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ABSTRACT 

Interactions of 209 GeV muons in the Multimuon 

Spectrometer at Fermilab have yielded more than 8x104 events 

with two muons in the final state. After reconstruction and 

cuts, 'the data contain 20 072 events with (81+10)% - 
I 

attributed to the diffractive production of charmed states 

decaying to muons. The cross section for diffractive charm 

muoproduction is 6.92::; nb where the error - includes 

systematic uncertainties. Extrapolated . to Q2=0. with 

o(Q~)=o (o)(~+Q~/A~ ) - 2 ,  the effective cross .section for 178 

(100) GeV photons is 7505: !X (560?::.: ) nb a n d  -the parameter 

.A is 3.3+0.2 - (2.9+0.2) GeV/c. The v dependence of the cross - 
section is similar to that of the photon-gluon-fusion model. 

.. . 

A first determination of the structure function F2'(cT) for 

diffractive charm product,ion indicates that charm accounts 

for approximately 1/3 of the scale-noninvariance observed in 

inclusive muon-nucleon scattering at low Bjorken x. 

Okubo-Zweig-T i . z : ~ ~ k a  select ion rules and uni tari ty allow the 

muon data to set a 90%-confidence lower limit on the $ N  

total cross section of 0.9 mb.. 
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CHAPTER I 

INTRODCCTION 

A brief h i s t ~ r y  of the quark model -- 

There . is great appeal in ascribing the rich 

phenomknology of high energy physics to the interactions of 

a small number of fundzmentsl. particles. ~ a ~ e d  ~ i t h  a 

growing zoo of subatomic particles, Fermi and Yang suggested 

in 1949 that pions might be composite objects.' They boldly 
. . 

calculat'ed the that a nucleon-antinucleon state 

would exhibit (aniiprotons were not discoverec until '1955) 

and found :hem similar tc those of the pion. In 1956 Sakata 

proposed an extension to the Fermi-Yang theory to allow it 

to describe strange particles.2 Sakata's model-used the 

neutron, proton, and lamtda as building block. and predicted 

the existence of several unusual (and nonexistent) particles 

such as mesons with strangeness +2 and baryons with 

strangeness -3 and iscspin 1.) Six years lster, Gell-Mann 

c4 and Ne'eman developed the "eight-fold way," a classification 

scheme for mesons and baryons based on the greup SU(3).4 The 

"eight-fold way" of 1962 treated particle symmetries 

abstractly, temporarily abandoning the Sakata model's notion 

of three fundamental hadron constituents. Encouraged by the 

success of the SU(3) model, in 1964 Gell-Mann was "tempted, 

to look f.or some fundamental explanation of the situation."' 

He found that the observed hadron SU(3) multip1,e.t~ co-uld be 
- 

constructed from a unitary triplet (d- s uo) and a baryon 

singlet bo. More interesting to Gell-Mann was a simpler 

scheme which postulated three fractionally charged, spin 1/2 
. . . .  . 

"quarks," each with baryon number 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, Greenberg. introduced 

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

quark model to permit the symmetric combination of three 

quarks in an s state. 

~ a d r o h  spectroscopy provided ample experimental support 

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

that quarks themselves have physical as well as mathematical 

significance came from several sources. The cross section 

for inelastic electron-proton scattering,may be written in 

terms of two structure ,functions., W and W as 
I '  

. . 

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. Expertmenters 

at the Stanford Linear Accelerator Cente? ( S L A C )  foznd that 

W depended weakly on QZ and that vWZ depended cnly on che 

ratio Q Z / v .  This suggested that beam electro:~ were 

scattering elastically from point-like particles inside 

target protons. 
, . . .  

More support for the existence of quark.: care from 

measurements of muon-pair product ion in picer.-nucleon and 

proton-nucleon collisions. In the spi~it ctf' t k .  quark 

model, most non-resonant muon pairs shoulc coae from 

quark-antiquark annihilation7 as shown in Fig. 1. Since 

pions contain valence antiquarks while ?rotcns.do not, the 

ratio d(p~+p+p-~)/o[n~U+p-~) should be m ~ s h  less lhan 1. 

 his vas seen to be true.8 

Charm 

The unitary triplet, baryon singlet mo6el discrrded by 

Gell-Mann led Bjorken and Glashow in 1 9 b J  to study a 

constituent model for hadrons in which four furdamental 

"baryons" were linked by SU(4) symmetric forces.' Baryon 

number, electric charge, hypercharge, and a new quantuc 

number, charm, were conserved quantiti,es in thein theory. 

