 ns

Enable Pulse Width: PWC1, 2, 3, 4 (X, V') = 120 ns
PWC4W' = 86 ns
PWC5 = 80 ns
B) E398 PWC's
1 -15512.95 Y 20.3
2 -8512.30 Y 20.3
3 -6393.49 Y 20.3
4 -6393.49 X 20.3
5 -3294.28 Y 20.3
6 -3294.28 X 20.3

Wire Spacing = 12 wires per inch
Reset Pulse width = 20 ns
Enable Pulse Width = 98 ns
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planes composed of four mil thick stainless steel wires, which were
3/16" from the anode plane. The pre-mixed gas used was: 25% CO,,

0.4% Freon 13B1, and the balance Argon; typical high voltage was

-3400 volts. Operating very similarly to the Cornell chambers, these
were read out using 100 ohm ribbon cable and latched into CAMAC latches
in the computer portacamp. The E98 PC1 was located downstream of
enclosure 103, PC2 was located upstream in enclosure 104, PC3 and 4
were located downstream of enclosure 104, and PC5 and 6 were located
at the entrance of the muon lab. E98 PC4 and 6 measured x (up-down),
all of the rest measured y coordinates (east-west). These PC's were
not used for the 270 GeV ut+ runs because of a latch gate timing problem
but proved useful in obtaining alignment constants for the beam hodo-
scopes located near them, which were used for E, measurements during
the main data runs.

2.5 Calorimeter

The target/calorimeter was composed of 110 1-7/8" thick x 20" x 20"
machined steel plates (weighing about 210 1bs each) with a 3/4" thick
aluminum counter frame placed between sets of adjacent steel plates.
Inside the frame was a 3/8" thick x 20" x 20" plastic scintillation
counter (NE110), viewed above by an RCA 6342A phototube. See Table 2.5
for the average target density and radiation length. Each anode signal
was fed via coaxial cable into an amplifier, where the signal was
resistively split and fed into two amplifier channels, one with unity
gain and one with a gain of ~ 30. These 220 signals were digitized
in Lecroy 2249A CAMAC analog-to-digital converters (ADC's). The 12

channel ADC's had 10 bit resolution (1 part in 1024), with a full
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Table Z.5. Calculation of Average Target Density and
Radiation Length

Material in Each Target Segment

weeria | THgmess ensiy
Fe 1 7/8" = 4.7625 7.870000 1.76
Scintillator 3/8" = 0.9525 1.032000 42.90
Vinyl 2x.015" = 0.0762 1.390000 28.70
Al foil 4x.001" = 0.1016 2.700000 8.90
Air* .363" = 0.92253 0.001205 30050.00

Total target thickness 110 segments X 6.7237 cm/segment

739.6 cm

*Alr gap in each segment variles--it has been adjusted here
for agreement with the total measured target length.

e 3 2
<p> = _—f——— = 5.741 g/cm” = 4246 g/cm”
t.
j
]t 7
. = 2.46 cm = 14.1 g/cm”

<L > =

RAD (Z ;i/L
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scale signal corresponding to 256 pC of charge (an overflow bit was
set if a larger pulse occured). The amplified phototube signals were
stored only when they arrived in time with a 100 ns gate pulse derived
from the event trigger signal.

The ADC pedestals (digitized signal for zero particles in a
counter) were set to ~ channel 7, while the single muon peak (digitized
signal for a single minimum ionizing particle passing through a counter)
was at ~ channel 10 for the low gain (even numbered) ADC channels and
~ channel 50 for the high gain (odd numbered) ADC channels. During
the experiment, 38 pedestal runs and seven single muon peak runs were
taken which were later used as inputs for the data analysis program

(to be discussed in Chapter III).

