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ABSTRACT

Interactions of 209 GeV muohs in the A'Multimeon
Spectrometer at Fermilab have yielded more than‘8x10“ events
with two muons in the final state. After reconetruction and
cuts, the data contain 20 072 evenfs with (81:10)%
attribufed to the diffractive production of charmed states
decaying to muons. The cross section for diffraetive charm
muoproduction is 6.9%;:7 nb where the error .-includes
systematic uncertainties. Extrapolated. to Q%=0- with
0(Q%)=0(0)(1+Q?/A2) "2, the effective cross section fo; 178
(100) GeV photons is 750+}8§5 (560+%3%) nb and ‘the parameter

A is 3.3+0.2 (2.910.2) GeV/c. The v dependence of.the Cross
section is similar to that of the photon—gluon—stioh.model.
A f;rst determination of the structure function F,(cc) for
diffractive charm production indicates that charm accounfs
for approximately 1/3 of the scale-noninvariance observed in
inclusive muon-nucleon scattering at low Bjorken ”x.
Okubo-Zweig-Iiznka selection rules and unitarity allow fhe
muon data to set a 90%-confidence lower limit on the yN

total cross section of 0.9 mb.
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CHAPTER I

INTRODUCTION

A brief history of the quark model

There is great appeal in éscriﬁing the rich

phenoménology of high energy physics to the interactions of .

a small number of fundamentzl parficles. Faqed with a
growiﬂg z00 of subatomic particles, Fermi and Yang suggested
in'1949 tﬂat pions might be cohposite objects.! They boldly
calculétéd the propérties that a nucléoﬂ-antinucleon state
would exhibit (antiprotons were not discoverec until '1955)
Qnd found chem similar fc'those of the pion; "In 1956 Sakata
proposed an extension to the Fermi-Yang theory to allow it
to:.deseribe strange particles.? Sakata's model-used the
ﬁeutron, protoﬁ,-and lamtda as building blocks and predicted
the existence of several unusual (and nonexistent) particles
suéh as mesons with Stfangeness +2 and Dbaryons with
strangenesé ;3 and -iscspin 1.* Six years latér, Gell-Mann
and Ne'eman developed the "eight-fold wa}," a classification
scﬁeme for mesons and baryons based on the grcup SU(3).* The

"eight-fold way™ of 1862 treated particle symmetries
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abstractly, temporarily abaqdoning the Sakata model's notion

of three fundamental hadron constituents. Encouraged by the

success of the SU(3) model, in 1964 Gell-ﬁann was "tempted
to look for ;ome‘fundamental explanation of the situa‘qion."S

He found that the observed hadron SU(3) multiplets could be

constructed from a unitary triplet (d° s u°) and a baryon

singlet b°. More interesting to Gell-Mann was a simpler

scheme which postulated three fractioqqlly charged, spin 1/2.
"quarks," each with ba{yon pumber 1/3. Baryons would be.
composed of three quarks or four quarks and an antiquark, .
etc. while mesons would be constructed from equal numbers-
of quarks and antiquarks.® Soon after, Gregnberg, introduced

an extra degree of freedom, latef to become color, into the

quark model to permit the symmetric combination of three

quarks in an s state.®

Hadron spectroscopy provided amplé experimental support

for the SU(3) symmetry oflthe "eight-fold way." Indications

that quarks themselves have physical as well as mathematical

significance came from several sources. The cross section

for inelastic électrqn-protqn scattering may be .written in

terms of two structure functions, Wl and w2 as

d'c  _ E' 4md* | ‘9 2, N N

Here, E and E' are the energies of the incident and

scattered electron, v is E-E', and Q? is the square of the



four-momentum transferred from the electron. Experimenters
at the Stanford Linear'Accélerator Center (SLAC) fo:nd that
W2 deprended weakly on Q? and that VW, depended cnly on the
ratio Q%/v. This suggested that bean ‘electr01s were
scattering elastically from point-like particles inside
target protons. | '

More suppori for the existence of quarks cate .from

measurements of muon-pair production in picr-nucleon and

proton-nucleon collisions. In the spirit of the quark
model, most non-resonant muon pairs shouvlc coaze from
quark-antiquark annihilation’ as shown in Fig. 1. Since:

pions contain valence antiquarks while brotcns do mot, the
ratio 6 (pNsu*u"X) /o {nxNap*p7X) should be mich less than 1.

This was seen to be true.®
Charm

The unitaéy triplet, baryon singlet moce. discz-ded by
Gell-Mann 1led Bjorken and Glashow in 1963 to study a
constituent model for hadrons in which foer furdamental
"baryons" were linked by SU(4) symmetric forces.’ Baryon
number, electric charge, 'hypercharge, énd a new quantur:
number, charm, were conserved qdantities in theiax theory.

They predicted that charmed mesons would havz mzsses of

aporoximately 760 MeV anq noted that their model was
"vilnerable to rapid destruction by the experimentalists."®
Six years lzter, GClashcw, Iliopoulos, and Maiani (GIM)
proposed another SU(4) charm model, this time a four quark
extension of Gell-Marn's three quark theory.!® The GIM model
€eliminated strangeness-changing neutral currents from the
Weinberg-Salan model of weak interactioms, which previously
l.ad predicted ancmalously high rates for the decays KL*u+u_
end K+>W+V3.

The ¥ was discovered in proton-beryllium colli;ions and
in electron-pcsitron annihilation inA 1974.'% Its.narrow
width indicated that the ¢ did not decay strongly and
stggested that it was a bo.und state of a new quark and its
artiquark, th= cha:ﬁed quark of‘the GIM model. The lightest
ctermed mesons, the D°(1863) and‘D+(1868) were observed at
<te Stanford zlectron-positron collider, SPEAR, in 1976.
Tte D" wa; seen as a nzrrow peak in the invariant mass
distributions of K7 and Kn'm.n  systems and the D' as a

5 : — T+ 12
>ump in masses of K™ T states.

The system recoiling
against the D was found to be always at least as massivé as
the D, evidencz far the associated production of the new
mesons. Excizel staées‘ of the V¥ and heavier charmed
pa}ticles such as the D*, F, X, andA; have also been

13—
observed. * '3
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Models for charm prcduction by mucns

.In the simple quark model, nucleons are 'said to consist
of three valence quarks and a surrounding veil of sea quarks
andvantiquarks. A beam particle can transfer enérgy and
momentum to a virtual charmed quark {(or antiquerk), creating
a charmed particle. Figure 2a illustrates this process for
charm muoproduction. A more modern view holds that the sea
quarks arise from polarization of the vacuum by the strong
interaction field around the nucleon. v

Another approach is provided by the vector-meson
dominance model (VMD), showa ir Fig. 2b. In VMD, charm
production is a two step process. A virtﬁal photon (y,)
from the team mupn's electromagnetic field coaples directly
to a vector meson, the ¢, which then scatters off the target
into a pzir of charmed particles.’® The model assumes that
the v, -V coupling is nearly independent of d’ and Athat the
V-N scattering is largely diffractive so that the charmed
quarks in the exchanged ) appear in the final state. VMD
predicts the Q-dependence cf the reaction y /N > ccX to be
(1 + Qz/mi ) ?, the propagator for the virtval ¢ in the
Feynman diagram of Fig. 2b. Here, c is a charmed quark and

¢ is its antiquark. The model does not Fpredict the v

derendence of charm muoproduction. Unlike the simple quark

mocel, VMD predicts a strong correlation between the momenta

)
of- the daughter particles. VMD describes well the
production of the light particles p, w, and %. The larger

extrapolation from Q =0 to Q° = m$ required for charm
production however is unsettling.'®

A recent model for ' heavy-quark muoproduction 1is the
virtual photon-gluon-fusion (YGF) model.'” Figure 2c shows
the Fevnman diagram for YGF charm production.. A wvirtual
photon from the beam muon fuses with & gluon from the
target, producing a charmed quark and antiquark. A ce pair
with "sufficient invariant mass can fragment into a pair of
charmed particles. YGF uses elements of quantum -
chromodynamics (QCD) and makes the following assumptions
about the production process. The scale of the strong
coupling constant, @, is set by the mass of the charm
system. Color bookkeeping, the exchange of gluons between
the cc pair and the target to "bleach" the quark pair of
color,_is assumed to be a soft process wﬁich does not change
the YGF predictions. The production process is assumed to

be unaffected by the fragmentation of quarks into hadrons.

Ordinary parton model calculation rules are used, allowing

results to be expressed _ as cross sections for
Y, -parton > éEX, summed over the contgnfs of the nucleon and
integrated over the momentum distributions of the partons.'®

The Yy 6F model requires saﬁe numerical input before it
can make pre&ictions. The mass of the charmed quark must bé

specified. The distribution of momentum fraction 5% for



gluons must be defined. The mass constzat A used in the
definition of ag must be chosen. Perameters describing
properties’ of the nucleon target, such as -t dependencsz,
must be fixed. Once these are set, the mnodel describes
completely the kinematics of charm procustion. Q? and v
dependence, the cc pair mass spectrum, and the total
production cross section are defined.'® Wkea 2 prescription
is adopted to allow the quarks to fragment iat> hadrons, the
YGF " model describes charmed states otservable in the
laboratory. The predictions of yGF will be discussed in

detail later.

The muon experiment

This thesis describes interactions of the form puN-ppX
observed in the Multimuon Spectrometer (MMS) zt Fermilab.
Brief descriptions of the results obtaired from these
observations have appeared 1in Refs. 18 anc 19. Data.from
appioximately 4x10'! 215 GeV beam muons were collected
during the first half of 1978. Results from 1.388x10%!

positive and 2.892x10'° negative beam muons are presentec,

covering the range 0 (GeV/c)? < Q* g 5( (GeV/c)®  and

50 GeV sV g 200 GeV. After reconstruction and cuts, the

data contain 20 072 events with two micns in the final

state, most from thé p-oduction and decay of charmed
particles. Tke statistical power of such a large sample,
+50 times that of other muon experiments', allows a first
measurement of differsntia’ spectra for charm muoproduction.

Chapter IX <(escribes the beam system and muon
spectrometer. Chepter II] describes event reconstruction,
acceptance mode;iné, and background modeling. Extraction of
the chﬁrm signal, general features of the data, and
estimation cf systematic errors are also discussed. Chapter
IV presents results of measﬁreménts of the diffractive charm
muoproducticn total cross sesction, the @ and v dependence
of charm virtuwal photoprciuction, and the role of charm in
the risz with energy of the photon-nucleon total <cross
szction. The contributior. of chérm production to the scale
aon-invariarcz observed in muon-nucleon scattering at 1low
Bjorken :x is discussed. A lLower limit on the y N total cross

saction is presented.

N



CHAPTER 1I

THE BEAM AND THE MULTIMUON SPECTROMETER

Muons from the N1 beam line at Fermilab arrived at the
south end of the muon laboratory, passed through the air gap
of the Chicago Cyclotron Magnet (CCM), and entered the

Multimuon Spectrometer (MMS). -The trajectories of beam

muons and any scattered cr produced muons were registered by

wire chambers placed periodically in the MMS. Data from
events satisfying any of four sets of trigger fequirements
weré recorded on magnetic tape for subsequent analysis.

The muon spectrometeélwas conceived as a detector for a
higha-luminosity muon scattefing experiment studying rare
pro:-esses with one or mor= muons in the final state. Good
accaptance for btoth high-Q7 ;cattering evehts and. low-Q?
multimuon events was desired. An intense muon beam incident
on a long target could provide the desired luminosity while
a spectrometer sensitive to. muons produced at large and
small angles to the beam could meet the acceptance
requirements.

The detector was built in 1977 as a distributed target
dipole spectrometer: -Magnetized iron plates were grouped

into eighteen closely spaced modules. Each module was
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instrumented with wire chambers and hadron calorimetry. The
spectrometer was active .over its entire fiducial area,
including the region traversed by the ‘beam, allowing
reconstruction of low-@ multimuon events. .

The beam system and individual elements  of the
Multimuon Spectrometer will be described below... Further

details are presented in the appendices.

The muon beam

) A schematic diagraﬁ.of the N1 beam 1line is shown in
Fig. 3. ‘A -primary beam of 400 GeV protons from the main
ring w#s focused ohto a 30 ¢m aluminum farget. A series of
quadrupole magnets, the quadrupole triplet tfain, focused
the prodﬁcéd particles into a 400 long decay pipe.
Partiéles of one sign and with momentum near 215 GeV/c were
bent west in enclbsuré 100 and were passed to enclosure 101.
Ar east bend‘at enclosure 101 acted as a momentum slit and

bent the beam‘away from its lower-energy halo. ' Polyethylene

"absorber inside the west-bending'dipoles of enclosure 102

stopped hadrons in the beam. Quadrupoles in enclosure 103
refocused the beam and an east bend at enclosure 104 made
the final momentum selection. Thé_Chicago'Cyclotron Magnet

bent the beam east into the MMS.?°
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Figure 4 shows the loc§tions of multi-wire proportional
chambers (MWPC's) and plastic scintiliation detectors used
to measure the beam and reject halo muons. MWPC's and
scintillator hodoscopes after the quadrunoles in enclosure
103 and at the .entrance to enclosure 10% measured the
horizontal positions of muons. MWPC's and scintillator
hodoscopes measured hﬁrizontal and verticai coordinates at
the downstream end of enclosure 104, at the entrance to the
muon lab, immediately downstream‘of the CCM, and immediately
upstream of the MMS.’ Halé muons were dztected at three
points upstream of the spectrometer. A “jaw" scintillation
counter in enclosure 104 registered maoons which passed
through the iron of the enclosure's dipoles. A very large
wall of scintillation counters downstream of the CCM aiso
detected halo muons. A scintillator hodoscope with a hole
for the beam covered the front of the muom spectrometer and
counted halo particles enfering the detector. A signal from
any of the halo counters along the beam c¢isabled the MMS
triggers. Scintillation dstectors in =<he beam countsad
incident muons and vetoed events with more tkan one muon in
an rf bucket or with muons in the preceding or following
buckets.

Data were taken with 10'® to 1.7x19'? prctons/spill on
the primary target.  Typically 1.9x10° positive muons/spill
in a beam 8 inches high and 13.5 inches wide surv;yed all

vetoes. An equal number were present in the halo outside

12

the beam. The fraction of positive muon flux which
satisfied> all the veto requirements varied from 1/2 with
10'° protons on tarzet to 3/8 with 1.7x10!® protons on
target. The sffectiveA yieid of positive béém MUOnsS was
about 1.4x10 Tuons/protor. The yield of negative muons
vas one-third tz on:z-half as great.

The beam erergs was 215 GeV witd a +2% spread. A
comparison between.  beam energiesvdetermined by elements in
the beam ling ard bv thg MM5 showed that the values from the
beam  line ware s?steﬁatically l.S.GeV g;eatér than those
from the mucn spectrometer. . A furtherA check came from
elastic ¥ procuction data with‘ three final state muons.
R2quiring that the Seam =netrgy equal the sum of the energiés

(34 the final state maons showed the beam system's

_m2asurement t> be & GeV 1aigh. To maintain consistency

b=tween beam energy and final statz energy, the momentum
mzasured by the beam system was decreased during analysis by

adout 1.5 GeV.

The Multimusn Spectrometer

The mucn spectrometer consisted of four major systems.
Steel slabs served as am analyiing magnet and rectangular

‘scintillation counters measured hadronic shower .- energies.
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Trigger hodoscopes deternined event topologies' and wire
chambers sampled muon trajectories. The detector is shown

in Fig. 5; each of its four systems will be described below.

The magnet

The most massive component of the detector was the 475

tons of steel that servad as target and analyzing magnet.

The steel was rolled and flame cut into ninety-one plates,

each 4 inches thkick and 8 feet square. They were grouped
inFo eighteen modules, with five slabs per module. An
add%tional 'slab was placed upstream of the first detector
module. The fiducial area was magnetized vertically to 19.7

kG by two coils running the 1length of the spectrometer

through slots in the steel. Tke magnetic field was wuniform.

to 3% over the central 1.4x1 m area of the slabs. It was

mapped with 0.2% accuracy using flux loops. Tke location of
. . _

the peak in thewp y pair mass spectrum at 3.1 GeV/& from

events

pNpp X, vty

provided confirmation thkat the field measurements were
correct. The  o»polarity of the magnet was reversed
periodically. Roughly equal anounts of data were recorded

with each polarity.
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The magnet steel also acted as a target. The upstream
single slab and slabs in the first twelve modules gave a
target density for the dimuon trigger of 4.9 kg/cm?: This
corresponded to a luminosity of 500 events/pb for the data
presented here. Acceptance was fairly uniform over thé full
target length. The average density of matter in the
spectrometer was 4.7 gm/cm®, six-tenths that of iron,

allowing the magnet to act as a muon filter. Particles were

‘required to travel through the steel of six modules, almost

eighteen absorption lengths, before satisfying the wp
trigger. Hadronic showers developed in the steel downstream
of interactions and were sampled every 10 cm by

plastic-scintillator calorimeter counters.

Hadron calorimetry

Figure 6 - shows a side view of a single module.
Calorimeter scintillation counters 31.5 inches high by 48
inches wide were placed after each plate in the first
fifteen modules. Each counter was viewed from the side by
one photomultiplier tube. To achieve the 1large. dynamic
range required, signals from the tubes were amplified in two
stages and the output from each stage was recorded by an

analogue-to-digital converter.
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Deep inelastic scattering data and V¥ production data
provided calorimeter calibration informat:on. Magnetic
measurements of energy lost by muons in inelastic scattering
events related calorimeter pulse heights tc radroric shower
sizes. The calorimeter's zero level was set with the help
of ¥ events -which had less than 36 GeV of shcwer signal. By
requiring agreement between the average beam energy and the
average visible energy in the final state_(the sum of the
three muons' energies and the calorimeter siznal), a
zero-shower-energy pulse height was determinec. -The ras
accuracy of the hadron calorimetry was AZ=1.3E® for AE and

E in GeV, with a minimum uncertainty of 2.5 GeV.