ap~roximately 760 keV and noted that their model was 

"v~lnerable to rapid destruction by rhe  experimentalist^."^ 

Six years l ~ t e r ,  Glashcw, Iliopoulos, and Maiani (GIM) 

~r3posed another SU(4) charm model, this time a four quark 3; 

extension of Cell-Marn's three quark theory.'' The GIMmodel 

eliminated strangenecs-changing neutral currents from the i' 

Fe:inberg-Salan r.odel of weak interactions, which previously 
+ - 

t.ad predicted ancnalously high ratts for the decays K,+u u 
+ + -  

z& K *a v v .  

The J, was,di;covered in proton-beryllium collisions and 

in electron-pcsjtron annihilation in 1974.'' 1ts.narrov 

ui.dth indicated tsat the + did not decay strongly and 

skggested that it was a bolnd state of a new quark and its 

artiquark, th? ch3rmed quark of the GIM model. The lightest 

ctzrmed meso2s, the Do (186:) and ~'(1~68) were observed at 

:t.e Stanford slectron-positron collider., SPEAR, in 1976. 

Tt.e D" was seen as a nrrrow peak in the invariant mass 
- + + -  ' +' 

djstributions of ~-n- and K n n,n systems and the D as a 
- i +  

junp in masses 3f K 1 n states.'' The system recoiling 

against the D was found to be always at least as massive as 

the D, evidencc for the associated production of the new 

nesons. Excizej states of the $ and heavier charmed 

pazticles such as the D*, F, X ,  and A= have also been 

observed.' 3-' . . '-. : . . . 

They predicted that charmed mesons would ha.~s mr.sses of 



Models for charm prc.duction by muons --- 

P .In the simple quark nodel, nucleons are .said to consist 

of three valence quarks and a surrounding veil of sea quarks 

and antiquarks. A beam particle can transfer energy and 

momentum to a virtual charmed quark'(or antiqu~rk), creating 

a charmed particle. Figure 2a illustrates this process for 

charm muoproduction. A more modern view holds that the sea 

quarks arise from polzrization of the vacuum bp the strong 

interaction field around the nucleon. 

A n o t h e ~  approach is prsvided by the vector-meson 

dominance model (VMD), shown in Fig. 2b. 1; VMD, charm 

production is ,a two step process. A virtual photon (yv) 

from the team muon's electromagnetic field co~ples directly 
. . 

to a vector meson, the $, which then scatters 3ff the target 

ints a p;ir of charmed parti,cles.16 The model assumes that 

the y,-6 coupling is nearly independent of Q2 and that the 

6 - N  scattering is largely diffractive so that the charmed 

quarks in the exchanged 10 appear in the final state. VMD 

predicts the Q2-de~endsnce cf the reaction y,,N + c?X to be 

(1 + Q2/m$ )-2, the propagator for the virtcal $ in the 

Feynman diagram of Fig. 2b. Here, c is a charmed quark and 
- 
c is its antiquark. The model does not predict the v 

? de~endence of charm muoproduction. Unlike the simple quark 

moiel, 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 Q2 = required for charm 

production however is unsettling.' 

A recent model for . heavy-quark muoproduction is the 

virtual photon-gluon-f usion (YGF) model . I 7  Figure .Zc shows 

the Feynman diagram for YGF charm production.. A virtual 

photon from the beam 'muon fuses with i? gluon from the 

target, producing a charmed quark and antiquark. A c? 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 conscant, as , is set by ,the mass of the charm 

system. Color bookkeeping, the exchange of gluons between 

the c? pair and the target to "bleach" the quark pair of 

color, is assumed to be a' soft process which dbes 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 + C ~ X ,  summed over the contents of the nucleon and 

integrated over the momentum distributions of 'the partons.'6 

The yGF model requires some numerical input before it 

can make predictions. The mass of the charmed quark must be 

specified. The distribution of momentum fractidn ~g for 



7 

gluons must be defined. The mass constint. A used in the 

definition of as must be chosen. P~rameters describing 

properties' of the nucleon target, such as -t dependence, 

must be fixed. Once these are set, the nodel describes 

completely the kinematics of charm ~ r o e u ~ t i o n .  Q2 and v 
- 

dependence, the cc pair mass spectrum, and the tote1 

production cross section are defined.16 Whex 3 prescription 

is adopted to allow the quarks to fragment i3t3 hadrons, the 

yGF model describes charmed states otser~able in the 

laboratory. The predictions of YGF will be discussed in 

detail later. 