The calorimeter was used to measure the energy of hadronic showers
accompanying deep inelastic muon interactions. For each counter, the
number of “equivalent particles" was defined as: (ADC channel number
- ADC pedestal)/(single muon peak - ADC pedestal), which is equivalent
to the number of minimum ionizing particles passing through that
counter. For all counters with the number of equivalent particles above
a certain threshold (15 equivalent particles), the number of equivalent
particles was summed. By steering hadron beams (i.e. = beams of five
energies ranging from 25 GeV to 225 GeV) of known energy into the
calorimeter, and using the same algorithm to define a hadronic shower
as was used for the data (using only events with one shower in the
calorimeter), the sum of the number of equivalent particles in a shower

was obtained, which yielded data giving a linear relationship between

the number of equivalent particles in a shower and the energy of the
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hadronic shower. In data events where a shower was present, the

interaction vertex (ZADC) was taken as the first counter of the shower.
Care had to be taken in using the calorimeter information. Spark

chamber noise, carried on the ground shield of the ADC gates, was able

to reopen the ADC gates, allowing unwanted signals to be digitized. More

information about this and the details of the calorimeter construction

2

can be found in the thesis of Dan Bauer.

2.6 Hadron Shields

To shield the front spark chambers from hadrons exiting the target,
so that these chambers could be more easily used by the track finding
routines, which began at the front of the spectrometer, two hadron
shields (~ 84" high and 145" wide), composed of 2-3/8" thick unmag-
netized steel plates, were located between the Hadron PC's and the
first wire spark chamber (WSC), and between the first and second WSC's.
The first hadron shield was ~ 24" thick (~ 480 gm/cm? or 3.6 absorption
lengths), while the second was ~ 13" thick (~ 260 gm/cm? or 1.9
absorption lengths); so with ~ 5.5 absorption lengths of total material,
the probability of a hadron exiting the target and reaching the first
magnet was e °.5 or 0.4%.

2.7 Spectrometer Magnets

Eight iron-core toroidal magnets were utilized for scattered
muon(s) momentum analysis and to shield the trigger counter banks and
spark chambers from penetrating hadrons exiting the target. Each
magnet had a 12" ID, a 68" 0D, and was ~ 31" thick (actually four
7.75" thick low-carbon steel plates welded together at the edges).

The magnets were radially wound with ~ 460 turns of #8 wire, and run
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at ~ 35 amps, giving an average B field of 17 kgauss. Two old FNAL

beam 1ine power supplies were used to power the magnets, with odd

numbered magnets being powered by one supply and even numbered magnets

by the other. The radial dependance of the magnetic fields is shown

in Table 2.6. Inside the magnet holes was an aluminum and copper

shell through which low conductivity water was circulated to cool

the magnets. Inside this shell, the magnet holes were filled with

ilminite-Toaded concrete, which prevented hadrons, which had exited

the target, from striking the beam veto counters and thus vetoing an

event.
The energy TossS per magnet (one magnet ~ 620 gm/cm? or 4.6
absorption lengths) varied from 1.2 GeV for a 10 GeV muon to 2.3 GeV

for a 250 GeV muon. For a muon traversing the entire spectrometer, the

energy resolution was ~ 9%. The average PT due to the magnetic field
was 0.4 GeV/c per magnet, while the average PT due to multiple scat-

tering in the magnet iron was ~ 0.1 GeV/c per magnet.

The magnetic field shape was measured two ways in the previous

experiment (E26):
1) A B-H curve of a small toroid made from the same batch as
the large toroids was used to obtain B(r) vs r.

2) Small holes were drilled through a 7.75" plate of one of the

spectrometer magnets and the induced current through a coil
wound through this hole and the center magnet hole was measured.

These two methods agreed to ~ 1%. Because of the hysteresis proper-

ties of iron, the magnets had to be degaussed (by varying the current
direction and amplitude in many steps over several hours) before the

muon data runs to ensure the same magnetic field shape as in E26.
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Table 2.6. Fits to Toroid Magnetic Fields
Coefficients a c d f
M1,M3,M5,M7 12.20 19.92 -0.08557 0.0004346
M2,M4,M6,M8 12.07 19.71 -0.08270 0.0004301
Current = 35 Amps

Average Field = 17.09 kG M1,M3,MS,M7
17.27 kG M2,M4 ,M6,M8

B(r) = a/r + ¢ + dr + fr°

B in kG
r in cm
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The average field measurements made using flux loop techniques in

E319 agreed very well with similar measurements made in E26. Further
details on magnet construction and magnetic field measurements can be
found in the thesis of S. Herb.*