Trigger hodoscopes znd the dimeon t-izger

Each of the spectrometer's eight trigger 1odos:opes was
composed of four large "paddle" counters and eigat narrow
"stave'" counters. The arrangement of scintillator elements
in "a trigger bank is shown in Fig. 7. Hodoszopes were
placed in the gaps following every other mcdale, starting
with the fourth. The muon experiment took data .using four
different triggers, run in parallzl. The high-@
single-muon trigger required each of three consecutive

trigger banks to have no hits in any stave counter and to
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have a hit in a pacdle counter. The three-muon trigger
required each of three consecutive banks ~to have hits
corresponding to three particles with some vertical opening,
perpendicular to the bend plane. The "straight-through"
trigger required a beam muon o enter the spectrometer
without passiig through any of the upstream halo counters
aad was prescaled by typically 3x10°. The two-muon trigger
rzquired both a.shoaér signal from the calorimetry and a
pattern 6f 1its .in thres consecutive trigger hodoscopes
downstrsam. — ‘

The dimuénicalbrimeter subtriggers are illdstrated':id'
Fig.ASJ Calofiﬁeter courters were ganged fﬁ,overlapping
c[ustefs of ten. Tae first cluster includeé.'scfntillatdrs
in modules on2 &nd two; the'second in modules two and tﬁree,
etc. giving z.total of ertheen clusteré.‘ When signals
from at least half the codnters“in a cluster exceeded a

tareshold level, that clustzar's calorimeter subtrigger was

enabled. The grezter ré&age 1in stezl of hadronic showers
enabled the cal»rrimetry to discriminate .agéinst
electromagnet._c czscad=s. The h>doscope subtriggers

required at least two countsrs to fire in the upstream pdir
of a group of three ccasecutive banks comprising the
trigger. To reduce the rate of spurious triggers from
¢ -rays, the danstraam‘b;nk was requirzd to have hits in two
§taves with at least one empty'staQe bztween them, or hits

in one paddie and any otler counter, or hits in any three
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counters. There were six different hodoscope subtriggers,
corresponding to each combination of three successive
trigger banks. Possible hLit patterns satisfying a hodoscope
subtrigger are shown in Fig. 9. The full cdimuon trigger
required both a calorimeter ancd a hodoscope suttrigger, with
a separation along the beam dirsction between them. The

upstream end of the earliest calorimeter cluster

participating in the trigger was‘required to be at least

seven modules from the furthest downstream trigger bank in

the trigger. Table 1 lists possible calorimeter-hodoscope

subtrigger combinations and Fig. 10 shows the probability of -

satisfying the «calorimeter subtrigger as a function of
shower energy. The subtriggerlprobability was measured when
the calorimeter was calibrated. It was found bv determining
the fraction of the deep imelastic sho@ers of given energy
which set calorimeter subtrigger bits. The hodoscope
subtfigger rate was typically 1.3x10® per beam muon while

the full dimion trigger rate was about 8x10°® per beam muon.

Wire chambers

A system of nineteen multiwire proportional chambers
(MWPC's) and nineteen drift chambers (DC's) measured

horizontal &nd vertical positions of muons in the
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spectrometer. An MWPC and a DC were placed upstream of the

first module and in the gap kollowing each of the -eighteen

detector modules. The spatial resolution of the chamber

system was sufficient to.allow multiple Coulomb- scattering

of muons in the steel magnet to limit the spectrometer’'s’
momentum resolution. The chambers were active in the beanm

region, greatly reducing the sensitivity of the dimuon

detection efficiency to Q® and R The wire chambers were

built on aluminum jig plate, permitting them to be thin but

rigid. This minimized the required widths of the

inter-module gaps and maximized the average spectrometer -
density. The "low-Z" jig plates covered the upstream sides

of the chambers and served to stop soft electron §-rays

traveling with beam muons.

The multiwire chambers had a single plane of sense
wires, measuring coordinates in the horizonta: (bend) plane.
Signals induced on two high-voltage planes were read by
center-finding circuitry shown in Fig. 11, yielding vertical
and diagonal coordinates. There were 336 sense wires spaced-
1/8 inch apart'in each MWPC. High-voltage wires spaced 1/20
inch apart were ganged in groups of ~four, giving 196
diagonal channels and 178 vertical channels of information
with an effective channel spacing of 1/5 inch. The -
proportional chambers were built on 1/2 inch jig plate and
were active over an area 41.5 inchés wide by 71.2 inches

high. The séparation between sense and high-voltage planes
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was 0.4 inches. The MWPC readout electrcnics were gated on
for 70 nsec.

The chémber'resolution was approximately equal to the
wire spacing divided by v71Z. The efficiencies of the
multiwire chambers varied with position zcross the faces of
the chambers and with chamber lccazion along the
spectrometer. Chambers near the front of the MMS had sense
and induced- plane efficiercies in the beam >f 83% and 5S%
respectively while MWPC's towards the rezy had .sense and
induced plane .efficiencies 1in -the tezm of 88% and 76%
respectively. Away from the beam, all froportional chambers
had sense and induced plane‘ efficiencies of 95% and 9i%
respectively.

Each drift chamber was built with & single sense plane
of fifty-six wires measuring coordinates in the bend plane.
Track finding with proportional chamber information resolved
the 1left-right ambiguity present in singls plane DC's. The
drift cells were 3/4 inch wide with fie.d shaping provided
by high-voltage planes spaced 1/8 inch from tke sense plan=s.
The separation between high-voltage wices wss 1/12 inch.
Figure 12 illustrates the drift cell geometry and indicates
the voltages applied to the field-shaping wires. The DC's
were active over a 42 inch wide by 72.5 irck high area and
were built on 5/8 inch aluminum jig plate.

The chamber preamplifiers read differential signals

from the transmission 1lines formed by sense wires and the

20

eight closest field-shaping wires as indicated in Fig. 12.
A start pulsz sent from the triggsr logic to the drift
chamber time digitizing system enabled a 120 MHz ‘tiﬁing
<lock. Sigrats frcm the chambers arriving at the digitizer
within thirty-ane.time bins >f the start pulse were latched,:
'th)ugh most  valid puless arriveld in an interval
approximately -wenty bins wide. The drift chamber readout
was designec te latch up to four hits per channel with an
avzrage of 1/2 scaler per wire. The system has been
described ir Jetail in Ref. 21 which has been reproduced .in
Apoendix A.

The resclation of thé <rift chambers was determined to
be better than 250 microns by fitting hqon tracks with drift
chamber information. An expzrimental lower limit on the
resolution was not determined. The theoretical resolution
wés 150 micrcns. The efficizsncy of the drift chambers was

better than €8% in the beam.

Data acquisition

Data frcem the different systems were read from the
experimental hardware bty CAMAC whenever a trigger was

satisfied. A PDP-1% received the CAMAC information and

" stored it on magnetic tape. On-line displays, updated after
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eacl accelerator spill, perm}tted constant monitoring of the
performance of <the detector while the experiment was
running. There were typically fifty triggers per spill; the
maximum number that could be processed was about twice that.
The data transfer rate of the CAMAC system and the data

handling speed of the computer set the limit ‘on event Tate.
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CHAPTER III

RECONSTRUCTION AND ANALYSIS

The muon experiment recorded more than 107 triggers on
1064 reels of computer tape. A trac=-findinz program,
TRACK, analyzed raw data, constructing mudn trajectoriszs

from the wire chamber information. Teking inzo accouat

multiple Coulomb scattering and energy loss, a track-fittiag

program, FINAL, momentum-£fit muon tracks found by TRACK. A
Monte Carlo program modeled the mucn spéctrometer,
generating simulated raw data which were analyzed by TRACK
and FINAL. Different physics generators permitted the Monte
tarlo to describe the detector's acceptancs for both chamm
production and background processes.

This chapter discusses event reconstruction and da:za
analysis. The first section describes the track-fiading arnd
momentum-fitting algorithms. The seconi describes
accéptance modeling and thke third describss background
siﬁulation. The fourth discusses methods usel te 1isolate
the charm signal from the backgrounds and the Zifth presents
geﬂefal features of the reconstructed data amd Morte Cario
simulations. The sixth details methods us=2d tc estimate

systematic errors.

Recoastruction

The goals4 of the reconsStruction algorithms are
zonceptually s:impls. TRACK and FINAL attempt to Aetermine
the hadronic shower emergy and the four-momenta of initial
and "final s:ate muoné ct  the vintsraction vertex. The
implementatioa of these 3oals beli=zs their simplicity,
however. The €inding program, TRACK, contains about 25,000
_ines of FORTRAN and the fizting program, FINAL, even more.
TRACK and FINAL znalyze events of all four trigger
topologies; tha algcrithms' reconsiruction of dimuon

triggers will be describad below.

Track finding

kaw data fron an event are unpacked and translated into
wire chamber FLits, calcrimeter scintillator pulse heights,
and latch inforﬁation. £ fllter routine inspects patterns
of hits in the zrigger Lodoscopes. The filter requires the
hodoscope informaticn tc be consistent with all tracks
iitersecting at a ccmmon vertex. About 22% of the triggers,
some caused by § -rays and by stray muons entering the top or
bottom of the detector, are discaraed. The filter does not

reject legitimate events with extra tracks.
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Proportional chamber "blobs" are ccnstructed of
contiguous wire hits in eacﬂ plane of the MWP('s. Since the
deadtime of a drift chamber preamplifier corresponds
typically to a drift distance of 2.5 mm, drift chamber
"blobs" are constructed of all hits whose drift distances
are within 2.5 mm of the drift distance cf another hit on
the same wire. MWPC hits in the planes measuring horizontal
(x), wvertical (y}, and ﬁiagonal (u) coordinates are grouped
into "triplets" or "matches'" when any part of a u-plane blodb

is within 0.75 cm of the location expected from the pairing

of a3 particular x blob ani'y blob. A blob may participate ’

in at most three tripZsts; the matches are ordered by the
difference between predicted and found u positions. Both
trioplets and blobs whizh are not part of a triplet are
available to the routines which search for trazks.
Calorimetric information gives an estimate of the
ver-ex position alongl 2, the bteam direction. The vertex
algorithm finds the meximum calorimeter counter pulse
height, A. For each sclab in the detector it calculates a
quaqtity N, where N is the difference between the number of
counters with pulse height less than 0.08A and the number of
counters with pulse height greater than 0.08A, for all
counters upstream of that slab. The middie of the slab with
the largest value of N is chosen as the vertex =z position.
If ceveral slabs share the largest value of N, the center of

the slab closest to the front of the detector is chosen.
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TRACK uses data from the wire chambers in the beam
system to project a muon track into the detector. With
information from the MWPC between the first plate and the
first module, an incident position and angle for the beam
muon are determined. The trial trajectory is then extended
downstream wusing a fit which is linear in y and includes
energy loss and bending due to the magnetic field 1in x.
Chamber resolution and multiple scattering determine the
size of a search window at each MWPC. The triplet inside
the search window which is closest to the predicted location
is plaﬁed on tae track. If no triplets aré found, unmatched
blobs are used. TRACK recalculates the muon's. trajectory
with the new hits and projects downstream onz module. The
process is continued past the vertex found by the
calorimeter algorithm. After filling 1in the entire beam
track with proportional chamber information, TRACK adds
drift chamber blobs to the muon's path. The two <closest
blobs in each drift chamber are assigned to the track in one
pass, with no refitting after the inclusion of each DC's
data.

The track finder next searches for muon trajectories
downstream of the vertex. TRACK begins at the back of the
spectrometer and works upstream, constructing a trial track
with hits from at least four MWPC's. When a t;ack is found,
drift chamber information is added éimultaneously along the

entire trajectory. MWPC triplets wused 1in the track are
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removed from the list of available matches, then ths program
begins the process again with the propor:-orna} chamber
information still available.

To project a track forward from the back of the MMS,
TRACK requires three triplets or two triplets and znmatched
x and y hits in a third MWPC. The startirg triplets may be
separated by up to three proportional chambers, tut there
can be no more than one empty MWPC betweer an¥ zwo chambers
in the initial segment of three MWPC’s. Chanbers _sed on &

track must have twelve blobs or less in the x p.ane. Within

resolution and multiple scattering limits, the 7 co:zrdinates

must lie on a straight line. The curvature of the starting
segment must correspond to a momentum greater than 15
GeV/c -20 where o is the error of the calculatzed molentum.
Three-chamber track segments are extrapo_a:ted past the
vertex by a routine called TRACE. The actions taken by
TRACE are similar to those of the beam fitting ~outine. The
track is extended upstream one module at a time. A multiple
Coulomb scattering and resolution window is opsaed at each
chamber and a triplet or unmatched blobs are >laced on the
track. TRACE refits the track with the new infermation,
‘including energy loss and bending in the magnstic fiald, and
continues upstream. When a track 1is conplete, TRACE
simultaneously assigns the two best drift chamber blobs in
each DC to the track and removes all used tri»l=ts from the

table of available matches.
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The track-huntirg process continues until all possidle
starting segmeats have been investigated. Tracks are
required to coatair (x,y) points from at least four
propcrtional chambers with at least two of the points from
MWPC triplets. Tracks ar: also requicred to have a fit
momentum of less than 325> -GeV/c. The x? per degree of
freedﬁm for trzcks fit caly with proportional chamber
information must be 1less than _4 or 5 for x or y views
rzspectively. Dimuon triggers with a recon;tructed beam
track and twd or more reccastructed final-state tfacks are
writzen to secondary datez tapes for Aanalysis by the

track-fitting progran, FINAL.

Track fitting

FINAL assurss tnat tracks suffer smooth, continuous
energy loss. It fits tracks by simultaneously varying the
CoulomB scattering impulse in each module to minimize the x?
asscciated with the moment.:m fit. The algorithm calculates
iteratively, re ecting infochation which makes a substantial
ccrntribution to the total x2, then performing a new fit:
FINAL fits trzjectories which are founé by - TRACK and <chen
zttempts to constrain them to a common vertex.

Figure 13 diagrams.che ‘logical flow of the fitting
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routine. The 1initial fig' to all tracks uses only MWPC
infcrmation. The better crift chamber bleb in each pair of
bloks is then attached to the track. FINAL attempts to
minimize thz x? of the fit and maximize the number of
chanbers o2 the track by renoving hits from the track and
replacing them with unatteched DC blobs. Seperate tracks,
correspondinag to a single track broken by the track finder,
are fused. Halo tracks ard tracks from siray muons are
idertified and discarded. A vertex 1is then chosen for
dimuon triggers which possess a reconstructed beam track and
at least twd accepted final state tracks..

FINAL picks a trial vertex using track and calorimetric
information. The =z location from TRACK is used to compute

and minimize the sum

‘> ' (x;(?_:) - x\,)9‘+ (3;(1\,‘1—3\; )D‘
P H K AH,‘ .
a

teacks

Here, Xys Yy, 2Zy are the coordinates of the trial vertex,
xi(:V)’ yi(ZV) are the ccordinates of the iLll track, and
Ax;. Oby; are the unce-tainties in the projection of the
track to zy. All tracks are rzfit to include the vertex.
If the x¥2 of the new fit does not exceed a 1limit which is a
function of the event's topology, FINAL searches a region

extending +50 cm in z around zy. The interaction vertex is

chosen based on the behavior of the above sum as a function
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of z. If the y? of the fit which includes the vertex is
large, chamber information contributing the most to the x?
value is discarded. FINAL then repeats the above procedure,
determining a trial vertex and searching on either side of
it if the new vertex fits well. If this second attempt
fails, the calorimeter vertex is temporarily ignored.
Tracks are returned to their original state, before MWPC and
DC hits were removed. Another trial vertex is chbsen, based
only on track information. This vertex is used in a refit
of ali tracks. If too iarge a x? results, chamber
information 1is discarded and a new fit is mede. If the fit
is still poor, the event is rejected. If the trial vertex
is consistent with the track information, the z position
determined by the calorimeter algorithm is included in a new
fit. If the calorimeter vertex z coordinate 1is not
consistent with the track vertex, _ the. calorimetric
information 1is rejected and tracks are fit with only ghe
track-determined vertex. If the calorimeter vertex agrees
with the track vertex, a fit is done which includes the
shower information. Once FINAL selects a vertex for an
event, the fitting for that event is finished.

FINAL uses an impulse approxmation to describe the
bending of muon paths in the spectrometer. Each module
imparts a transverse momentum of 299 MeV/c. The fitting
program assumes an impulse is applied between successive

chamber hits at one point whose z position is chosen to give
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the correct angular and Spatial displacerent Ior a muon
traveling through the iron magnet. Since FINAL fi-s tracks
assuming a smooth, continuous energy loss, the z pasition of
the impulse is generally not midway betwzen the front of the
first plate and back of the fifth plate ir a moduls.
FINAL's estimate for the amount of energy lost by a particle
is a function of energy and path length in matter.

Multiple Coulomb scattering of particles 1is also
described in the impulse approximaticn FINAL
simultaneously varies the transverse impulse in x and y in
each module to determine a best fit to z trajectorr.

The track fitting program corrects the beam . energy as
described in the previous chapter. The =correction 1is
applied to blocks of data, each containing about 5% of the
full data sample. All events in a block have the same sign
of beam muon and magnet polarity. The ladron calorimeter is
calibrated separately for each data block as described
previously. FINAL uses the appropriate‘set of celibration
constants for each event.

A series of cuts, to be described later, are zoplied =o
reconstructed events to discard data taksa in kinematic

regions where the spectrometer's acceptance changes rapidly.

Before these cuts are made, 91% of the successZully analyzed-

events have tracks which reconstruct to satisfv thz dimucn
trigger. After the cuts, 98% of the events meet this

requirement. Because of this, no attempt is made to require
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analyzed events to satisfy the pu trigger after
reconstruction.

To compute kimematic variables such as Q2 .and v, the
#nalysis programs must decide which final state muon is the
scattered muon and whici is the produced muon. The choice
is obvious whem the muons downstream of the interaction have
oppos;te charges-- the scattered, or "spectator” muon is the
particle with the sane charge as the beam muon. If both
ruons Lave the same sign as the beam, the more energetic u
is chcsen &s the spectatzr. When applied to opposite sign
Fairs, this algorithm is s:ccessful 91% of the time.

The er-er in vertex placement varies from: 15 cm to
several merers. It depends in part cn the opening angle of
the final state mucn trajeztories and the 'cleanliness" of
the calorimeter information. The rms momentum resolution is
about 8% and varies approximately as the square root of the
length of tracks in the spectromster.