The' muon experiment -- 

This thesis describes interactions of the form u N t v ~ X  

observed in the Multimuon Spectrometer (MNSI zt Fermilab. 

Brief descriptions of the results obtained from these 

observations have appeared in Refs. 18 anc' 19. Data.from 

approximately 4x10" 215 GeV beam muons were collected 

during the first half of 1978. Results from 1.388~10" 

positive and 2.892x101° negative beam m u m s  are presented, 

state, most from the production and decay of charmed 

particles. The statistical power of such a large sample: 

p50 times that of other muon experiments', allows a first 

measurement of differzntial spectra for charm muoproduction. ' 
Chapter II tescribes the beam system and muon 

spectrometer. Chspter I11 describes event reconstruction, 4 

acceptance modeling,, and background modeling. Extraction of 

the charm signal, general feacures of the data, ana 

estimation of systenatic errors are also discussed. Chapter 

IY presents resglts of measurements of the diffractive charm 

saoproducticn total cross s~ction, the QZ and v dependence 

3 charm ~irtual photqprc~iuction, an3 the role.of charm in 

the ris? with energy of the photon-nucleon total cross 

ssction. The contributior. of charm production to the scale 

am-invariarce obse~ved in auon-nucleox scattering at low 

B j o r k e n : ~  is jiscussed. A Power limit on the$N total cross 

szction is ~rssented. 

covering the range 0 (GeV/c)' ; Q~ ; 5C ( ~ e V / c ) ~  and 

50 GeV; v 5 200 GeV. After reconstruction and cuts, the 

data c0ntai.n 20 072 events with two m.JcnS in the final 



CHAPTER I1 

. . 

THE BEAM AND THE MULTIMUON SPECTROMETER 

Muons from the N1 bezm line at Fermilab arrived a t  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 requirements 

were recorded on magnetic tape for. subsequent analysis. 

The muon spectrometer was conceived as a detector for a 

big:?-luminosity muon scattering experiment studying rare 

processes with one or mora muons in the final state. Good 

aceptance for t.oth high-Q' scattering events and low-Q2 

multimuon €.vents was desired. An intense muon beam incident 

on a long target could provide the desired luminosity while 

a s?ectrometer sensitive to muons produced at large and 

small angles to the beam could meet the acceptance 
7 

requirements. 

The detector was built in 1977 as a distributed target 

.A dipole spectrometer; .Magnetized iron plates were grouped 

into eighteen closely spaced modules. Each module was 

instrumented with wire chambers and hadron calorimetry. The 

spectrometer was active .over its entire fi.ducia1 area, 

including the region traversed by the .beam, allowing 

reconstruction of 1ow-d multimuon events., 

The beam system and individual elenents o f  the 

Multimuon Spectrometer will be described below .... Fur.ther 

details are presented in the appendices. 

The muon beam --- 

. . 
A schematic diagram of the ~1 beam line is shown in 

Fig. 3. A primary beam of 400 GeV protons from the main 
. . 

ring was focused onto a 30 cm.aluminum target. A series of 

quadrupole magnets, the quadrupole triplet train, focused 

the produckd particles into a 400 'in long decay pipe. 

I' Particles of , m e  sign and w'ith momentum near 215 G ~ V / C  were 

bent west in enclosure 100 and were passed to enclosure 101. 

An 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 t h e  beam and 'an east bend at enclosure 104 made 

the' final momentum selection. The. chicago' Cyclotron Magnet 
. . 

bent the beam east into the MMS. 2 0  



Figure 4 shows the locations of multi-wire proportional 

chambers (MWPC's) and plascic scintillati07 detectors used 

to measure the beam and reject halo muons. MWPC's and 

scintillator hodoscopes after the quadru3oles in enclosure 

103 and at the entrance to enclosure 10$ measured the 

horizontal positions of muons. MWPC's and scintillator 

hodoscopes measured horizontal and vertical 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 f.IMS.' Halo muons were detected at three 

points upstream of the spectrometer. A "jaw" scintillation 

counter in enclosure 104 registered moons which passed 

through the iron of the enclosure's dipoles. A very large 

wall of scintillation counters downsrream of the CCM also 

detected halo muons. A scintillator hodoscope with a hole 

for the beam covered the front of the nuon spectrometer and 

counted halo particles entering the detector. A signal from 

any of the halo counters along the bean cisabled the MMS 

triggers. Scintillation detectors in :Ite beam counted 

incident muons and vetoed events with more than one muon in 

an rf bucket or with muons in the preced~ng or following 

buckets. 