2.8 Spark Chambers

There were nine magnetostrictive readout wire spark chambers in
the spectrometer. Each chamber consisted of two modules, with each
module containing two orthogonal signal wire planes. The first module
measured XY coordinates, while the second module, which was rotated
45° with respect to the first module, measured UV coordinates
(u=z=(x+y)/v2, v =(y -x)/V2). The second module was necessary
in order to remove XY match ambiguities when more than one track went
through a chamber. The active region of a chamber was a 72" diameter
circle (each module had an active area of 73" x 73"), slightly larger
than the active area of the spectrometer magnets or trigger counter
banks. The central region of the back five spark chambers had a 12"
diameter dead region (a plastic patch between wire planes) in order to
avoid recording beam tracks and tracks in the field free region of the
spectrometer.

The signal wire planes were made of five mil diameter Be-Cu wires
with a wire spacing of ~ 0.7mm, tensioned to one 1b/wire. The two high
voltage planes were 25 mil thick x 80" x 80" aluminum sheets. The two
orthogonal signal wire planes were separated from each other by ~ 3/16"

with a high voltage plane ~ 0.25" from a signal plane on either side.

The gas used was: 80% Neon, 17% Helium, 3% Argon, with ~ 0.7 SCFH

(~ 4% of the total flow) passed through isopropyl alcohol at 80° F.
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The gas was purified and recirculated at the rate of ~ 17 SCFH using

an LBL recircu]ator5

which had a cryogenic alcohol trap added to keep
the 1iquid nitrogen gas traps from becoming clogged with alcohol. The
alcohol was added because it limited spark currents (keeping one spark
from getting all the available spark current) which helped improve the
chambers' multiple track efficiency. The gas mixture was monitored
periodically using a gas chromatograph.

The spark chambers were triggered by the main trigger signal,
which fired a hydrogen thyratron causing the breakdown of the spark
gaps located on each chamber, which caused a high voltage (~ 7.5 -

8.5 kV) capacitor storage bank to be discharged across the chamber's
high voltage planes about 200 ns after a trigger had occured. Spark
breakdowns occured along the ion trails left by charged particles
traversing the chambers, which induced pulses on the signal wires
closest to the spark breakdown between the high voltage planes. To
keep the memory time of the chambers short (actual value was ~ one
microsec), a DC +40 volt clearing field was applied to the high
voltage planes to sweep out unwanted ion trails. Due to the large
amount of charge necessary to fire a chamber, the LC spark gap circuit
had to be recharged before the chamber could be refired. To allow
sufficient time for this, another trigger was prevented from occuring
by gating off the trigger module for 42 msec (the "dead time" of the
spark chambers).

The current pulses traveling down the signal wires were grounded
out at one end, and traveled perpendicularly across a magnetostric-

tive wire inside a plastic catheter (filled with argon to prevent wire
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corrosion) at the other end. Induced acoustic stress waves traveled
along this wire at ~ 5.3 X 10° cm/sec and were picked up by a coil at
one end of the magnetostrictive wire. Part of the chamber current
was fired through fixed wires at the two ends of each wire plane
(called fiducial wires). The difference of the arrival times of a
pulse relative to the fiducials gave the distance along the wand at
which the spark occured. The distance between fiducial wires was
184.15 cm for WSC 1-5 and 182.88 cm for WSC 6-9. The signals were
amplified at the chamber and sent to discriminators, and were then
differentiated and the peak determined using a zero-crossing peak
detector. OQutput pulses were converted to 20 Mhz scaler counts in

CAMAC 14-bit time digital converters (TDC's), which digitized the

first eight sparks (including fiducials, unless missing) for each
wand, setting an overflow bit for the ninth spark. All the time
digitizers were started by the trigger signal, with the first fidu-
cial usually at ~ 700 counts, and the second fiducial usually at

~ 8000 counts.

The spark gap circuit, the wand amplifier circuit, the zero
crossing peak detector, and the time digitizer system are shown in
Figures 2.7 - 2.10. Spark chamber characteristics are summarized
in Table 2.7. Further detail on the construction and operation of
6
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