TRACK is z>le to reconstruct 39% of the exclusive
dimucn triggers, where "exclusive" refers to events which
satisfy only ore trigger. Most rejected events .emerge from
the track firnder with fewer than two final state tracks.
FINAL successfully analyzes 37% of 1its input from TRACK.
Most failed dimuom triggers do not survive FINAL's attempts
to construct a vertex. These events largely are caused by
noise _su6h~ as shower activity in the_dete;tor and do not

reconstruct to have two muons in the final state.
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Acceptance modeling

A Monte Carlo.simulation of the spectrometer is used to
unfold detector acceptance from measured distributions. The
Monte Carlo also allows an extrapolation of measured
distributions into kinematic regions outside the acceptance
of the detector. By using the calculation to estimate the
ratio of observed to unsesn events, total cross sections may
be determined. To Dbe suécessful, the simulation must
accurately model the geometry and sensitivity of the
spectromete- and must include effects such as energy loss
and multiple scattering of muons. An acceptabie model of
the underlying physics governing interactions is needed to
properly describe acceptance and to allow extrapolation
outside the measurzsd kinematic region. »

The Monte Carlo simulation of the Multimuon
Spectrometer consists of two parts, a shell and a physics
generator. The shell describes the detector, propagates
particles- through the <cpectrometer, and writes simulated
data tapes when an imaginery interaction satisfies an event
trigger. The physics genera-or contains the model for the
process being studied and produces daughter particles and
hadronic showers with distribuiions intended to mimic actual
interactions. Generators for charm  prodaction, deep

inelastic scattering, vector-mesocn production, and w, K

33

production are among the routines that have been wused with
the Monte Carlo shell.

The shell uses randomly sampled beam muons recorded as
straight-through triggers during thé course of the
experiment. The program propagates beam muons from the
front of the spectrometer to interaction vertices, causing
the muons to suffer energy loss from effects such as yu-e
collisions, muon bremsstrahlung, and direct electron pair
production. Simulated muon trajectories are bent by tHe
magnetic field and are deflected by single and multiple
Coulomb scattering processes. A nuclear férm factor is used
in the description of large-angle scatters. Daughter muons
bend, lose energy, and multiple scatter in the same way.
One of the physics generators creates charged 5 and K mesons
and allows them to decay after traveling through typically
half a module. The Monte Carlo causes the mesons to losé
energy, multiple Coulomb scatter, and bend in the magnetic
field during their brief existence. All muons are traced
through the spectrometer until they leave the detector or
stop. Interactions which satisfy any of the experimental
triggers are encoded and written to tape with the same
format as was used to record real events.

' The shell assumes that the efficiency of the drift

'chambers, is 100% and the efficiency of the MWPC's is less,

as described earlier. Wire chamber hits are generated to

represent particles traveling through the MMS and showers
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developing downstream of an interaction. Halo muons,
§-rays, and out-of-time beam particles are not simulated.
Only a minimal attempt is made to model the spreading of
hadronic showers through the chambers.

A photon-gluon-fusion (YGF) model for <harmed §uark
production, described in chap;er I, serves as the heart of
the physics generator used tc study detector acceptance for
charm. 1In YGF, the cross section to produce a charmed quark

and its antiquark with a virtual photon is
LA -l
Jy = 4“°(W|(VI+QI) '

for transversely polarized photons and
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for longitudinally polarized photons.?? Here,
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where
m: aMvy - G? A omi - dmime
< -1
3z (m+ Q") . Yo = | Qm:+a‘ )/ (amv)

. - . - s
di= v /las ] 6uy= 3 0-x)/x .
The connection between  muoproduction  and virtual

photcproduction will be discussed in chapter 1IV.

Charmed quark pairs are produced quasi-elastically ir
YGF; that is, the cC pair carries off most of the energy of
the virtual photon. To al_ow the model to'maké quantitative
predictions, the charred quark mass, m., is- set to 1.5
GeVrc®.?? The distribution for the gluon momentum fraction

is

Xg is takem to " be 3(1~xg)5/xg. Here, 'x

g
(2 + mré J7(2Mv). The strong coupling -constant a s
1.5:1n(4mC% ) = 3/8. Figure 14 shows the m_- pair mass

soectrum thet results; the average pair mass is 4.9 Gev/c?.
Jale those events with Dec > 2mD are allowed to generate
Einal states contaiaing open charm. ‘
One-terth of the beam muons which produce charm
interact colkeremtly with iron nuclei while the rest interact
inéoherently Wwith nicleons in Fermi motion. The YGF model
does not des:cribe the -t c=pendence oE-thé'production Cross
section, where -t is ths ‘square‘ >f the four-momentum
t-ansferred to th= target. ~ Coherence, screening, and -t

jependence arz parametrize¢ in a fashion identical to that
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used to describe ¥ produc'cio.nz'3 through

2y) = isot o, ot -
gelyreman)z[ A2 ™ v A3 g &)] deanocn)

The effective atomic number, A,, is taken to be 0.9 times
55.85 based on measurenents of screening from SLAC.2?“ The
coherent slope is unresolved in our ¢ data and is based on
lower energy photon-nucleon measurements.?®

A prescription to describz the fragmentation of quarks
into hadrons, and the semi-ledtonic decay of those hadrons,
is neﬁessary to connect the YGF predictions with
experimentally observable results. The Montz Carlo uses a
two-stage fragmentation to turn the charmed qﬁarks into
had-ons. The first describes the escape of thz cCT pair from
the vicinity of fhe target nucleon. In the spirit of vGF,
the pair moves away ZIrom the production vertex with minimal
int=rference from the target. The exchange of soft gluons
to ‘''bleack" the color from the quark pair is ignored. The
cc system absorbs the maximum allowable amount of energy
from the virtual photop. The second stage describes the
fraémentation of the ¢ 1into D mesons. A function
D(z) = (1-2)°-% parametrizes the breakup, where Eﬁ is the
energy of & charmed particle in the cc center of mass and
z=ZEB / Mt represents the fraction of the maximum possible
energy the meson receives. D(z) is based on SPEAR data?®

taken at center of mass energies comparable to typical

-

{+]
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values of m.z in ‘the YGF model. The SPEAR data measure
inclusive D production and therefore include information on
* production with the subsequent decay D*>DX.

The Monte Carlo allows the charmed qparks to fragment
into neutral and charged D's in a 2:1 ratio?® The ratio is
based on the same SPEAR measurements which yielded the
function D(z). Other charmed states such as FF and_ACXC are
not explicitly simulated. Any. difficulties caused by
limiting the variety of particles produced by the & pair
are present only to the extent that the wunmodeled states
decay with characteristics different ffom those of a DD
state. The average values of Q, the available Xkinetic
energy in typical semileptonic decays of F's andAc's,
differ by »10% from the average Q in the simulated decay
modes. This results in different p, and Pr spectra for the
different decay modes where p,, and pp are muon momentum
components parallel and perpendicular to the virtual photon.

Monte Carlo calculations indicate that acceptance is much

-more sensitive to p, than pg;. The data and Monte Carlo

agree to 15% in pg; studies of systematic wuncertainties,
described below, include investigation of the sensitivity of
our measurements to p, spectra.

The simulation assumes the branching ratios of 4% and
20% for (D°D°) and (0'D7) >vuX respectively.?’»%® X is
taken to be K*(892) 39% of the time and K 61% of the time.zs

The net yield of muons per cc pair'is Qf187 with the above
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assumptions. To permit proper modeling o> the showsr energy
and ﬁissing (neutrino) energy, D's aré allowed to decay to
evX with the same branching fractions.

The Monte ‘Carlo was used to generazz a “data set of
simulated events representing a beam flux equivalent to that
producing the real data reported here. In all, 2.87x10°%
incoherent and 3.30x10* coherent-Monte Carlc intsractions
produced 4.49x10* and 8.4x10° triggers, respectively. The
trigger efficiency for YGF events with decay muons is
therefore 16.7%. Including thé muonic Dbrarchimg ratios
indicated above gives a net trigger’efficiéncy of 2.87%.

Figure 15 shows the Q? distributions for events which
were generated by the charm model and «~hich satisfied the
simulated trigger. The spectrometer's accepience is
remarkably flat in Q* due to its "no-hol=" corstruction and
forward sensitivity. This is evident in the .minimal
difference in the shapes of the gen=rated and triggered
spectra. Figufe 16 shows shower energy Jdistributioms. The
different éhapes of the generated and triggered plots are
céused to great extent by the calorimetér subtrigger.
Spectra of daughter muon energies are shown 'in Fig. 17.
Since daughter muons must travel through at 1least six
modules to satisfy the dimuon trigger, the -Setector's
acceptance for slow muons is small. The erergy 1loss per
module experienced by a muon 1is about 1 Ge\l and the

transverse momentum imparted by the magnetic field is about

39

33) MeV/c. SoZt muons are stopped or slowed and pitched out
of the specfrometer.before they can trigger the apparatus.
Distributions in 'V are shown in Fig. 18. - Acceptance as a
fuaction of Vv, the energy lost by the beam muon, is
influenced <tromgly by ths shower requirement and .the
daughter-energy acceptance. For values of v close to the
beam enérgy, the réquirement that the scattered muon travel
through more tham six modules has a strong effect.

The data presented :n’ figurés 15-18 * include both
same~sign and opbesite—sign final state muon pairs. Since
beam muons are tent partial_y out of the sbectrometef‘ while
traveling to the interaction veftex, daughter muons with the
opposite sigm arz bent back into the MMS. Consequently,
after reconstruction, the acceptance for opposite-sign pairs
is higher by a factor of 1.45, After analysis cuts
descriﬁed be ow, the factor decreases to-1.26.

The comparison between data and Monte Carlo samples

will be discussed later.

Backgrocnd modeling

The experiment identifies charmed states by their
éecays into £ muon and at least two other particles. Since

decays such as D»Kw contribute only to the calorimeter
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signal, none of the kinema;ic distributions can exhibit an
invariant-mass peak representing charm production. To allow
extraction of the charm signal, importent sources of
contamination must be modzled and subtracted from the data.
If the spectrometer had mzasured two-body decays which yield
mass peaks for charm, the experimental data would providé
all the necessary backgzround information. ‘A smooth curve
could be extrapolated undzr the mass peak, allcwing accurate
determination of signal-to-background ratios. Since this is

not the case, a Monte Carlo simulation c¢f the major

background is used to remove non-charm contamination from

the data.

The largest'source of background is the decay-in-flight
of ™ and K mesons produced in inelastic muon-nucleon
collisions. Other sources of contamination are muon trident
production uN- u "« X, ‘T pair production uN- ,u‘C't- X with
T%px, and bottom meson production /kN“'/ABEX with B or
B ux.

w, K decay

The average density ¢f the Multimuor Spectrometer 1is
3 . X .
4.7 gm/cm , six-tenths thkat of iron. Because of this, most

1 and K mesons produced in a hadronic shower interact and

: . X0 -
of muon-nucleon scattering and hadron muoproduction
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stop in the detector before ﬁecaying. The probability for a
wor K with energy ¥Ymc* to decay in flight is L/(¥cT) where
L is the particle's absorption 1length and T is its mean
proper lifetime. For a 20 GeV T in the MMS the total decay
probability is about 4x104', while for a 20 GeV X' it is
4x10.-3 . This indicates that perhaps a tenth of a percent of
the inelastic muon-nucleon collisions in the spectrometer
will give rise to a shower-decay muon. Since theoretical
estimates predict charm muoproduction cross sections that
are a percent or less of the total inelastic cross section,
accurate simulation of the W, K decéy background is
necessary..

A shower Monte Carlo based only on experimental data
measuring muon-nucleon and hadron-nucleon interactions is
used to study the 7, K-decay background. Parametrizations -
24,30
cross sections from the Chicago-Harvard-Illinois-Oxford
collaboration (CHIO) fix the Monte Carlo's absolute
normalization. Bubble chamber data are used to describe the
interactions of pions and kaons with target nuclejy_ub: as

the shower develops in the detector. The simulation creates

"a full shower until all charged particles have energies less

than 5 GeV. Once the hadronic cascade has been generated,
the Monte Carlo chooses which, if any, of the shower mesons
to let decay.

The physics generator for the T, K Monte Carlo is wused
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with the standard MMS shell described earlier. The shell
manipulates beam information, generates simulated raw data,
propagates. muons, etc. The propagation routine zllows m's
and X's to travel through the spectrometer for the' distance
requested by the generator. Mesons lose emergy,-multiple
Coulomb scatter, and bend in the magnetic f.eld. [nelastic
mN scattering vertices are chosen to reflect the fine
structure of the detector. . Since mesons in . showers
beginning near gaps between modules are nore likely to

decay, the vertex distribution shown.in Fig. 1¢ restlts.

Once a vertex is selected, the simuléticn-picks values -

for Qa and v based on CHIO information. Values of Qa range
from the minimum to the maximum kinematically zllowed while
v runs from 10 GeV to .the beam energy. Tke CHIO data are
corrected to describe an isoscalar target41 and renormezlized
by 2 factor of 0.9 to allow for nuclear screening.'24 To the
desired accuracy, iron is well approximated s an isoscalar
nucleus. The program keeps track of the :zross section fer
scattering with Vv > 10 Gev to fix the probat=ility cof
generating sho;ers.

CHIO data describe positive and negativs hadron
production by 147 GeV and 219 GeV muons. CH:iO pé:ametrize

their results in terms of Feynman x (xF) and hadro= momentum

perpendicular to the virtual photon, pT. Feynman x is
defined as
x E
Py ~ 27y .
Xe = a 1 ~
F A a .
(P"“* - P )‘l . St
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H=re, p; is the momentym pf a hadron parallel to the
virtual photon in the center-of-mass (CM) of the
photqn-nucleon svstem anc pﬁnx ié the maximum momentum it
can have in the CM. The tofal CM energy isJs° . The Monte
Carlo uses CHIO distributioms which are averaged over Q:x
(Qa > 0.3 (GeV/c)a) aad v (V> SS'GeV) for muon-deuteron
s:attéring., It is as§umed that the Xg and P, distributions

provide an adequats description of the region with

Q < 0.3 (Ge¥/c) ard V< 53 GeV. It is also assumed that

the distributions depead weakly on Vv and Qa.

Reference 30 presants‘K/ﬂ'ragips for the CHIO 219 GeV

data. Based c¢n these data, thz simulation uses a K*/W'
ratio of 0.15 + 0.13p] end a K'/w ratio of 0.1+ 0.12p. .

Here p_ is in GeV/c.

Neutral par-icles are zreated in an approximate fashion
by the Monte Carlo. Distributions for m° production are
taken as an average of the wt and n: distributions. A
photon from ° decay produces muons and electrons in the
ratio® n} /q:_:, 2.4x10° . Since a 1 decays into two
photons and éach photen almost always produces a pair of
particles, the averzge yield of muons per w° is 9.6x10_5,
less than the decay probability for a charged meson. The
simulation thus assumes that neutral pions just vremove
energy from the shower and do not produce muons. Shower

studies from ancther experiment indicate that this is a

. X 49 - . . s e
reasonable approximation. Neutral kaons are made with the

"
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same: distributions as their charged counterparts. Half of
the neutral K's‘ are-KS's ;hich decay quickly to two pions
while the rest are K _'s whick are 1long-lived. Therefore,
half the time K°'s are used as energy sinks which do not
yield muons and half the tihe ~heir energy 1is returned to
the pool available for charged mescn production.

Charged and neutral nmesons in the primary shower, the
inizial virtual photon-nucle>n interaction, are generated

with  CHIQ distributions in the range 0< x, < 1.

Approximate energy cons=2rvation is imposed by requiring’

2 x_< 1 where the sum runs over all particles generated.

F

Primary shcwers violating this requirement are discarded and
regenerated.
The Monte Carlo's description of primary showers

neglects the dependence of kinematic distributions and

charge multiplicities on atomic number A. The  muon
spectrometer's acceptance is appreciable' only for
shcwer-induced muons whose parent mesons had x_> 0.2. In
this region, distributions and multiplicities show

negligible A dependence.;o The simulation also neglects
mucns arising from f, w, ¢ production with nmuonic decay of
these particlés.lH '

The program uses informazion stacks as bookkeeping aids
while generating hadronic cascades. An "interaction" stack

keeps track of all mesors with more than 5 GeV of energy

which have not yet been made to interact in the detector to
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produce secondary showers. A "history" stack records . the

structure of the developing shower, storing information on

parentage, P, with respect to the parent meson, etc. for
gach meson generated with energy greater than 5 GeV. Pions
and kaons in the primary shower are lcaded into the
interaction and history stacks. Secondary showers result
from 'interactions of mesons with nucleons in the

spectrometer, which yield more particles. They are

‘generated by removing a m or K from the bottom of the

interaction stack, '"colliding" it to produce more hadrons,
and adding all new particles with sufficient energy to the
bottom of the two stacks. The process is repeated until the
interaction stack is empty, leaving the history stack with a
complete description of the hadronic cascade.

The Monte Carlo generates an individual secondary
shower in several steps. It first chooses the propagation
distance that a T or K travels before interacting.
Absorption 1lengths for mesons in 1iron are determined by
scaling the proton absorption length at 29 GeV s by the
ratio of the p;oton-deuteron and meson-deuteron total cross

- 1
A-44 The 1T absorption 1length 1is 26.8 c¢m or

sections.
(28.3 - 30/E) cm for particles with energy greater than or
less than 20 GeV, respectively. The K+ absorption length is
36.1 cm and the X absorption length is 30.1 cm, independent
of eneréy. The distance a meson travels is a function of

its absorption length and its initial position in a module.
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Particles produced near the pack of a module have a greater
chance of reaching the gap between modu.es.

The shower generator decreases the meson's =nergy by
the average amount it is expected to lose traveliag through
the spectrometer to its interaction point. The following

inelastic collisions are simulated:
b4 + > [ R
M N- nm +NT 4RI X

4 L * * o .
K N> n K +nm R 4D, +X

The coefficients n, -n, are greater than'or -=qual to zero.

These interactions are completely describ=d by specifying ’

the particle multiplicity, x_, and -’ P, distributions.
Charged multiplicities are taken frcm the bubble -chamber
data of Refs. 33-36. Multiplicities are reduczd br one unit
to remove the target proton from the bibble -chamber
distributions. The data of Ref. 34 are then used to> obtain
the Xo > 0 multiplicities from the correctzd -I < xg < 1
multiplicities of the cited references. These forward

multiplicities provide an absolute norma’lizatica for the

momentum distributions useéd to generate secoadary hadrons.
References 31, 32, 34, and 37 provide the Fevnmar x and P,
information which describes charged particlzs production.
Neutral pions are produced with distributioms corr=sponding
to those for the pion'with opposite charge from thke parent
particle.

Secondary mesons with X, > 0 are generaled. £s before,

approximate ersrgy conse:vgtion is imposed by requiring
E: x. < 1. Aftsr successful creation of a secondary shower,
all ™ 's and K's with more than 5 GeV of energy are lcadecd
into the twoe stacks.

The Mor.te Carlo neglects A dependence of secondary
mulziplicities ané momentum distributions, The data of
R2f. 45 incicate that ths atomic number dependence is

important .in the target frzgmentation region, x_ < 0, and is

E
negligidble in.thke forward, jositive x_ region.