Data were taken with 10') to 1 . 7 ~ 1 0 ' ~  prctons/spill on 

the primary target. Typically 1.9x106 pojitive muons/spill 

in a beam 8 inches high and.13.5 inches wide survived all 

vetoes. An equal number were present i~ the halo outside 

the beam. The f:action of positi.~e muon flux which 

satisfied all the veto requirements varied from 1/2 with 

10" protons on tar jet to 3/8 with 1 . 7 ~ 1 0 ' ~  protons on 
?- 

target. The effe~ztive yield of positive beam muons was 

about 1.4x10-'? s!uoni/proton. The yield of negative muons 
.L 

was one-third tr on:-half a s  great. 

The beam ecerg-,- was 21.5 Gel'  wit:^ a +2% spread. A 

comparison betseen beam energies determined by elements in 

the beam line acd b-; the WS showed that the values from the 

beam line were: s-;sternatically 1.5 GeV greater than those 

from the mucn 5pec:rometer. A furt~er check came from 

elastic $ procuction dat3 with three final state muons. 

R2quiring that the >earn cne:gy equal t?e sum of the energies 

of the final state nlons showed the beam system's 

measurement t3 ibe 2 GeV high. To maintain consistency 
. . 

bstween beam enerzy and final stat2 energy, the momentum 

m.sasured by the beam system was decreased during analysis by 

a.~out 1.5 G E V .  

The Multirnu~n Speccrometer - 

" The muctn spectrometer consisted of four major systems. 

Steel slabs served as an analyiing magnet and rectangular 

scintillation.counters measured hadronic shower:energies. 
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Trigger hodoscopes deternined event topologLes' and wire 

chambers sampled muon trajectories. The detector is shown 

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

The magnet 

The most massive comp#3nent of the detector was the 475 

tons of steel that servsd as target and analyzing magnet. 

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

each 4 ,inc.hes thick and 8 feet square. They were grouped 

into eighteen modules, with five slabs per module. An 

additional slab was placed upstream of the first detector 

module. The fiducial area was magnetized vertically to 19.7 

kG by two coils runni2.g the length of the spectrometer 

through slots in the stee-1. Tte magnetic field was uniform. 

to 3% over the central 1 . 4 ~ 1  m area of the slabs. It was 

mapped with 0.2% accuracy using flux loops. Tte location of 
+ - 

the peak in the p )1 pair mass spectrum at 3.1 GeV/? from 

events 

provided confirmation that the field measurements were 

correct. The, polarity of the magnec was reversed 

periodically. Roughly equal anounts of data vere recorded 

with each pslarity. 

1.4 

The magnet steel also acted as a target. The upstream 

single slab and slabs in the first tw.elve modules gave a 

target density.for the dimuon trigger of 4.9 kg/cm2; This 

corresponded to a luminosity of 500 eventslpb for the data 

presented here. Acceptance was fairly uniform over the full 

target length. The average density of matter in the 

spectrometer was 4.7 gm/cmS, 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 

eigh'teen absorption lengths, before satisfying the ,J!J 

trigger. Hadronic showers developed in the st.eel 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 large 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. 



Deep inelastic scattering data and $ prodi~crion data 

provided calorimeter calibration information. Magnetic 

measurements of energy lost by muons in inele~tic scattering 

events related calorimeter pulse heights tc tadror~ic shower 

sizes. The calorimeter's zero level was set pith the help 

of $ events which had less than 36 GeV OF shcker signal. By 

requiring agreement between the average beam Energy and ,the 

average visible energy in the final state (the ium of the 

three muons' energies and the calorimeter si~nal), a 

zero-shower-energy pulse height was determine?. The ras 

accuracy of the hadron calorimetry was h 3 = 1 . 5 2  f+r AE and 

E in GeV, with a minimum uncertainty of 2 . 5  GeV. 

Trigger hodoscopes 2nd the dimcon trigger 

Each of the spectrometer's eight trigger :~odoz:opes was 

composed of four large "paddle" count,ers axd eig:~t narrow 

"stave" counters. The arrangement of sc.intillator elements 

in ' a  trigger bank is shown in Fig. 7. Modosropes were 

placed in the gaps following every ot-her mclda.le, starting 

with the fourth. The muon experiment took data .;sing four 

different triggers, run in parallsl. The high-<* 

single-muon trigger required each of three consecutive 

trigger banks to have no hits in any stave counte7 and to 
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have a hit in a paedle counter. The three-muon trigger 

required each of three consecutive banks to have hits 

c3rresponding to three particles with some vertical opening, 

perpendicular to the bend plane. The "straight-through" 
t 

trigger required n beam muon ro enter the spectrometer 

without p a s s i ~ g  thrsugh any of the upstream halo counters 
& 

aid was pres1aled by typically 3x10'. The two-muon trigger 

rzquired both a shoder signal from t h ~  calorimetry and a 

p3ttern of   its in thre- consecutive trigger hodoscopes 

downstrzam. 
. .  . 

Ths dimusn cal2rimeter subtriggers are illustrated in 
. . 

Fig. 8.' Calor.imet=r c.our.ters wkre ganged i'n .overlapping' 

clusters of ten.. ' Txe first cluster iacluded scintillators 

i~ modules on* 2nd two, the second in aodules two and three, 

e-tc. giving a totak of ' fc.~rteen clusters.' When signals 

from at least hakf the counters 'i2 a cluster exceeded a 

t:~reshold level, that clustzr's calorineter subtrigger' was 

enabled. The grezter ringe in stkzl of hadronic showeis 

enabled the cal>rFme.try to discriminate against 

electromagnet-c c=scades. The h2doscope subtriggers 

required at least txo countcrs to fire in the upstream pair 

of a group of three . ccx.ecutive . banks comprising the 

trigger. To e d u c e  the rate of sp.~rious triggers from 
, . 

t;-rays, the downstrzam'bank was requirzd to have hits in two 
k. 

staves with at least one eu?ty.stave bztween them, or hits 

in one and any otser' counter, or hits in any three 



counters. There were six different hodoscope subtriggers, 

corresponding to each combination of three successive 

trigger banks. Possible hit patterns satisfying a hodoscope 
..# 

subtrigger are shown in Fig. 9. The full c.imuon trigger 

required bolh a calorimeter ant a hodoscope suttrigger, with 
r, 

a separation along the bear direction between them. The 

upstream end of the earliest calorimeter cluster 

participating in the tr:igger was required to be at least 

seven modules from the furthest downstream trigger bank in 

the trigger. Table 1 lists possible cal~rimeter-hodoscope 

subtrigger combinations an3 Fig. 10 shows the probability of 

satisfying the calorimeter subtrigger as a .function of 

shower energy.. The subtrigger probability was measured when 

the calorimeter was calibrated. It was found b:~ determining 

the fraction of the deep inelastic showers of given energy 

which set calorimeter subtrigger bits. The hodoscope 

subtfigger rste was typically 1:3x1(r3 per beam muon while 

the full d i m ~ o n  trigger rate was about 8x1F6 per beam muon. 

Wire chambers 

A system of nineteen multiwire proportional chambers 

* (MWPC's) and nineteen drift chambers (DC's) measured 

horiz2ntal and vertical positions of muons in the 

spectrometer. An MWPC and a DC were placed upstream of the 

first module and in the gap following 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.   he chambers were active in the beam 

region, greatly reducing the sensitivity of the dimuon 

detection efficiency to q 2  and p . The wire chambers were 
T 

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

rigid. This minimized the required 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 horizontal (bend) plane. 

Signals induced on two high-voltage planes wer.e 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 112 inch jlg plate and 

were active over an area 41.5 inches wide by 71.2 inches 

high. The separation setween sense and high-voltage planes 



was 0 . 4  inches. The MWPC readout electronics vere gated on 

for 70 nsec. 

The chamber-resolution was approxim.ately equal to the 

wire spacing divided by m. The efficiencies of the 

multiwire chambers varied with position Across the faces of 

the chambers and with chamber 1cca:ion along the 

spectrometer. Chambers near the front of the MMS had sense 

and induced. plane efficierxies in the bean >f 83% and 59% 

respectively while MWPC's towards the rezi had sense and 

induzed plane .efficiencies in .the tezn ,OF 88%.and'76% 

respectively. Away from the beam, all ~roportional chambers 

had sense and induced plane efficiencies 3f 95% and 94% 

respectively. 