-The simulation does nc: model associated production in
reactions such 3s wN-KA.. .

The .entire cascade is generated before the Monte .Carlc
chocses which particle w:11 decay. If the probability of
decay for a typical showsr meson were large, this method
would overpopulats the final generations of a shower. Ea;ly
decays in thz shower would deplete the hadron  population
evezilable t> produce more mesons in secondary cascades.
Since the probability for a 120 GeV shower to produce a
decey muon is‘ about 1073 » Creating the full cascade while
initially neglé:ting decays is a sufficiently accurate
approximation. The Monte Zarlo allows at most one meson to
decay. A hadror. with at least 5 GeV c¢f energy is chosen
based on a probability =hich is a function of absorption
length, energy, and place of creation in the MMS. The
probability tha: & particle will decay after traveling a

given distance ' is proportional to the probability that it
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neither decayed ndr interacted before getting that far.
Since it is much more likely for a T or XK to interact thah
to decay, the simulation chooses the length of the hadron's
flight path according to the probability that it traveled
that distance before interacting. Figure 20 skows a plot of
the distance between creation and decay for chosen shower
mesons.

Pions decay to M with 100% probability ard kaons to v
witﬁ 63.5% probability. The 3.2% K-uv1 cecay mode is
negleéted. The laboratory frame energy of the neutrino is
calculated to obtain the correct balance.of shower energy,
daughter enesrgy, and missing energy. Once a decay meson 1is
chosen, thz= shower generator returns program control to the
Monte Carl> shell. The shell propagetes through the
detector all the mesons in the parent-daughter chain which
terminates in a  decey, éalculates the Lorent:z
transformations needed to produce the resulting muon, and
propagates the muon through the rest of +the detector.
Events which satisfy zn event trigger are recorded on tape.

. The total cross section for muon production via T,
K-decay 1is a convoluticn of the inelastic scattering cross
section with the probability that a decay muon comes from
the hadron cascade. “he average beam energy at the

interaction vertex is 20S GeV. With that energy and the

beam's observed momentum spread, the inelastic cross section .

to scatter with vV > 10 GeV is 3.54/1b. The cross section to
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scatter and produce a decay muon with energy greater than 5
GeV is 2.28 nb. The combined trigger and reconstruction
efficiency for these events is 4.6%. Figure 21 shows the
probability vs. vV for a shower to produce a muon with
energy greater ,than 9 GeV. The absolute normalization of
the Monte Carlo predicts that after reconstruction but
before analysis cuts, 43% of the dimuon signal is from W, X
decay. After the analysis cuts described below, the decay
contamination drops to 19%.

The Monte Carlo was used to generate a data sample
corresponding to 1/3.915 times the beam fiux represented by
the data to be discussed. All T, K-decay distributions and
their errors ére scaled by 3.915 to compare data with Monte
Carlo. 7

Figures 22-35 show predictions of the shower Monte
Carlo. The charged multiplicity for mesons with more than §
GeV of energy is shown in Fig. 22. The number of meson
generations linking the virtual photon-nucleon interaction
and the decay muon is shown in Fig. 23. Though 22% of the
muons come from parent particles created in meson-nucleon
showers, after reconstruction and cuts this decreases "to
10%. Figure 24 shows the decay
proBability for generated shower mesons. The - two peaks
correspond to T's and K's. The ratio of K's to f's decaying
in flight is 0.69 for K /7 and 0.46 for K /7. The -ratio

of M  to® is 0.92. This unusual charge ratio accurately
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reflects the productibn rat{o of 0.91 measured by CHIO.
After reconstruction and analysis cuts, the ratios are 0.€1
for KT/K', 0.59 for K—/ﬂf, and 0.81 for ﬂ?/ﬁ-. The increase
ih K/T fractions presumably results from tte difference in
acceptance caused by the greater available Py in KX decay.
The change in the " /¥ ratio is =caused by the larger
acceptance for daughter muons charged opposite to the beanm
since most data were taken with positive beam muons.
Figures 25 and 26 show Vv and Qa for simulated inelastic
muon-scattering events. Figures 27 ani 28 show the xg ard
p: distributions for W's and K's with mpré then 5 GeV cof

energy in the primary shower. Distributiors in Xz and p:
for all secondary mesons before the ZxF requirement is
imposed are shown in figures 29 and 30. The approximate
energy conservation requirement rejects 14% cf the generated
secondary showers. Figure 31 shows the erergy of hadrors
allowed to decay and Fig. 32 shows the dscay nuon momentum
along the z axis. The muon energy for events satisfying the
simulated dimuon trigger is shown .in Fig. 3. Figure 24
illustrates the momentum component pzrperdicular to the
virtual photon for the muon at the decay pcint in events
-satisfying a ‘trigger. The neutrino energy for W, K-decay
triggers is shown in Fig. 35.

It is important to. have <confirmation  that the

predictions of the shower Monte Carlo ars rezsonable. Since

most reconstructed M, X events have a muon from the decay of
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a primary  shower meson, data in agreement with the CHIQ
resulté would broyide this check. Unfortunately, all other
experiménts studying hadron‘ procuction by charged leptons
have used lower ene-gy bzams.’% The only possible tesfs of
the simulation are -ndirzct. .
One check compares the missing (neutrino) energy

predicted for T, K evants with that observed in the data.

The meson momentun spactrum is sharply peaked at 1low

Romentum. This 1is caused by the approximate exp(-3.5xF)

Feynman x spsct-um exhibited by primary mesonsaq combined
4 3y ' : .

with the (1—xF) shape which describes secondary

production. Simnce the spectrometer's acceptance: for slow
muons is small, decar muons ﬁroducea in the forward
cirection ars strohgly favored. A forward decay muon is
accompapied by a' neut-inz with very little energy in thé
iaboratory. The XGF‘ charx model suggesfs that charmed
cvarks tend to recei?e half of the virtual photon's energy.
Trough fragmzntatior and‘de:ay kinematics exert a strong
irnfluence on muon erergies, the parent disfribution of quark
mcmenta is not sharply feaked at low momentum. Charmed
particles tzrd to haQe mcre energy in the laboratory than
shower mesons so observed muons from charm can be produced
in ~ a wider anéular range. As a result, charm events should
show s{gnificantly greater rissing energy. This is found to
te true; the comparison between data and Monte Carlo missing

energies will ‘be discussed Selow.
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Another effect influences the missing energy
distributions for T, K and charm events. The probability
for a M or K to decay in flight is proportionzl to 1/E where
E is the m2son's energy, while the probability for a charmed
particle to decay promptly is independent of energy. This
1/E dependence favors slow TM's and K's with & forward decay
mucn over Zaster. shower mesons with more decay phase space
in the acceptance of the MMS.

The results of the shower Moante «carlo &re consistent
with the rates predicted by a Monte Carlo used by the
Caltech-Fermilab-Rockefeller (CFR) neutrino experiment.s3
The CFR program uses a model by Feynman and»FieldS‘f to
generate a neutrino-induced primary shower. UILata taken by
CFR with incident pions are used to parametrize secondary
interactions of shower mesons. The CFR Monte Carlo predicts
muon yields equal to those predictsd by my shcwer simulation
for 75 GeV showers, 10% higher for 100 GeV showers, 15%
higher for 125 GeV showers, and 25% higher for 150 GeV
showers. The average shower energy in this experiment is 87

GeV.



Muon tridents, T pairs, bottom mescns

Other sources of background to the charm signal include
muon tridents, T pairs with muonic decar of one T, ané
botton meson paifs with muonic decay of one or both mesons.
Each has been investigated and will be described.

Barger, Keung, and Phillips (BKP) havz studied the
contribution of electromagnetic muon tridents to the

multimuon signal which might be seen by a muon experiment.‘s

They wrote a computer program which generztes t-ident events

through the three processes shown in - Fig. 36 Since most
tridents are not accompanied bty significant shovef activity,
the BKP calculation predicts a small contribacion to the
dimuon trigger rate. Events which satisfy <hz trigger and
are rzconstructed as two-muon events should coantaminate the
data at the level of 1/2%. The trimuon final state trigger-
rate predicted by the BKP generator, when patched into =
crude simulation of the MMS, provides a consistsncy check of
the dimuon informationi This check coafirms that
electromagnetic tridents are a small backzround to charm
production.

Another upper limit on the trident ta:zkground comes
from the study of events with three muons ir. the final state
which satisfied the dimuon trigger. This test checks the

consistency of the data with the hypnthesié{that all the

54

dnuon triggers with thres reconstructed final state tracks
result from cherm production.follcwed by the muonic decay of
both charmed particles. The production process and charm
decay kinematics are assumed to be @escribed by the ¥GF
model discussed eatlier. The charm Monte Carlo is
notmalized so that it predicts the same number of dimuon
events after recinst-uction and cuts as are present . in the
daza after subtrzction of the. expected. T, . K:decay
background. ALl dat: events and ¥GF ‘events which satisfy
ta2 dimuon trigger with three reconstruptgd tracks are
sadjected again to analysis cuts aftzsr. the analysi; is
blinded 1to tie softest firal state track. After cuts, 720
data events znd 706 “donte Czrlo events remain. Including
statistical errors, =the Mcate Carlo accounts for (98 + 5)%
of the data. This suggests that most 24 events which result
from partial reconstruction of 3y final states come from
charm systems, not muon tridents. Less than one-fifth of
the simulated dimuom triggers are caused by 3u charm events.
Consequently. other sources of 34 events which feed down  to
the . 24 sample should zccount for a negligible fraction of
the data. We «conclude that the dimuon background from
partially recorstructed muon tridents is small and neglect
it. .

T leptons can decay into hadrons and neutrinos. AT
pair <can therefore satisfy the dimuon full trigger through

- L - - -
decay combinations 1like T= T V. ,I"/u Vu Ve . The
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reduction in the trigger rate from muon triderts provided by
the calorimeter subtrigger therefore does not apply to
T-pair events. Fortunately,‘ the kinematics of lepton
prcduction reduces the cross section for T production by a
factor of (mA/m.c)1 = 3.4x10° relative to trident
prc‘duction.q8 including_the 17.5% fgjxvﬁ branching ratio
gives an extra factor of .289 so the net ratio of T
production with a single decav muon to trident production is
approximately 10'-3 . The calorimeter subtrigger reduces the

dinuon trigger rate only by a factor of 160, so the T

background should be about 0.1%, even less than the trident

background. The masses of the T and D are nearly equal.
Replécing the c¢cc by a T'C  and the gluon by a photon in
Fig. 2{(c) allows a comparison of the charm and T cross
sections. The ratio is approximately (d/&;)l or‘10—3,
consiétent with the above estimate. Consequently, the
bazkgrounc froh T pairs is neglected.

The ¥GF model predicts a bottom meson production cross
section which is 1less than 0.03% of the charm cross
se:tionfB‘ Bottom pairs should be seen as dimuon events and
as event§ forming exotic charge combinations 1like
ﬂfN*/ﬁ}{/[ X from cascade decays through charm. The small
number of exotic events and events with four or five muons
in the final state proves. that bottom production is 'not a
significant ﬁackground to charm prcduction. Our

90%-confidence upper 1limit on the cross section for T
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confirms this conclusion. Even if the bottom
production cross section times muonic branching ratio were
100 times that for Y's, BB states would comprise less than

5% of the data.

Extracting charm from the data

Raw data énd simulated raw data from the Y¥GF and T,
K-decéy Monte Carlo simulations are analyzeﬁ in an identical
fashicn. Histdgrams for data'and Monte Carlo are generated
with the same reconstruction and analysis cuts. After the
1, K Listograms are scaled by  3.915 they are éubtracféd
bin-by-bin from the data histograms, yielding distributions
for charm. Statistical errorsrlquoted for charm spectra
include the error on the subtraction. Systematic errors
associated with this procedure will be discussed below.

Cuts applied to data and Mohte Carlo events serve
several purposes. Events whose reconstruction is dubious
can be discarded. Data in kinematic regions where the
detector's acceptance changes rapidly of 'is poorly
understood can be rejected. Cuts which favor charm over T,
K decay can improve the data's signal-to-background ratio.

A number of cuts are used to select events which are

well reconstructed. The vertex selection 1is checked by



requiring the difference between the z position c¢f FINAL's
vertex .and the calorimeter algorithm's vertex to te greater
than -60 cm and less than +65 cm. The incident energy of
the beam muon must lie between 206 GeV znd 226 GeV. The 13
for the fit to the beam track must be less tham 10 Zor four
degrees of freedom in the horizontal view and less than 7.5
for three degrees of freedom in the vertical view. An
aperture cut passes events whose beam muons did iot enter
the iron of the enclosure 104 dipoles. Events m:st have

exactly two reconstructed final-state tracks. Ezch track

must have horizontal and vertical 7} fits w:th less than 4.5 -

and 3.5 per degree of freedom, respectivelv. The rumber of
degrees of freedom for tracks in 'the MMS derends on the
length of the tracks. Data which satisfy cnly the dimuon;
and not the trimuon, trigger are passed. Reconstructed
tracks are projected upstream t6 the vartex znd downstream
until they leave the MMS. These "extend=d" trecks must te
missing no more than four MWPC hits Eetwaen the hi:'furthest
downstream on the track and the point «where the “extended
track leaves -the detector. There must be ro mors than six
missing chamber hits between the vertex and the hit furthest
upstream on the track. To reject events associated with a
shower entering the front of the spectrometer, :the MWPC
upstream of the first module must contéin fewecr than ten
hits. Reconstructed tracks must differ suificiently in

curvature and direction to represent distiact muon
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trajectories. Two requirzments discard events in which a

stale track has been interpreted as the trajectory of a

produced muon. The differerce between the z momentum of the

‘beam and the sum of the z mcmenta of final state tracks must

be greater than -18 GeV/c.  The ratio oI the energy lost by
the beam muon to the energy observed in the final state.(the
sum of the muon energiqs anc the show2r energy) must be
greater than 0.6.', i
Several anzlysis cats. exclude dJata from kinema;ié
rezions where the spectrometer's acceptance changes rapidly
or chgnges in a way which is.poorly modzled. Recops;ructéd
tracks are required to hav2 at least 15 GeV/c of momentuﬁ.
Events are required to have more than 36.5 GeV of shower
energy. Reconstructed vertices must lis between the centers
of- the first and eighth modules. To _incfease the
signal-to-background ratio, daughter Tuons are required to
have at least 0.45 GeV/c momentum psrpendicular to the
scattered muon. In addition, the beax muon is required to
lose at least 75 GeV of energy.
. The dimuon sample shrinks from B2 026 'events after
rezonstruction cuts to 20 072 events after both

rezonstruction and analysis cuts are applied. The TC,

K-decay background drops from 43% of the data to 19% of the

data. Qualitative features of the data and further
justification for some of the "analysis cuts will be

discussed in the next sectionm.
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General features of the dzta

Figurss 37-43 show distributions fﬁr the two Monte
Carlos and data after subtraction of tﬁe T, K-decay
background. ‘ Events in thg histograms survived
reconstruction and cuts; acceptance ﬁas not been unfolded.

Events in Fig. 37 pa§s all the
analysis zuts except that no daughter energy requirement is
made and all events are required to have VvV > 150 GeV. The
unusual V cut increases the sensitivity of the predictions
of the Monte Carlo simulation to assumptions about. charmed

"quark fragmentation. The inverted histdgram represents the
0, K Monte Carlo, absolutely normalized to the beam flux and
scaled as described eariier. The wupright histogram
represents data after subtractibn of the T, K histogram.
The smooth curve shows ths prediction of the ¥GF model,
no-malized to the data aZter the standard analysis cuts are
applied. The horizontal bar indicates the rms resolution at
30 GeV. Figure 37 makes clear the need for a daughter
energy cut. Though both Monte Carlo‘saméles, and presumably
the data, heavily populate the ’regioa of 1low daughter
energy, the detector's acceptance is too.smali to allow
reéonstruction of many of these events. V'All other
histograms and results do not include events with daughter

en2rgy less than 15 GeV.
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The probzbility to obtain a calorimeter subtrigger as a
func£ion of shower energy is shown in Fig. 10. Because of
the curve's steep rise at 1low energy, a minimum shower
energy requirement of 36.5 GeV is imposed.

Figure 38 shows the vertex distribution for subtracted

data and YGF Monte Carlo. Agreement between them is best in

.the front half of the spectrometer. The beam bends out of

the detector while traveling through it. Tracks of daughter
muons with the same charge as the beanm the?efore tend to
become shorter as the vertex moves downstream. Inaccurgcies
in the algorithm wused by ;he Monte Cgrlo to inject
shower-induced hits into the wire chambers have the greatest
effect on short tracks and therefore on events occuring in
the downstream half of the spectrometer. By cutting on
vertex position, the Qata whose acceptance is not well
modeled can be discarded. _

The momentum of the daughte; muon perpendicular to the
virtual photon 1is shown in Fig. 39. As in Fig.‘37, data,
XGF, and 1, K Monte Carlo events are shown. The horizontal
tar. indicating rms resolution is 0.15 GeV/c wide. The cut
requiring 0.45 GeV/c daughter momentum perpendicular to the
scattered muon essentially demands that the daughter u have
a pT which is nonzero by at least 30. The number of
tridents contaminating the data is further ;gduced by this

cut. The mean Py for the subtracted data is 15% higher than

~for the charm Monte Carlo. This variable is sensitive to
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assumptions about -t dependence, not part of the ¥GF model,
so ‘the disagreement does not necessarily reflect a problen
with the charm production model.

Figure 40 shows the energy lost by the beam muon for
data and both Monte Carlo data sets. ALl canonical cuts
except the V cut are imposed. The horizontal bar
illustrates rms resolution. The agresment between
subtracted data and Monte Carlo is spectacular. The T,
K-decay events have 1lower average V. The ratio of
subtracted data to I, K is small for large V but is of order
uhity for V< 75 GeV. To reduce senéitivity tc the absolute
normalization of the shower Monte Carlo; data with
V< 75 GeV are discarded. The dashed curve shows the
predictions of the charm -Monte Carlo wher the YGF Y
dependence is replaced by a flat  deperdence and the
fragmentation is changed to D(z) = §(z-13.

The Qa distributions are shown in Fig. 41. Horizontal
bars indicate rms resolution. The T, K events tend tc¢ have
lower Q1 than the subtracted data. The JGF mocel predicts a
Qé spectrum that is slightly higher than obser\ed. 

Figure 42 presents the missing enezgf fer subtracted
data and the two Monte- Carlos. As expected, the mean
missing energy is substantially less in the ﬁ} K sample than
in the charm sample. The mean missing energies are
4.45+0.53 GeV, 14.59+0.18 GeV, and 18.18:0.24'GeV for W, K

Monte Carlo, XGF Monte Carlo, and subtracted data. The
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horizontal bar indicates rms resolution and the arrow shows
the‘ change in t1e centroid of the data which results if the
calorimeter calidration is varied +2.5%. The relationship
between shower energy ani pulse height used in both Monte
Carlos is fixed by deep inelastic scattering events as
described in ‘chapter II. This is ar accurate description
fcr'ﬂ,'K-decay events sirnce they are inelastic scattering
eventé. “Ths showers in charm events, in the ¥ GF picture,
are caused by the decay froiﬁcts of the charmed particles

since very liztle ene-gy 1is transfered to the target

nucleon. Charm decays almost always include K's in the

final state. Sinze K's have shorter lifeiimes and longer
absorption l=ngths than ®'s, there is no reason to expect
that the signature >f a charm shower, which may be infliated
by two K's.ahd a T, will exactly match that of an inélastic
MmN collision, which wusually does not eontain fast strange
particles.ao

Figure 43 shows the inelasticity for data and Monte
Carlos. Inelasticity is defined as 1 - E(daughter x) / v.

Mean values of reconst:ucfed v, Ql, daughter energy,
inelasticity, missing energy, and momantum perpendicular to
the virtual photon are presented in Table 2. Particularly
in the case of V, daughter energy, aad missing-energy, the
tabulation excludes the possibility that the dimuon data can

be explained by T, X-decay.
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Systematic errors

After reconstructicn, cuts, and background subtraction,
the data contain 16 376 events attributed to the production
and muonic decay of charned particles. A sample this large
has considerable statistical power-- a total cross section
can be determined to a statistical precision of better than
1%- To wunderstand thke 1limitations on the accuracy of
results presented here, systematic €rrors must be
investigated. Systematic effects can come from two sources.
The Dbackgrounds to <charm production may be described
incorrectly or the acceptance of the muon spectrometer for
charm events may be simu_ated inaccurately.

The predictions of -he shower Monte Carlo are sensitive
to the 'K/@ ratio in primary showers. This 1is the
inZormation which is lezst well determined by CHIO.amao To
gange the Monte Carlo's sensitivity to this ratio, showers
were generated with K/ -atios of 0.4 for both signs. The
daza of Ref. 30 are inconsistent with ratios this high.
Sinulated trigger rates increased by 60% and the number of
shower events surviving the standard cuts increased by 73%.

Since only 10% of the'ﬂ} K events passinz analysis cuts
cone from the decay of secondary hadrons, the predictions of
the simulation are not sensitive to assumptioas made about

the interactions of primary hadrons in the detector.
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A synthesis of charm and shower Monte Carlo samples
provides a consistency check. The data are represented as a
combination:of both simulations. By seeing how the relative
normalizations must be changed to fit different kinematic

distributions of the data, an estimate of the accuracy of

the Mcnte Carlos was obtained. It is not correct to fix the

T, K ﬁorﬁalization this .way since it then bécomes impossible
to test the YGF model against thé data. '

We conclude that the background description provided By
the shower Monte Carlo is aécurate to within 50%.
Thereforé, after analysis cuts, our best estimate is tﬁét
the decay 1in flight of T and K mesons contfibuteé‘(19:10)%
of the dimuon signal where the quoted error is systematic.

The acceptance of the muon spectrometer is by far most
sensitive to the energy gpectrum of produced muons. The JGF
model describes quasi-elastic charm production; that’is; the
cC pezir recéives most of the enefgy of the virtuai photon.
The charm model accurately predicts the V depgndenceréf tﬁe
subtracted data. Varying the fragméntation function D(z)

used to create D's from cC pairs allows investigation of

this sensitivity. D(z) provides the link between ¥V, which

is correctly modeled, and daughter energy. The form for
D(z) usedas in acceptance modeliﬁé is D(z).= kl-z)o'q.
Remodeling with D(z) = (l-z)3 and D(z) = (i-min(z,O.QQ))fLr
changes the detector‘ écceptante by -19% and +20%,

respectively. - The exponents in the "too soft" -and "too
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hard" functions are more‘than S0 from -he value determined
at SPEAR.ab The mean daughter energies waich Tesult are
presented in Table ‘3. Agreement in_ enefgy' and other
distributions 1is spoiled by using tke alternative
fragmentation descriptions.

When same-sign dimuon data and opposite-sign dimucn
data are analyzed separately, 1little chenge 1is seen in
data-to-Monte Carlo ratios. Cross secticns based only on
same-sign or oppoéite-signAevents differ by 3.5% from those
based on both signs.

Systematic uncertainties in 1, K mode_iag and charm
modeling are not expected to be significamtly correlated.
An estimate of the total systematic error is made by
reanalyzing the data with different assumptions. Errors a-e
parametrized by (1) decreasing, (2) increasiag by 50% the
subtracted shower Background and by rezalculating tae
acceptance with the (3) softer, (4) Larcer fragmentation
function, The effects on results are obtained by
reanalyzing the data with each of the FEour systematic
changes, adjusting the’ YGF normalizztion to yield the
observed number of events past cuts, and replotting or
recalculating acceptance-corrected information. A1l
positive deviations from the canonical results are added 1in
quadrature to yield the positive systematic error and all
negative deviations are added in quadrature to yield the

negative systematic error. The results define bands of

systematic tolecanc2 around observed
sections presented ia the next

systematic errors of +283% and -20%.
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distributions. Cross

chapter will include
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CHAPTER IV

RESULTS AND DISCUSSION

The spéctra in figures 37 and 39-42 reflect pﬁysical
prccessés seen through the prism of experimental acceptance.
By removing detector effects with a Monte Carlo 'simulation,
the naturs of the underlying physics may be studied. This
chapter dzscribes acceptance. correction and presents
measurements of charm production by muons and virtual
phctons. Results incluae the total diffractive Cross
section far muoproduction of charm &nd the Qz' and Vv
dependence of virtual photoproduction of charm. The cross
section fdr charm production by real photons and its
cor.tribution to the rise in the photon-nucleon total cross
section are discussed. The role played by charm in the
scele-noninvariance of mucn-nucleon scatfering at low
BSerken X, Q&/(ZMv), is described. A lower limit on the

Y-nuéleon total cross section is presented.

68

Acceptance correction

Most spectra presented in the following .sections are
differential in Qa or v. To unfold the. experimental
acceptance, data, f, K-decay Monte Carlo, and YGF Monte
Carlo are placed in (ln(Q:); 1In(v)) bins. If ac(Q*,v) is
the number of events in the (ln(Q:), 1a(V)) bin which
includes the values Qa‘and vV, the ratio of subtracted data
to charm Monte Carlo in a bin is

a0 (da) - 66 (n,K)
a6 (¥&F)

For small bins, the ratio of thg acceptanées for subtracted
data and charm Monte Carlo Qill be‘coﬂstgnt across the width
of é bin. Because of resolution smearing, thé measured
average values of Q: and.V in a b{n wil1~ géperall} diffpr
from the true average values. Tﬂe ch;rm Monte CarloAis used
to calculate the shift between measured and true méan Ql and
V. The acceptancefcérrected diffefential cross section

which results is

d%6 (charm) _ 4% (¥&F) . AS (dade) - AG (k)
da*dv da*dv . ac(RaF) -

Here, (0 (charm) is the cross section for charm production by
2 . .
muons and Q and V.are the corrected average values in the

bin. This procedure, which equates .real cross sections with
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Monte Carlo cross sections weighted by <he ratio of
subtracted data to Monte Carlo, is used to obtain the

results presented in the following sections.

Diffractive charm muoproduction cress s=ction

The measured cross section for dif£fractive charm
production by 209 GeV muons is 6.9::l .nd. "Diffractive
production” refers to the creation of ¢C pai-s carrying most
of the 1laboratory energy of the virtval photon, as in tae
¥GF and VMD models. This analysis is insensitive to
mechanisms which might produce charm rea:rly at rest in the
‘photon- nucleon centef of mass. To correct For experimental
acceptance, the cross section is computed oy multiplying the
¥GF prediction of 5.0 nb by the ratio of suttracted data to
¥GF Monte Carlo. A total of 20 072 data events, 944 T, K
Monte Carlo events (scaled to 3696 events), and 13 678 JGF
Monte Carlo events survived reconstruct.on zmc¢ analysis cuts
to contribute to this ratio. The error oa tke cross section
is systematic and reflects uncertainties in background
subtraction and acceptance modeling, as described earlier.
The statistical wuncertainty 1is neglizible compared to the
systematic error. Ignoring nuclear shadowimg and coherence

would raise the reported cross section ty 9.4%. After a
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(26+5)% relative acceptancs corréction, the opposite-sign to
same-sign ratio for backgr:zund-subtracted data is 1.07+.06.
A Michigan State-Fermilab (MSF) experiment has reported
a cross section for charm zroduction by 270 GeV muons of 3+1
nb 57 Correcting the bezm t=nergy to 2(9 GeV, using the Y¥GF
rodel, reduces the MSF cross section to 2.1+0.7 nb. The MSF
data ccntain 4.2 <Zully reconstructec dimuon levénts; the
Eollabcratior simulates detector acceptance with a
pﬁenomenologﬁcal model containing three. frée parame.ters.‘f8
Their choice of parameters' was besed on a sample of 32
éimﬁoﬁ events observed earlier at a beam énergy of 159
GeVﬁsq The 120 GeV sample contained an estimated 4.9 trident
events and a small, but unsﬁecified, ﬂumber of T, K-decay

events. Our ra2sults are 1inconsistent with the MSF

measurement.

Virtual and real photoproduciion of charm

As a Beam muon - passes near a target nucleon, its
electromagneriz field may trensfer momentum and energy to
the target. In the single-photon approximation, the
interaction 1is described as the absorption by the target of
a virtuwal phetzn from the deam particle. There is intuitive

appeal to chzracterizing the muon's field as a cloud of
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virtual quanta-- classically, the field c¢f a rapidly moving

charge behaves 1like a pulse of radiation as it passes a
. : 60 -

stationary observer. In "the spirit of this, the

differential charm production cross section mey be written

—d_g—:g:\;. = P-ro"r + PLUL'

The factors Ty and T represent the fluxes of transversely
and longi:udinally polarized virtual photons with mas§1=-Qa
and energy v. The terms UT(QI,V) and 6_(Q%,v) are the cross
sections for photons of the two polarizations to be absorbed

by the target to vield charmed particles. Mcre compactly,

defining € =[!/T"_ and R=c./0r gives

e _
Ton " N (1+eR) o

Parametrizations of r} and € from Ref. 61 are wused to
extract virtual photon <cross sections from muon cross
sections: -
noo 2 e
atn Q’El(\'f)

C-‘ = | a( QE\"I\“’.M\ g
_—
Q

Here, E is the beam energy, M is the nucleon mass, € is the

muen scattering angle in the laboratory, and (Bjorken) x is
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¢

Qa/(ZMO). Figure 44 shows Qanr vs. Qa for different values
of v; Fig. 45 illustrates the polarization ratio, € . The
flux PT ié normalized so that as Qn approaches zero, the
effective cross section(§;§ =(1+€R)o, approaches the cross

section for real photons of energy V.

Qa'dependence of the effective photon cross. section

The effective pﬁoton cross section is obtéinéd by
factering the -equivalent -flux of transversely polarized
virtual photons out of the muon “cross section. A
measurement of R would require a substantial amount of data
at a second beam energy and has not been made. There is no
reason tﬁj expect 0, /o; for charm production to equaf 6./Cy
for deep inelastic scatteriﬁg. In peripheral models like
¥GF and VMD, the photon couples.to the prodﬁcéd quark pair,
ﬁot to a walence quark in the target. Consequently, the
kinematic effects which determine R for charm are different
from those which influence R for inelastic gcatteriﬂg.
Figure 46 ;hows R as predicted by ¥GF and Fig. 47 shows the
product €R. '

The Q3~ éependénée of the effective photon cross sectibn
is shown in Fig. 48 and Tablé 4. The data are grouped into

two V bins, covering the regions 75 GeV< V 4 133 GeV with
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(v> = 100 GeV and V¥ > 133 GeV with <¥?>= 178 .GeV. In the
figure, data points are shown with statistica. errors. The
solid lines are best .fits to VMD propagators,
a(Q*) = 6(0)(1+Q*/h?)—a; The dashed curves, normalized to
the nominal value of o (0), indicate the imfiuencz of the
systematic effects discussed previously. Sys:tenmatic errors
are parametrized by (1) decreasing, (2) increasirz by 50%
the subtracted 7, K-decay background and by recalculating
the acceptance with the (3) softer, (4) herder Eragmzntation
function described above. The mass parameter A is 3.3+0.2
GeV/c and 2.910.2 .GeV/c for the 178 GeV znd 200 Z=V data,
reépe;tively. Extrépolated to Qa=0, the cata are Last fit
by 0(0) of 7501:2‘: nb and 560° 3 nb for the 73 Gel and 100
GeV data. The errors on N\ and o(0) are sygtenatic. A drop
in O with decreasing Q% is present below Qa=.32 (GéV/c)z.
Fits which do not include data. in this regizn }ield
essentially the same results.

A wide-band photon-beam experiment has neasured cross
sections averagéd from 50-200 GeV of.4641:07 nb Zor D°O
pair productionbl and, later, 295:130 nb for inciusive D*
production.63 Using SPEAR dataa’, one may crudely‘eétimate
the neutral D:charged D:E:A_, ratio to be 2:1:1:1 " at
m~ 4-5 GeV/cé. The average of ;he two D° cross sections
is 343+110 nb, corfesponding to a total cross section for

charm production of ~ 860 nb. This is consistent with our

measurement. The authors of Refs. 62 ‘and 63 Eetermine
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experimental acceptarce with a nodel which wuses a
irzgmentation function D(z)=5(2-1) and assumes no energy
dependence ‘abcve 50 GeV. The dashed curve in Fig. 40 shows

thzt the muon cata do rot support these assumptions.

Contribution cf charm to the rise in the
phcton-nucleon total cross section

.

Above ~4) GeV, the photon-nuq{eon total. cross section
increases witl energy.‘“bs This rise presumably reflects
~he "hadronlike properties" of the photon;bg most hadronic
:qtal cross csectiorns begir to rise in this-energy region.
The authors of Ref. &5 suggest that charm production may
cortribute 2 to 6 ut of this increase in the energy range
frcm 20 GeV to 185 GeV. A fit to ﬁaif'.the photon-deuteron
crcss  section from Ref. 64 is shown in Fig. 49. Since the
thresholé energy for ckarm production is azbout 11 GeV, the
chearm <cross <cectior rises from zero at low energy to the
values reported here az v =100 GeV and V=178 GeV.
fofractively produced charm is.seen to make only a minor

cortribution tc the ryise in the photon-nucleon total cross

section.
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V) dependence of the effective photon cross section

The ) dependence of the effective photon cross Asecfion
in the range 0.32 (Gel’_/c):1 < Q1<< 1.8 (GeV/cx; is shown in
Fig. 50 and Table 5. For fixed v, the cross section Gff
varies by 1less than 20% in this range of Ql. Data in the
figure are shown with gtatistical errors. Sysfematic
uncertainties, parametrized 4ds described previously, are
‘indicated by the shaded band, referenced to the solid curve
for visual clarity. To gauge the systematic. érrbr
associated with a given point, the sHaded region shouid be
moved vertically unatil tﬁe'position cut by the solid line
résts-on the data point. Data with V< 75 GeV are excluded
from the - analysié because df their large systematic
uncertainty. ’

The solid curve exhibits the V dependence of the YGF
model with fhe gluon Xq distribution 3(1—x5)$/x3 and
represents the data with 13% confidence. Other gluon
distribution ‘choices, (l-xs)q/x5 and "broad glue""
(i—x3)5(13.5+1.07/x3) are indicated by dashed curves. The
dashed curve 1labeled "BN'" represents the phenomenological
parametrization of Bletzacker and Niehbb and the horizontal
dashed 1line represents energy-independence. All curves are

normalized to the data.

The nuon data clearly indicate that 0,84 increases with

probability becomes
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.photoh energy. The standard “counting-rule" gluon

distribution is favored, but systematic uncertainties
prevent the.analysis from ruling out the BN model or the two

extreme choices for the gluon x, distribution.

3

The charm structure function"

In quantum mechanics, the probability for a free
particle in a state !F) to scatter from a potential V(r)

. LY
into a state |p'> is I(‘?ﬂ V(r)lp'>, , in familiar notation.

If the potential is localized in space and reasonably "well

behaved," the initial and final states are well approximated
by plane waves. . Neglecting normalization, in

non-relativistic quantum mechanics, the scattering

L

|S oz & v

Defining ﬁ to be ?—p' and F(q*) to be the Fourier transform

‘of the potential allows the scatteriné probability to be

written as |F(¢*)|*. By studying' the -scattering process,
the short-range nature of the  potential V(¥) can be
méasured.

The high energy analogue of F(ql) in  potential

: - ; . . L. a, .
scattering is the nucleon structure function F,(x,Q ) in
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deep inelastic lepton scattering. For muor-nucleon
collisions, the scatteriﬁg cross section Is
2 2 a -

The variables x and y are Ql/(ZMO) and V/E where M is the
nucleon mass and E. is the beam energy. By measuring the
structure functions F; and R, the small-scale structure of
the nucleon can be probed. As before, R 15 €. /T, the ratio
of Wthe cross  sections for tﬂe targét to absorb
longitudinally and transversely polari:ed virtual phctons
with massa:-QaL and energy w.

' The quark model provides a pacticulerly simple
intérpretation for F,. Beam muons scatter 2lastically from
the pointlike constituents of the nu:zleor. Subsecuent
interzctions of the struck quark with the rest of the tzrget
produce a hadronic shower and do not inflienze the initial

collision. Since the muon-qﬁark interaction is elastic, the

relationship between Q1 and V is Qa = 2mv, waere m 1is the

quark mass. ® Within the quark-parton md>cel, the muon
séatters elastically from a quark which carries momsmtum xP,
where P is the nucleon momentum in a frame wvhere = is very
large. The structure function Fl(x,Q;) is x times the
probability to find a quark in the nucleon with this
momentum. In this model, F, is scale-invariant and depends

a P
only on x, not on both x and Q . This is ssen to be
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app;oximately trae; Fa(x,Qa) with x held constant shows only

Y . 20,67
weak Q depencence.” '

In quantum chromodynamics (QCD),
“the quarkigﬂtiqcark pairs in processes like g-qg-g should be
revealed by ~he ~short-distance resolution of high-Q1
scattering. Consequently, as Q% increases, the nucleon
momentum should seem tc be carried by more and more quarks
and -he average qua;k momentum should drop. The structure
fuaczion F; will increase at small x and decrease at large x
as Q1 grows. This scale-noninvarianze of F, ,has been
experimentaliy observed.aihj F, increases.with Qa for fixed
x£0.25 apd decre;ses with ir:reasing Q1 for fixed x20.25.
The desc}iption of scattering in terms of structure
functions is ezuivalent to the description in terms of
viztual photon fluxes and cross sections. The relationship

a0
betweer Fy, 6, and O, is

2
vV -Q7/am ol
Fl = ( 1./ ) '1.:D 1 (GT*G"\ .
4T o QY :

A structure function may be defined for any process once its
Q: and ¥ dependence zre mz2asured.

" We define a charm structure’ function, F,(cE) as the
anzlogue of the nucleon structure function F, through the
expression

L ) 2 . v
e o] -y whala@.

Ir. this definition, R(I,Q;) is mneglected. However, the
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comparison of Fa(ci) with YGF model calculations takes the
model's predictions both for O  and 0+ fully into account.
Figure 51 and Table § show Fy(ct) as a function of Q> for
fixgd Vv at two values of average V. Data are presented in
ths figure with statistical errors; the systematic
uncertainty associated with each point is indicated'by the
shaded band. As in Fig. 50, the systematic error for a
point may be determined by moving the shaded region to cover
that point. Each cﬁrve, at each of the twc average photon
enérgies, is normalized to the data. The curves labeled
m,=1.5 and mc=1.2 are §GF predictions with charmed quark
masses of 1.5 GeV/c> and 1.2 GeV/c>. Curves labeled‘+DM are
vector-meson dominance predictions using the ? mass in the
VMD propagator. The curves labeled BN represent the model
of Ref. 66. Shown at the top is a fit adapted from CHIOa°
to the inclusive structure function F, for 1isospin-0
muwon-nucleon scattering. At its peak, F (ct) is ~4% of F,.
Since a cC state must have m; 22m, to produce charmed
particles, the parametrized quark mass e affects ¥GF's
absolute normalization, not the shapes of its distributions.
The maxima predicted by both the ¥GF and BN models resemble
the data in shape and V dependence, but occur at higher
values of Q;. The +-dominance functions drcp too slowly at

high Qa. Systematic errors are only weakly correlated with

a . X
Q and do not obscure the disagreement. When Xy is
: P - a .
redefined to be a function of m:;+Q , insteaé of m:%, ‘the
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agreement between data and XGF improvesﬁse

R(x,Qa) is absorbed by F,(ct) in the definition of the
structure function used in this analysis. Alternative
assumptions about R could be made; the values of such a
redefined F; would change typically by 1less than the

reported systematic uncertainties.

The role of charm in scale-noninvariance

The relationship between F, (cc) and cl‘g(cé) may be
written as
:  Q* _
Rlo)x ( T Qll‘)l) Oefs (ct)-

4Tl

Since most data reported here have x £ 0.1, at fixed ¥
Fx(cE) will grow with Qa'until Ceff begins to decrease, when
d} m¢ . Because 0 f rises with energy, F,(ct) will also
increase when Q1 and ¥ are increased but x is held constant.

In the past, muon experiments measuring deep inelastic
scattering have been unable to recognize charm production in
their inclusive scattering data.aogoﬁj The detectors wused
by these experiments have been insensitive in the region
traversed by the beam, which has severely 1limited their

detection efficiency for charm.states. As a result, typical

measurements of inclusive .F and 1its scale-noninvariance

P
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have included all or part of the contridution from charm.
Data from this experiment determine how much of the
previously measured F, results from diffractive charm
production, described by F, (ct).
Figure 52 shows the behavior of EQ(CE) as a function of
Qx, with x held constant. Data points are arranged in
pairs, alternately closed and open, and are connected by
solid "bowtie-shaped" bands. The points in a pair represent
data with the same value of x, but different Ql. Data are
shown with statistical errors. The systematic uncertainty
in the slope of a line connecting the points in a pair is
indicated by the solid band. Pairs are labeled by their
values of Bjorken x. The dashed curves are the predictions
of thex GF model, normalized to the data and damped at high
Q> by the ad hoc factor (1 + Q/(100 Gev¥/F)Y . The
damping factor forces the model to agree with the data at
large values of Ql. The dot-dashed 1lires represent the
.changes in Fy(cc) as Qa is increased but x is held constant
that would be necessary to equal the changes in the CHIO fit
to .F, which occur under the same circumstamces. Their
relative sizes are given by the percentages next to the
lines.
The scale-noninvariance of F,(cc) is indicated by the
non-zero slope in the 1line connecting the pcints in each
pair. Diffractively-produced charm causes about one-third

of the 1low-x scale-noninvariance measured by CHIO in the
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rangs 2 (GeV/c)a < Qa < 10_(G3V/c)a. This charm-induced
scale' breaking 1is a purely kinematic effect related to the
heavy mass of charmed parcticles.

The production of bound charm states also contributes
to the scale-ronimvariance of F,. The W‘muoproduction rate
agree;l?fml3 witt the unmodified YGF prediction if
elastic W prcductior  accounts for 1/6 of all charmonium
production. To eszimate the net effect of charm on Fa’ the
medel's predictions for 2.8 nb of bound and 6.9 nb of open
charm are combined to produce the results in Table 7. The
numbers in the table are grouped inApaiIS. The top number °
in each pair is 10°d F, (<€) / 4 1n(Q") at fixed x. F,(ct)
is' calculated as the sum of F,(ct) for m ;< 2my as
predicted by ¥GF and F, (ct) for open charm production as
predicted by JGF tat damped az high Qa and normalized to the
data. This danpec, renormelized F(cC) matches the data in
Fig. 52. The bottom number is 10%a Fa / d ln(Qa) at fixed x
for the fit to F, adapted from cH10.2° Charmonium production
increases the scalz-noninvariance of Fj(cc) by ~15%.

. The resulzs i) Table T are calculated, not measured.
Data from the mudn experiment cover the Q;—v region of the
twe columns on the right side of the table. Wherg the charm
scale-noninvariance is most important, the calculation is
reliable to ~+40%. The ¥GF model predicts that charm
acccunts for about ore-third of the inclusive

scele-noninvarizance in the -region
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2(GeV/c)2< Ql.< 13(GeV/c)a ) and 50 GeV < Vv ¢ 200 GeV,
centered at x~0.025. This region provided most of the
original evidenceb1 for scale-noninvariance in muon
scattering.

" The consequences of charm-induced scale breaking for
QCD predictions of scale-noninvariance depend on the level
of detail sustained by the QCD calculation. Calculations
which correctly describe the charmed sea in grinciple should
be able to predict scal=-brezking which prcperly includes
the effects of charm production. Alternatively, F,(cf) may
be subtracted from the experimentally measured structure
function F, for comparisoﬁA with QCD mcdels which do not
quantitatively describe the charmed sea at low Ql.

The data indicate that the mechanism for charm
productior: resembles YGF. The study of events with three
final state muons discussed earlier also suggests that JGF
correctly describes these events. If this is true, charmed
quarks tend to share equally the photon's energy. Results

from another muon experiment confirm this tendency."q

The ratio of ¥ productioa to charm produztion and
the ¢N total Zross section

The Okubo-Zweig-Iizuka7c(OZI) selection rules and

vector-meson dominance suggest a relationship between ¥
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production and charm producgion."‘ln the 0ZI picture, final

states from V¥ -N collisions tend to contain charmed quarks.

It is more likely for the cC of the *’ to survive the

interaction than to annihilate. Vector-meson dominance

describes ‘Pphotoproduction as a two-step process. The

incident photon changes into a *’which then scatters from

the target. The virtual * gains enough energy and momentum

to materialize as a real particle. Together, OZI rules and-
VMD indicate that <charm production should result from

inelastic '+N scattering. In this light, the ratio of charm"
production and *’production should equal the ratio of the-
inelastic and elastic +-N scattering cross sections.

Sivers, Townsend, and West (STW) discuss the connection
between charm production and inelastic ?N interactions.m
They use VMD and the width for the decay Y*e*e' to derive a
relationship between dC/ dt (¥N+YN) and d6 / dt(*N*WN). The
optical theorem and -t dependence measured at SLAC then
determine the 'qJN total cross section in terms of
do/ dt(+N~$N)t STW equate the YN total cross section with
the_'YN-» charm cross section and estimate the ratio of v
photoproduction to charm photoproduction to be
(1.3:0.4)xldg'/k. The constant A depends on the variation
of the X* and the'+N couplings with Ql; its value 1is about
one-half. Qur data on \V produbtionns and the results
reported here fix the ratio. of eléstic \P to diffractive

charm proddction af 0.045:0.022, somewhat larger than their
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prediction.

Sivers, Townsend, and West also célculate a lower limit
for the‘PN total cfoss section without assuming vMp.”' They
use unitarity and OZI rules to obtain the iimit in terms of
the ¥ photoproduction crossi section. ‘the charm
photoproduction cross section, particle masses, and the
amount of . OZI .violation. With our data on-+ and charm
production, their calculation yields the 90% confidence

limit

Ototal (¥N) 20.9 mb.

Conclusions

Data from the Multimuon Spectrometer at Fermilab have
provided a first measurement of differential spectra for
diffractive charm production by muons. The results are in
general agreement with the virtual photcn-gluon fusion
modé1f7 At large Qa, the data show disagreement both with
that model and with the predictions of Vector Meson
Dominance. By redefining the strong coupling constant dg,
the agreement between XGF and data can be improved. Charm
production contributes . substantially to the

scale-noninvariance at low Bjorken x which has been
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observeda°ﬁ7 ia :nclusive muon-nucleon scattering. The

ratio of the rates for ¥ and charm photoproduction is higher
than predicted by a ca;culation7"which uses VMD and OZI
: . 4 waz
rules. Without VMD, =& <calculation and charm an
production data set a Lower limit on the ‘PN total cross

section of 0.9 m> (90%- confidence).
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DRIFT CHAMBER SYSTEM FOR A HIGH RATE EXPERIMENT

G. Gollip, M. V. leaila, ¥. C. Shoemaker and
P. Surke

Department of Phyeics, Princeton University, Princetom, N. J. 08540

Abstract

A systex of 19 lsrge drift chambers has been built
end used in an experiment in the FNAL muon beam. The
design of the tharbers and electronics enabled the sys-
tez to perform with incident particle rates of up to
107~pu secornd.

Introduction

A magnetized iron specircometer has been built and
used in a8 mucn experiment, E203A/391, at Fermilab. The
iron 1s in mcdules separated by 10 inch gaps in which
are locsted the track chambers. Each gap has 8 multi-
vire proporticnal chamber with horizontal, vertical,
&nd ¢lagonal coordinates resd out. The anode vires,
vhich peasure the position of tracks in the bending
{herizontal) plane, have 1/8 inch spacing.

To impreve the resolution in the bending plane and
to increase ty redundancy the efficiency of detection,
& single sense plane drift chagber vas included ip esch

gap. The drift chamber's active ares is 42 x 72 inches.

The left-right ambiguity in the drift chambers vas to
be resolved ty track fitting Iin the drift and multiwire
chambers.

The iron in the region between the chambers formed
s distributed targer, magnetized vertically vith a
quite uniforn field. Since the bear passed directly
through 211 of the chambers, the beam mion's track
could be tiec to the final state muons' tracks at the
interacticn vertex, improving the resolution in momen~
tun end track angle. In addition, final state tracks
froz multi-ouon events vhich lie in the beam region
were not lost. Because the drift chsmbers had the in-
tense beam and halo passing directly through theo,
their design was somevhat different from that of most
chamber systems,

The experiuent vas designed for an incident muon
flux (including the halo) of up to 107 per second.
Therefore, & shorter than usual drift distance was
cthosen to miniwize the number of accidentsl tracks.
Even so, 2 three prong event would be expected to have
tvo or three accidentsl tracks accempanying it in the
dats read out from the drift chambers. Because of
this, the chamber system needed to be able to record
more than one hit per wire per event!. The sense su-
plifier-discriminstors were built with a short dead
time and the time digitizing system was designed with
the ability to latch more than one signal per wire.
With this multi-hit capability, the data could be
plagued by false signals made by straggling electrons
from ion pairs created sway from the mid plane of the
cell. These electrons follow longer electric field
lines to the sense vire. The drift cell geometry was
chosen to effectively minimize this problem.

Chaober Design

The drift cells vere constructed using graded po-
tentials on the cathode wires, similar to the system
developed by Charpak?. The cells' dimensions also

-
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were similar, except that the mamimum drifr distance
vag chosen to be 3/€ dnch. This vas 2z comprocise be-
tveen the cost of tco many channels and the precblen of
excessive background tracks mssoclated vith toc long &
pemory (drift) time. Witk this Crift distence, the
maxioum drift time oo the 2id plaze of the cell was 175
ns. The spacing berveen the catiade vire planes was
1/4 inch. A thin chamber vith Charpak's geomerry is ad-
vantageous if the electrorics &r: designed vith multi-
hit capability in each chemnel, as it zinizizes the num
ber of late electrons.
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Fig. 1. Schemati: Diagram of one Drift Chamder Cell

Fig. 1. is & schematis diagred of one drift cell,
showing the spplied voltazes ané the sigpal connections.
Note that the four wires ~losest to the sense ~ire on
esch side of the chember sre cormectred together tc pro-
vide & "clean" signal grownd reference. These eight
wires, with the sense virs, foro a coaxial trzosmission
line with a characteristi: impecance of about 400 ohms.
The signal from an event Iivides, half going tovards
the sense avplifier, half going in the opposite direc-
tion, towards the bottom >f the chacber. The Teflecticy
of the latter from the end of the line vould arrive st
the amplifier too late to be of use ané could incresse
the effective dead-timz of the sense ampliffer. There-
fore, the sense vire 1is tzrmins:ed at the botton of the
chamber. The cathode wirz systed wvas bissed at -100
volts to form 2 clearing Iield v:ich prevents electrons
released outside of the d-ift cells froo entering the
cells and producing lste signals. Without this bias,
the late electron signel ~as 60 per cent of the nuxber
of tracks through the chamber. “ith the biss, strag-
gling electrons cortributed lesz than 157 of the rate.
The lower limit on this contriboiion is uncertain since
monte-carlo calculetions predic:ed that delcs reys &c-
companying the muors vould prodice about this rete of
,double hits.

A plot of the electri fiell equipotentisls in 2
half cell, made using conducting paper, is shown in
Fig. 2. The spacing of the equipotentials is 167 volts,
Note that the connection of four of the cathode vires
together did nor damage the uriformity of the drift
field. The sende (ancde) wires vere 20 micron gold
plated tungsten. The cathode vires vere 100 micron sil-
ver plated beryllium copper. In tests with opodel chao-
bers, it vas found that 20 micrcn csthode vires produced
field emission.

U.S. Government work not protected by U.S. copyright.
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Fig. 2. Equipotertials of the Eleztric Field in a
HalZ Cell

In an iron spestrometer, there 15 no need for thic
chanber windovs, so the drift checbers vere built en
5/8 inch thick shee.s of slucinum "toel and jig" plste.
Lach plate ves & x & feet. This sigpliZied the con-
struction, and en2b.ed the sctive width of the chacber
to be s larger frec:ion of the space batvween the mag-
net coils than wouli be the cese if @ heavy freme vere
needed. The chambe-s vere mounted vith the (low Z)
slucinuz plate up beap from the active volume to re-
duce the nucber of lelts rays. The dovn beam vindow
vss 1/16 inch slumisum, providing an imdermestle struc-
ture and good shielling, as vell es an equipotential
for the clearing firld.
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Fig. 3. Chzmber Construétion Detail

Fig. 3 shows the vay the vires vere wounted. They
wvere soldered to pads formed by printec circuit tech-
niques on 1/8 inch thick 6-10 sheets. After each plame
wag wound, the next lasyer of G-10 vas epoxied in place.
The Mylar covering the solder pads on the bottoo layer
of cathode vires was needed to prevent dark current freo
floving to these pads. The sense wires ond cell edge
vires wvere }s:d by ‘hend on precisely scribed lines. Fo
eifficulty vas fourd in replacing broken or wis-laid
wires - £11 that vas required vas the removal of onme or
o of the cathode 'wires on the top plane. This con-
struction did fnit:ally cause problems in the proper
cleaning cf the wiie plancs. A brush end solvents, the
usual chacber cleaaing tools, did not reach the bottod
cathode plane and is a result, the chacbers had exces-
sive noise rates. It wvas found, however, that squirt-
ing solvents onto :he vires and blowing them dry vith
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n:trogen recuced the noise rates nearly to the calcuvlat-
ec cosmic ray rate.

The length of the sense vires, 72 inches, is abcut
the maximum stable Jength for a2 safe tension on the 20
wicron tungsten vire. To insure that the vires remain-
e¢ centered between the cathode planes, bridges of G-10
vere placed 12 inches on either side of the center, di-
viding the chanber into thirds. These constrained the
cuzhode planes as vell as the sense plane, 60 that
twists in the supporting sluminur plate would oot ir-
fluence the spacing. The space between the G-10 strips
on either side of the sense plane vas deterwined by the
cell edge vires, 50 tnat the thinner sense vires vere
fz2e. To insure that they did not hang up on the
bridges, the chaumbers were pounded vith a hammer as
th2y hung with the vires verticsl.

The gas vas similzar to thar used by Cherpak,2 ap-
proxicetely 2/3 argon, 1/3 isobutane, except that the
concentration of methylal vas incressed. During tests
o5 model chembers, it vas found that an intense Ryl
beta gun cowld quickky deaden e section of a chacber
unless the methylal content of the gas vas greater than
4n Charpsk's. Consecuently, all of the argon ves bub-
bled through methyls) at 0° C. There vas no degrade-
tdon of the charbers' perferrence caused by the intense
maon beam in spite of the large currents (60 uA per
Grifr chamber) ¢ravn during the spill,

Seise Applifier - Discricinator

The sense emplif:ers vere each constructed of two
Texas Instruments 10216 ECL intepreted circuits. These
are triple differential line receivers wvith differential
cutputs. 7The voltage gain from éifferentisal input to
é2fferentisl output -s &bout 13, and the rise time is
etout 5 ns for swmsl) signals &nc 2 ns for saturzred sig-
rels. Fig. 4 shows the acplifiers' schematic disgram.
rct shown ere pulldovn resistors berveen the emplifier
cutputs &né -5 velts on &1l stages. The pulldovn resis-
1675 vere 1500 ohms >n 8ll steges except the last, vhich
tad 330 ohn resisters.
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Fig. 4. Schematic Diagram of the Sense Amplifier-
Discrimimator

To incresse the systeh's comwon vode noise Immunity,
the ampliffer's 2ifZerential inputs vere AC coupled to
the cathode &nd sense vwires of the ¢rift chacber. &C
<oupling produced no problems beceuse 1t ves necessary
to clip the input pulses severely ro reduce the dead
time to acceptable levels. Drift chacber pulses typi-
cally have. s length of 200 ns. The clipping vas per-
formed by 7.5 ns RC differentiation berveen the secend
&né third stages. Kt vas placed there to aveid sstuvrsa-
1ion of any amplifiers before the clip, and ro elirinace
any difficulties due to NC offset of the input stage.



The ioput of the amplifier was protected br back-to-
back diodes. It 45 not known that they vese needed,
but there vas™no ¢ifficulty wich failure of inpute >
during the experiment. Note that the inpu: has & high
impedance (2000 otms differential). This {ncreased the
sensitivity of the smplifier by pulse-reflzction doud-
1ing and caused nc difficulties because the opposite
end of the sense wire vas terminated. N

The sensitivity of the acplifier-discriminator wvas
set by the 200 millivelt bias at the input to the third
stage. The subsecuent stages produced s ssturated ECL
pulse vhich triggered the output stage through & 2 ns
time constapt. The output vas connected as & one-shot
(monostable) circuit which produced & 15 ns standard
output pulse vith a differencial amplitude of about 1.8
volta. .

The thresholc sensitivity vas 0.5 millivolts,
measured vith a signzl vhich had a 200 ns decay time-
constant to simulzte drift chauber pulses. The dead
tipe, measured at the ené of the 200 foor ridbben cable,
and after the lipe receiver in the digitizer, vas 35 ns.
The calculsted efficiency, assuming 6 tracks in the
chamber, is then about 0.98.

Tive D1 itizers'

The digitizers designed for this experiment follow-
ed generally the iogical systex vhich Sevii! refers to
a5 @ Digiuon3 wizh "complete addressing”. A five-bit
tinary scaler is :epsble of divicing the drift time in-
to 3] time bins, of asbout 7 nanoseconds each. Becsuse
of the multiple scattering ip the iron, a finer sub-
divisicn would be pointless. This made possible &
relatively sizple system, showvn in Fig. 5.
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Fig. 5. Schematic Disgram of the Time Digitizer

The signals from the sense arplifiers verc transmitted
and delayed by ribbon cables sbout 200 reet long.

The experiment's trigger logic produced & "pre-trigger”
vhich vas used t> iniriate the digitizing process and
vhich served as the time reference. This zinimized the
delsy required 4o the ribbon cables. If the full ::rig—

Y

ger requirements turned out to be unsatisfied, the digi-
tizers vere cleered, resulting in & deadtive of only &
sicrosecond. The differential eignal from the ribbon
cable was acplified by a 10115 differential lipe receiv-
er. The resistor netvork at the input teruinated the
cable and provided =00 millivolts of forward bies. This
was pecessary because the 15 ns pulses were attenuated
much more by the catle than was the DC level from the
ECL output of the sense amplifier. The pre-trigger ini~
tiated the svent gale and the train of 31 clock pulses.
The digitizers sccepted signels only for the duration of
the event gste,

The signsl vas processed first by & Time Quant&zer’
which produced st 15 output the first clock pulee fol-
loving the rising ecge of the signal. This allowed all
of the subsequent electronics to be designed for syn-
chronized signals. _Each Tiwe Qusntizer was constructed
of tvo 10131 master-slave D-type flip-flops.* The out-
puts of the § time guantizers pessed vis an B-way OR to
e shift register vhich had its serial data input tied
high. The first signel to be received therefore caused
the output Q, of the shift register to go high and this,
in turn, latched the patiern of signels in thetr time bin
and stopped the first scaler. The next signal froo the
E-way OR caused Q) of the shift register to go high,
latching the pattern of signels in that time bin end
stopping the second scaler, etc. The shift register
wvas 8 Feirechilé 10000, the sceleres vere Fairchild
10016's with the fifth bit previded by a flip-flop dri~
ven by the 10016's Fourth bit. The latches were )
10153's. Kot shoun on the diagram is the deley in the
signsls berveen the Time Quantizers &nd the latches
needed to synchronize thex vith levels froz the shift
register. Note that up to 4 of the 31 time bins may be
occupied, and that any pattern of signzls on the £ in-
puts within 2 tine bin is recorded, with one bit per
channel. The track efficiency of this system 45 given
by the formula:
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« the nucber of active time bins = 21
the number of boards per chamber = 7
the number of time slots per bosrd = &
« the nunbar of tracks per checber.
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For n = 6, the efficiency is 0.9985 for recording esch
track. The efficisncy for recording 3 of the 6 tracks
(assuming 3 are ba:kground) 1s 0.995. The boards vere
originally designed for & clock frequency of 150 MRz
and 511 were successfully tested at that frequency.
When the experiment wvas set up, however, difficulties
vith the clock fanout required the reduction to 120 Mg,
so that tre drift rime for the major portion of the
cell covered only 21 time bins.

This formula for the effictency assumes that the
tracks are distributed statistically over the entire
chacher. This, of course, was not the case - more than
half of them vere in the beam region. To svoid an over-
load of the digitdzers connected to the cells in the
bean region, a8 "matrix box" vas inserted berveen the
sense amp.ifiers snd the digiri:zers. This transposed
the matrix of eigkt amplifier oodules each vith seven
outputs to connect. to seven digitizers each vith eight
inputs. Thus the first digitizer board vas connected
to the fizet, eigkth, fifteenth, ... cells, the second
digitizer board te the second, ninth, ... cells, etc.
The intense beam region vas therefore distributed over
811 of the digiti-er boards.

In addition to the Jogic shovn on the diagram,
overflowe were-recorded 1f more than 4 time bins were

+ occupied. The ECL levels from the counters and latches

vere converted to TTL and vere resd out serially into a
FIFO register, with empty data words suppressed. This
serial readout occurred while the CAMAC system was read-
ing data from other parts of the experiment so thst no
sdditional time vas lost. The FI¥O was read out by the
CAMAC system. v

The digitizers were constructed on Multivire® cir-
cuit boards. The conductors on these boards ere £34
AWG insulated copper vires vhich ere laid by 2 comzputer-
controlled machine in a layer of epoxy vhich covers &’
copper~clad G-10 printed circuit bosrd. 1f the copper

. layer forms a continuous ground plane (interrupted only
by szell holes) then these ¢onductors form good SO-ohm
transciesion lines. There was no difficulty trans-
citting the 150 Miz clock train on these boerds. The
&dvantage of this constructioen is thst the conductors
may cross without detectable cross-talk. The layout is
therefore very much sicpler than that of 2 printed cir-
cult bosrd. There is some cross-talk if cenductors
have long Tuns ar the minimuwm (0.05 inch) spscing, but
this 1s easily avoided. In the lavout of the digiti-
zers, csre vas required to match the path lengths to
keep the signals synchronized. No 2ifficulty has been
cbserved, hovever, due to lack of synchronization in the
producticn boards.

The boards were mounted in crates which served tvo
chambers each. The seven ¢ata-boards for esch charmber
generated 16-bit data wvords, each of which had embedded
in 4t a 3-bit board address. A chamber-sddress bosrd
for each chamber generated a vord containing chamber
number and cverflew bits. This verd was distinguished
from data by an ''illegal" board adéress bit pzrrern.
The fanout of the clock and event gate for the seven
boards in each chamber group vas also performeéd on the
chamber address board.

The principal difficulty with this systex during
the experimert was with the mirdature cosxial czble con-
nectors used for the clock. When there vas an indice-
tion of trouble, it usually could be fixed by wiggling
the cables.

Svstew Performance

The operating tense wire voltage for the drift
chambers vas chosen sfrer investigating the voltage de-
pendence of both the efficiency end the resolution.
The efficiency, measured with cosric rays and a piestic
scintillatcr telescope, typically platesued below +1550
volts. The resolution, measured in a small test chamber,
did¢ not resch its plateau until about +1700 volts. At
this voltage, the acplification at the sense wire pre-
sumably was great enough to place the signal from a
eingle electron gbove the sense emplifier-discriminator
threshold. During the first part of the experinment,
the chachers vere operated at +1800 volts. Later this
vas teduced to +1700 volts to decresse the signsl size
inte the sense amplifiers, possibly reducing slightly
their dead time. The effect on the resolution and
efficiency vas negligible.

The relationship between drift time end drift
¢istance 15 shown in Fig. 6. The sctrsight line is for
reference only, to gufde the eye. The 31 points vere
obtsined by integreting the population vs time dbin his-
togram from a low intensity run wvith straight-through
triggers. The eversge illumination of the cells was
expected to be extremely uniform over the drift spsce.

The histogram hed & teil wvhich extended our to time bin- .

31 although most of the hits fell in time bins 3 through
23. This tail procuced the asymptotic approach of the

92

points to the maximum drift distance. That this vae
the correct interpretation vas established by fittiog
data from beam tracks in five sdjacent,.chenbers vith a
parabola. Even emall devistions from this relationship
worsened the x2 of the fit. .
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Fig. 6. Graph of Drift Distance v Time Bin Number

This asymptotic spproach to the maximum érift distance
1s believed to be due to the fact that electrons from
tracks close to the cell edge vire, if not released
exactly on the ©id plane, have sipgrificantly longer
drift distances sleng the curved electric field lines.
There is probsbly some worsening of the resolution in
this region. The nonlinearity is teken care of in the
track programs by simply using £ look-up table contein-
ing 31 entries per charber grovp. Because of some
ceble length differences, there sre three groups of
chambers. The sverage drift speed 1s 1B mils per time
bin, or about.5.5 en/usec.

The resolution cf the ¢rifc chembers vwhile in place
in the spectrometer vas checked by the aforecentioned
ficting program. Since it vas expected that there
wight be some chember ccnstruction errors, the charber
resclution assumed in the program vas double that ex-
pected from the vidth of the time tins, or 10 mils (250
microns). The multiple scattering in the irom vas put
in cerefully, including the correlations betveen the
scattering offsets in aljscent chambers. The resulring
x? éistributions vere narrover than that theoreticslly
expected, but vith 8 consideradble te1l. This 45 inter-
preted as shoving that the chazbers had clese to their
ideal) resolution. The tail is believed to be due to
delta rays vhich happen to produce icns closer to the
sense wire thap the muor. track. The trackfinding pro-
gram nov in use 4n the analysis of the experiment,
vhich fits to both the ¢rift chambers and the multivire
proportionsl chambers, gives & residual distribution
for the drifr chambers with a8 vidth of sbout 860 mic-
rons. This is largely cue to cultiple scattering in
the iron. .

The chacber hit efficiency, peesured vith non-inter-
acting besm muons, aversged better than 98.5Z2. This
efficiency vas calculsted froo date taken three quar—
ters of the wvay through the experiment's run with a
muon beam containing about 5.5 x 10® muons per spill
vith additional muons in the halo. The full vidth at
half oaxioum of this beac ves ten drift cells.

The noise rate for the OR of 211 56 channels in a
chamber vas-typically 4 XHz. The rate expected fronm
coszic rays was about 1 khz. No dark curreat vas
observed up to 42100 voirs on the sense wire during
these tests. After the chambers vere installed in the



spectrometer, none had & dark current above 300 pA, the
winimun observable, Ar the end of the experiment, after
a total of 4 x 10'! muons hed passed through the spec-
trometer with sn average intensity of 5 x 105 ‘bean muons
per pulse, the dark current dravn by one chswber vas ip-
termittently up to 1 uwA, vhile all of the othrs remained
uncbservable. This should be compered with the 80 pA
drsvn by each chamber while the beam vas passing through
the sppsratus. Neither the chamber efficiency nor the ~
resolution vere observed to change appreciably over the
course of the experiment.
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A®PENDIX B

THE TURBO- ENCABULATOR *

For a number of years work has been proceeding in order
to bring to perfection the crudely-conceived idea of a

machine that would not only supply inverse reactive current

for wuse in wunilateral phase detractors, but would also be '

capable of automazically synchronizing cardinzl -grammeters.
Such a machine 1is the "Turbo-Encabulator." The only new
principle involved is that instead of power being generated
by the rzlative motion c¢f conductors and fluxes, it is
produced by the modial interaction of magnetoreluctance and
capacitive directance.

The original machine had a base-plate oI prefabulated

amulite, surmounted by a malleatble quasiboscular casing in

such a way that the two spurving bearings wer2 in a direct

line with the pentametric fan. The latter consisted simply
of six hydrocoptic marzlevanes, so fitted to the ambifacient
lunar waneshaft that side fumbling was effectively
preventéd. The main winding was of normal lotus-0-delta
type placed in panendermic semi-boloid slots in the stator,

every seventh conductor being connected by a non-reversible
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tremic pipe to the differential girdle spring on the up end
of the grammeters.

Forty-one manestically spaced grouting brushes were
arranged to feed into the rotor slip-stream a mixture of
high S-value phenylhydrobenzamine and five per cent

reminative tetraliodohexamine. Both of.these liquids have

specific periosities of 2.5Cn where n 1is the diathetical

evolute of retrograde kinetic phase disposition and C is
Cholmondoley's annular grillage coefficient. Initially, n
was measured with the aid of a metapolar refractive
pelfrometer (for a description of this ingénious instrument
see L. F. Rumpelverstein, Z. Electrotechnischtratishce-
donnerblitze III, 212 (1929)), but up to the present date
nothing has been found to equal the transcending missive
dadoscope. (See H. Feducci et al., Proc. Peruv.  Acad.
Scat. Sci. 43, 187 (1979)).

Mechanical engineers will appreciate the difficulty of
nubing together a metahesive purwell and a superamitive
wannelsprocketi Indeed this proved to be a stumbling block
to further development until, in 1952, it was found that the
use of anhydrous nagling pins enabled a dryptonastic boiling
shim to be tankered to the bendyles.

" The early attempts to construct a sufficiently stable
spiral decommutator failed 1largely because of a lack of
appreciation of the 1large quasi-piestic stress in the

sembling studs; the latter were specifically designed to.
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hold the tremic pipes to the spanshaft. When, however,A iz
was discovered that wending could be prevenzel by a simple
recession of the iipping sockets, almost perfec:'running was
secured.

The operating point is maintained as near asN possible
to the h.f. rem. peak by cdnstantiy “retting the
anthragénous spandrels. This is a digtinct advance on the
standard nivelsheave in that no additional-éramcock oil is
required after the phase detra;tors have remisseé.

Undoubtedly, the Turbo-Encabulator has row reached &

very high level of technical development. It has been showrn -

that it may successfully be wused for. encabtu.ating nofer
trunnions. In addition, whenever a bareszent skor motion is
required, it may be employed in conjunction with a drawn
reciprocating dingle arm to reduce sinusoidal depleneration.

The future promises frogs, dogs, and televisicn sets.

*Based on a lecture delivered to Phyéics L by P.G. Bamberg,

Jr., Harvard University, Cambridge, Massachusefts, 1974.
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resulting in a full dimuon

calorimeter counters in modules 1 and 2,

TABLE 1

Calorimeter and hcdoscope

trigger.

subtrigger

102

combinations

cluster 2

modales 2 and 3, etc. as described in the text.

group 1 includes trigger banks 1, Z, and 3,

placed

Cluster 1 includes
includes
Hodoscope

after

modules 4, 6, and B, group 2 includes trigger banks 2, 3,

and 4 after modules 6,

[ WV I VN S ]

Calorimeter cluster
with subzrigger

(and any others downstream)
(and any others downstream)
(and any others downstream)
(and any others downstream)
fand 6 iE present)

8, 10, etc.

Required hedcscope groups

with subtrigger

arny of
any of
any of
any of
S or 6
6

. e o 103.

TABLE 2

Mean values of six reconstructed kinematic quantities
for data befcre background subtraction, for charm Monte
Carlo, and for W, K-decay Monte Carlo. A1l events have
E(daughter/g) > 15 GeV, V> 75 GeV, and satisfy the standaré

analysis cuts described in chapter III. Statistical errors

are shown.
Reconstructed kinematic Data Monte Carlo
) quantity Charm T, K
<VY (GeV) 132.2 136.1 120.4
+0.2 +0.3 +1.0
Geometric mean Q 0.547 - 0.729 0.260
(Gev/c)* +0.004 +0.006  +0.011
<Daughter u energy> 26.02 26.35 23.58
(Gev +0.07 +0.08 +0.21
{Inelasticity) 0.794 0.800 0.793
+0.001 +0.001  +0.003
{Missing energy 15.65 14.59 4.45
(GeV) +0.14 +0.18 +0.53
<p(daughter)yito ¥,) 0.749 0.676 0.618
(Bevyc) +0.003 +0.003  +0.008
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TA.BLE 3 . TABLE 4-

Effects of charmed qggrk fragmentation on daughter The Q1 dependenze of thé virtual photoproduction cross

energy and i ci-ivita : . - .
2 acceptance. To increase =semsizivity tc the section for charm. Resuits are presented for two values of

choice of fragmentation function D(z), mean daughter average V. Errors are statistical.

energies are shown for Y¥GF Monte Carlo events withl V> 150

GeV. 2® (Gev/c?) : Ous (YN— ctX) (nb)

Zvr =100 GeV <Vy=178 GeV
0.075 467.3 + 24.7 627.1 + 53.1
. . .6 . 4 28. 55.
D(2) (E(daughter 1)) Reletive 0.133 513.6 + 29.7 628.7 + 55.1
: ] accertance 0.237 ) 493.3 + 31.8 687.7 + 47.6
o 0.422 " : §55.7 + 45.4 1720.7 + 41.5,
(1'_2)3 28.31 + 0.15 1.00 0.750 517.5 + 31.0 698.5 + 28.8
(1-2) . 26.94 ¢.81 1.33 _ 444.3 + 26.4 . 588.8 + 41.0

- —_ —_

(1-2) 29.78 : : ‘
(2 ¢ 0.99) - 1.20 2.37 378.4 + 23.4 488.0 + 19.6
4.22 217.4 + 18.5 378.7 + 20.8
s b

Subtracted data 28.20 + 0.20 , 7.50 143.0 + 14.1 274.8 + 16.8
15.3 86.12 + 8.63 149.8 + 12.5

25.7 30.76 + 5.43 68.50 + 9.63
42.2 7.94 + 2.96 19.97 + 6.04



The Vv dependence of the virtual

TABLE 5

first error shown is statistical,

v (GeV)

60.

69.

80.

93.

4

8

6

1

107.

124.

143.

165.

191.

the second systematic.

photoproduction

a
section for charm in the raznge .32< Q;'< 1.8 (G2V/c)™. The two

Gops (YN = cCX)

378.8

393.9

408.7

424.4

631.8

559.0

606.7

641.1

693.1

+

|+

| +

|+

| +

| +

1+

162.6

102.0

§3.31

40.5¢€

4 .53

27.31

26.5%

30.67

44.68

(nb) ¢t . . F, (ct) _
289 (GeV/c) {v)»=100 GeV (V) =178 GeV
+ . .
- 291. 0.075 (3.002 +0.159 +0.451 ., (3.516 +0.297 +0.291
- -0.631)x10 - -0. 222)x10
+ 189. : .
- 187. : 0.133 (6.117 +0.351 +0.513 . (7.221 +0.633 +0.778 Y
-0.513)x10 - -0.888)x10
+ 112. ] S
- 106. 0.237" (10.69 +0.683 +0.641 _, (15.48 +1.07 +2.28 -q
: - -1.20)x10 - -1.15)x10
+ 65. ]
- 76. 0.422 (21.60 +1.76 +2.48 - (30.99 +1.78 +1.21 -
: - -3.07)x10" - -2.11)x10
£ 36. - :
- 30. 0.750 (36.08 +2.16 +2.86 (55.89 +2.30 +2.65 -4
- -4.95)x10 - -4.55)x10
+ 61. )
- 14. 1.33 (55.27 +3.28 +3.24 (84.93 +5.91 +4.38
. - -3.50)x10 " - -7.00)x10
+ 97,
- 34, 2.37 (81.86 +5.16 +10.4 (123.1 +4.33 +7.48 -
- -3.83)x16" - -3.40)x10
+ 130. : ‘ ]
- 49, : 4.22 (85.32 +7.21 +8.26 (163.9 +9.01 +7.53
- -19. 2)x10 -17. 3)x10
+ 162,
- 60. 7.50 (102.0 +9.62 +6.08 {203.0 +12.4 +12.2 -
- -10.5)x16" - -8.01)x10
13.3 (104.0 +10.4 +14.0 (190.1 +15.9 +17.0 .
- -7.10)x16" - -22.2)x10
23.7 (65.60 +11.6 +2.76 .(150.6 +21.2 +5.17
- -28.4)x16" -5.20)x10"
42.2 (29.94 +11.2 +1.17 (76.78 +23.2 +23. 7
o - -1. 71)x10 -11. 9)x10

106 , ; L 107

_ TABLE 6

cross The Q* dependence of the charm structure function F, (ct) for

values of averageVv. The first error shown is statistical,

the second systematic.



TABLE 7
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Calculated 104d F, / d 1In Qa'at fixed Bjorken x vs. v

(top?,

Q" (left

margin), aand X (diagonals, righz margin).

3 - .
For each Q" -v combination, two values arz shcwr. .The botten

value

is

fit to the structure function F, for muon-nuclecn

scattering (Ref. 20). The top, value is5 tke conlribufién

F, (cc)

to Fa. from diffractive muoproductior. ofrbound and

unbound charmed quérks.

42 67 106 168

’

7
D b
o
v

v(GeV) 27
6? " 10%F, (c2)/38n?
2 _
(Gev/e) 1093F 5 (uN) /32nQ2 .
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" Figure :.-- Drell-Yan production of muon pairs

quark-antiquark annihilation.
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Figure 2.-- Models for charmed{’pfrticle‘ production.
(a) charmed sea production; (b) vector-meson dominance
production; (c) virthal photon-gluon-fusion produttion.
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Figure 3.-- The N1 beam line at. FermilaHL Nortﬁ is
towards the bottom of the . page and west is towardg the
right. Magnets Dl and Q2 are i% enclosure.IGO, Q3 and D2 in
enclosﬁrew 101, and D3 in enciosure 102. Q4 ié in enclosure

103 and D4 is in enclosure 104.
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Figufézsl-- The Multimucn- Spectrometer. The magnet,
serving also as target and hadron absorber, reaches 19.7

*kGauss.within a_ 1.8x1x16 m> ~fiducial volume. Over the

central 1.4x1x16 ma, the magnetic field is uniform to 3% and

mapped to .0.2%. Eighteen pairs of ~multiwire proportional
{MWEC) éna drift cﬁambers (pC), fgllf sensitive over 1.8x1
m?t determine muon momentea typically -to 8%. The MWPC';
register coordinates at 30° and 90° to the bend direction by
mears‘ of 3.2 inch _qathdde 'stripé..’ Banks of trigger
scirntillators (S,-S,2) occcupr 8 of 18 magnet modules.
Interleaved with thé 4-inch thick magnet plates in modules
1-1¢ are 75 calorimeter scintillators resolving hadron
energy E with rms‘ uncertainty 1.5E™  (GeV). Not shown
upsfream of module 1 are one MWPC .and DC, 63 bean
scirtillators, 8 beam MWPC's, and 94 scintillators sensitive

to sccidental beam and halo muons.
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Figure 8.-- Calorimeter subtrigger patterns focr dinuon
events, (a) cluster grouping oflcounters; (b) examples of
subtriggers. Pulse heights in at least five =¢ ten

-

scintiilators in a cluster must exceed a -thresholé Eor “hat

cluster to satisfy a calorimeter subtrigger.

(

Pulse height

Pulse height

135

a)
| 2 3 i5 |6 Module
ﬂ l — | = — H Calorimeter
. r | .1 il 1 H F . | .
- v 2 _' A 4 ' cluster
(b)
3 4 Module
lJ H —-«—Threshold
L1l Littd | I \ l |
Clusters | and 2 sotisfy subtrlgger
2 Module
l -«—Threshold
dr11y

Cluster L satisfies subtrigggr

Figure 8.

‘



126

Figure 9.-- Trigger hodoscope subtrigger patterns for
dimion events: {a) typical subtrigger; (b) other possible

com>inations of hits in the third hodoscope.
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Figure 10.--

shower energy.
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Figure ‘11.-- Maltiwire- proportional . chamber : ’ ’
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Figure 13.-- "Logical” flow in the track-fitting program.
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Figure 14.-- cT pair mass. in the  photon-gluon-fusion

model.
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Figure 15.-- Momeritum transfer-squared in the
photcn-gluon-fusion model.  (a) All events generated; (b)

Events satisfying the dimucn trigger.
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Figuré 16.--  Hadronic shower energy  in the
photon-gluon-fusion model. (a) All events gemerated; (b)

Events satisfying the dimuon trigger.

dN/¢Eshower (arbitrary units)

.00

€5 100 120 140 160 180 200

E “(GeV)

shower

Figure 16.



Figuré 17.-- Daughter muon energy in the
photon:gluon-fusion mcedel: (a) all events generated; (b)

events satisfying the cimuon trigger.
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Figure 18.-- Energy 1lost by the bean. meuon 1ia the
photon-gluon-fusion model. (a) All events gerevated; (b)

Events satisfying the dimuon trigger. ' - i

dN/dv (arbitrary units)

107 — —
. L
~ o
. b
.
T 1 4 I T 1 ! | ' | ! | ! L N ] T 1 ! .
1} 20 40 30 . BO ‘100 120 140 160 180 200
v (6eV)

Figure 18.



v - 17

146
i ! | i i
Figure 19.-- Distribution of interaction vertices in 1.60 o : x =
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Figure 21.-- Probability vs. shower energy for a

= - -

shower to yield a decay muon with more than 9 GeV of energy. ]
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Figure 22.-- Charged multiplicity in simulated

for, K mesons with more than S5 GeV of energy.
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Figure 23.-- Number-
virtual photon-nucleon

simuiated showers.
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Figure 24.-- Decay probability for T's and K's in .

simulated showers.
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Figure 25.-- Energy lost by the beam muon in simulated . ‘ o L i

inelastic collisions.

8 w4
= ]
= -
-
o 4
[1-1
5 -
had
3= J
-~
o
e
©
~
= “
©
; 162 -
T l T I T 'l T ] Rl l ] ] T I T l T l L]
i) 20 40 60 80 100 120 140 160 150 200

v (GeY)

Figure 25.



. ' 160

sl syl Lot gl eoa Lot spenl TN

L 07 _ -
o . .,/\
4

Figure 26.-- Momentum transfer-squared -n simulated

muon-nucleon inelastic collisions.
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Figure 27.-- Feynman x for primary shower

more than 5 Gev of energy in simulated showers.
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Figure 28.-- p: distributions for primary =hower

mesons with more than 5 GeV of energy in simulated showsrs.
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-Figure 29.-- Feynman x distributions for all

166

secondary

mesons before imposing energy conservaticn in simulated

showers.
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Figure 30.-- p: distributions for all secondary mesons

before imposing energy conservation in simulated showers.
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Figure 31.-- Energy of hadrons which decay in siﬁulated

showzrs.

dN/dEhadroh (arbitrary units)

17]

1072

s aaal

1973

LA

T

T

E (6eV)

hadron

Figure 31.

80



Figure 32.-- Muon momentum along z axis fcr decay muon

from simulated showers.

(arbitrary units)
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Figure 23.-- Energy of produced muons for simulated

shower events satisfying the dimuon trigger.
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Figure 34.-- Momentum perpendicular to thke virtual : i N \\\ ' '
photon for produced muons at the decay point in simulated . .
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Figure 35.-- Neutrino energy for simulated shower

events satisfying the dimwon trigger.

(arbitrary units)
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Figure 36.-- Feynman diagrams for muon  trident .

. 55
production calculated by Barger, Keung, and Fhil:ips. (a)
Bethe-Heitler production; (b) Muon bremsstrzh_ung; (c)

Target bremsstrahlung.
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Figure 37.-- Distributions in daughter muon energy for
background- subtracted data, charm Monte Carlo, and T,
K-decathonte Carlo. The ordinate represents events per bin
with acceptance not unfolded. The inverted histogram shows
the simulated 7, K-decay btackground, normalizsd to the beam
flux. The upright kistogram represents backgrohnd—
subtracted data. Errors are statistical. The curve,
normalized to the data after analysis cuts, 1is the
photon-gluon-fusion charm calculation. Events satisfy
standard cuts described ir the text except they have v> 150
GeV.- The unusual ¥ cut ircreasss the sensitivity of the
predictions of the Monte Carlo simulation to assumptions
abbut charmed " quark fragmentation. The ho-izontal bar

indicates typical resolution.
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Figure 38.-- Reconstructed vertex disfribution for
background- subtracted data and charm Momte Zarlas. Monte
Carlo events were generated only in the upszream ~80C cm of
the detector. (a) The histogram shows sub=rected daza with
Monte Carlo superimposed as x's; (b) The histograr shows

.

Monte Carlo with subtracted data superimposed as x's.
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‘Figure 39.-- Distributions in daughter muon momentum
perrendicular to the virtual photor for background-
subtracted data, charm Mor.te Carlo, and T, ¥K-decay Monte
Carlo. Tae ' ordinate represents everts per bin with
acceptance not unfolded. The inverted histogrem shows the
simulated T, K-decay background, normalize¢ to the beam
flux. The upright histogram represents background-
subtracted data. A Errors are statistical. The curve,
normalized to ths data after amnalysis cuts, is the
phéton-gluon—fusion charm calculation. Events satisfy
stardard cuts described ir. the text. The herizontal bar

indicates typical resclution.
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Figure -40.-- Distributions in energy txransfer for
background- subtracted data, charm Monte Carle, and 7,
K-decay Monte Carlo. The ordinate represents everts pz2r bin
with acceptance not unfolded. The inverted histcgram shows
the simﬁlated 7, K-decay background, normalized tc the beam
flux. The upright histogram represents tackgrodnd-
subtracted data. Errors are statistical. The sclid :curve,
normalized to the data after analysis cuts, is the pkoton-
gluon- fusion charm calculation. The dasked curve
represents an alternative model in which LD pairs are
produceéd with a hard fragmentation funciion ard a
probability independent of V. Events satisfy stendard cuts
described in the text except that no V cut is impesed. The

horizontal bar indicates typical resolution.
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Figure 41.-- Distributions in momentum transfer-squared
for background- subtracted data, charm Monte Carlo, and T(,
K-decay Monte Carlo. The ordinate represents events per bin
with acceptance not unfolded. The inverted histogram shows
the simulated 7, K-decay backgréund, normalized to the beam
flux. The upright histogram represents backgrodnd-
subtracted data. Errors are statistical. The curve,
normalized to the data after analysis cuts, is the photon-
glvon- fusion charm calculation. Events satisfy standard
cuts described in the text. The horizontal bars indicate

typical resolution.
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Figure 42.-- Distributions in missing ineutrinc) energy
for background- subtracted data, charm Mcmte Zarlc, and T,
K-decay Monte Carlo. The ordinate represerts events per bin
with acceptance not unfolded. The inverted histogram shows
the simulated 7, K-decay background, normal.zed to the bean
flux. The upright histogram represents backgré&nd—
éubtracted data. Errors are statisticel. The curve,
normalized to the data after analysis cuts, is the photon-
gluon- fusion charm calculation. Events satisfy s-andard
cuts described in the text. The horizortal >ar indicates
typical rms resolution. The arrow indicates taie sh_ft in
the centroid of the data caused by ; +Z.5% change in the

calorimeter calibration.
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Figure 43.-- Distributicns in inzlasticity for
background- subtracted data, charm Monte- Carlo, and T,
K-decay Monte Carlo. Tie ordinate represents events per bin
with acceptance not uniolded. The inverted histogram shows
the simulated i, K-decey backgrcund, no?malized to the beanm
filux. The upright histogram represents backgrohnd-
subtracted data. Errors are statistical. The curve,
normalized to the data aftsr analysis cuts, is the photon-
giuon- fusion charm calculation. Events satisfy standard

cuts described in the text.
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Figure 44.-- Flux of transversely polarized virtual
photons accompanying a 209 GeV muon. The flux is in units
of ¢ Ge\f3 and represents the number of photons per unit
interval of Qa and V. Shown‘in the figure is Cé timzs the

flux.
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Figure 45.-- Virtual photon polarization €.

beam energy is 209 GeV.
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Figure 46.--0,/0, in the photon-gluon-
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Figure 47.-- €R in the photon-gluon-fusioa model. R is

o. /67 ; €- is the virtual photon polarization (see figures 45 i
and 46). ‘
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Figure 48.-- Diffractive charm photoprocuction cross
sections. Parts (a) and (b) show the extrapelztion of the

effective cross section to Q1=O at ¥v= (a) 17¢ amd (b) 100
GeV. Errors are statistical. The solid curves are fits to
o(u)(1+Q;/Aa)—l, with A= (a) 3.3 and (b) .2.9 G2V/c; the
arrows labeled "NOM" exhibit o(o). Systematic =rrors 'are
parametrized by (1) decreasing, (2) increasing dy 50% the

subtracted M, KX-decay background, and by r=calculating

acceptance with a (3) softer, (4) harder fregmzntation as

described in the text. The effects on T(0) are indicated by
the numbered arrows and the effects on A are iadicated by
the dashed curves, normalized to the same Oled. Horizontal

bars show typical rms resolution.

( nh)

Totf

N

(b)<v> =100

i | | !

0.1

[
¢ Leev/e)

Figure 48.

10 100

XBL 803384



206

Figure 49.-- The role of charm in the rise of the xwé
total cross section. uwmw‘vOM:ﬁm representing the effective
photon cross secticn {right scale) are compared with a fit
from Ref. €4 to half the photon-deuteron cross section

ﬁncacm; left scale). Systematic uncertainties dominate the

errors.
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Figuie 50.-- Energy-dependence of the effective cross
section‘ ‘for diffractive charm photop-oduction. For .-

0.32¢Q™¢1.8(GeV/c)™, Gogp varies with Q* by £ 2%. Errors
are statistical. The solid curve exhibits :he v-¢ependence
of the phéton-gluon-fusion model with the “cocnting-rule"
glu?n X, distributi(;fl 3(1-x3){/)(3, and represerts the data
with 15% confidence. Other gluon:distributicn choices
(1-x3)q/x3, and "broad glue" (1-x3)§(13.5+1.07/x5} (Ref. i7)
are indicated by dashed curves. The dashed zurve labeled BN
is the phenomenological parametrization of Ref. 66, and the
dashed horizontal line represents energy-irdependence.
Curves are normalized to the‘data. The shad=d Sznc exhibits
the range of : changes in shape allowed by systematic
uncertainies. For wvisual c¢larity it is dna@n relative to
the solid curve. Data below V=75 GeV are excluded from

further analysis.
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Figure 51.-- Q& desendence of the s£fbcture function
F,(ct) for diffractive charm muoproductioﬁ; At ‘each of the
two average photon energies; each curve is normalized to the
data. Errors are statistical. The solid (short dashed)
curves labeled m¢=1.5 (1.2) exhibit the photon-gluon-fusion
model . prediction with a charmed quark mass of 1.5 (1.2)
GeV/cl. Solid curves 1labesled '¥DM: éorrespond to a
Y-dominance propagator, and long-dashed curves labeled BN
represéntfthe model of Ref. 56. Shown at th2 top is a fit
adapted from Ref: 20 to the inclusive structure fdnctioﬁ Fy
for isospin-0 muon-nucleon s:atiering. The shape vériations
allowed by systematic errors are represent=d by the shaded

bands.
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Figure 52.-- Scale-noninvariance of F,(cc). Data
points are arranged in pairs, alternately cl.osed and open.
The points in each pair are connected by a solid tand andé
labeled by their .noaaos average value oI Bjorken x =
oP\ANZ¢v. Errors are statistical. The dashed 1lines are
predictions of the v:o~o:-mwco=-mmeo= model with anmu.m
mm<\nv except that the model is renormalized and demped at
high o» as ammnawva in the text. The solid am:am.qavammmzﬁ
the slope variations allowed by systematic errors. The
dot-dashed 1lines represent the changes in F,(ct) as Q* is
increased but x is held constant that would be necessary to
equal the changes in the CHIO fit to Fy which eccur under
the same circumstances. The percentages next to rthz2se lines
indicate the relative sizes of the changes in mpﬁﬁwy and F,,

£it by CHIO.
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