Each drift chamber was built with E single sense plane 

of fifty-six wires measuring coordinates in the bend plane. 

Track finding with proportional chamber info~ntation resolved 

the left-right ambiguity present in single plane DC's. The 

drift cells were 3/4 inch wide with field shaping provided 

by high-voltage planes spaced 1/8 inch from tke sense plane. 

The separation between high-voltage wizes 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 irxk high area and 

were built on 5/8 inch aluminum jig plate. - 

The chamber preamplifiers read 3ifferential signals 

from the transmission lines formed by sense wires and the 

eight cl~sest Eield-shapi.ng 'clires as in3icated in Fig. 12. 

A start pulsz sent from the trigg-r logic to the drift 
t 

chamber time digitizing systzm enabled a 120 lrMz timing 

c l x k .  SigraLs frcm  he chambers arriving at the digitizer 
r. 

within thirty-3nc time bins 3f the start pulse were latched, 

th2ugh most ~ a l i d  puls=,s arrive3 in an interval 

ap?roximately swenty bins wi3q. The drift chamber readout 

w3s designee to latch up to four hits per channel with an 

avzrage of I/! scaler :per wire.   he system has been 

'described ir: 3etail in Ref. 21 which has been reproduced.in 

Ap2endix A .  

The rescl~tion of the trift chambers was determined to 

be better thsn 250 microns by fitting muon tracks with drift 

chamber inform3tjon. An expsrimental lower limit on the 

resolution %as not determined. The,theoretical resolution 

was 150 micrcns. The efficisncy of the drift chambers .was 

r better than 58k in the beam. 

Data acquisition 

Data from the different systems were read from the 

experimental hardware by CAMAC whenever a trigger was 

satisfied. E. ?DP-15 received the CAMAC information and 

s t ~ r e d  it on msgnetic tape. On-line displays, updated after 



eack accelerator spill, permitted constant monitoring of the 

performance of che detector while the experiment was 

-7 
running. There were typically fifty triggers per spill; the 

2 

maximum number that could be processed was aboct twice that. 

The data transfer rate of the CAMAC system and the data .. 
handling speed of the computeT set the limit'on event 'rate. 



CHAPTER I11 Reconstruction 

RECONSTRUCTION AND ANALYSIS 

The muon experiment recorded more than 10' triggers in 

1064 reels of computer tape. A trac:-:-findin2 prograa, 

TRACK, analyzed raw data, constructing mu3n tra.jectori=s 

from the wire chamber information. T2kin.g in10 accou2t 

multiple Coulomb scattering and energy loss, a track-fittixg 

program, FINAL, momentum-fit muon tracks f o ~ n d  by TRACK. A 

Monte Carlo program modeled the mucn spectrometer, 

generating simulated raw data which were a.1alyzed by TRACK 

and FINAL. Different physics generators pernitted the Monte 

Carlo to describe the detector's acceptant.? For b3th charm 

production and background processes. 

This chapter discusses event reconstruction and dara 

analysis. The first section describes the trazk-fi2ding and 

momentum-fittin'g algorithms. The secon3 jescribes 

acceptance modeling and the third descrrb~s background 

simulation. The fourth discusses methods use3 tc* isolate 

the charm signal from the backgrounds and the fiftt presents 
. . 

general features of the reconstructed dzta .and Nor-te Carlo 

simulations. The sixth details methods used t c !  estimate 

systematic errors. 

The goals of the reconstruction algorithms are . 
zonceptually s-mple. TRhCK and FINAL attempt to determine 

the hadronic shouer energy and the four-xomenta of initial 

and 'fina'l srate muons ~ . t  the intzraction vertex. The 

nnplemeatatiox of these soals belizs their simplicity, 

however. The tinding prog:am, TRACK, contains about 25,000 

Lines of FORTEAX and the f i ~ t i n g  program. FINAL, even more. 

YEACK and FKNAL znalyze events of all four trigger , 

topologies; th? algorithms' reconsiruction of dimuon 

triggers will be described below. 

Track finding 

Kaw data fron an event are unpacked and translated into 

wire chamber kits, ~alc~rineter scintillator pulse heights, 

and latch infomaticm. X fLlter routine inspects patterns 

OF hits in th.~ ;rigger todoscopes. The filter requires the 

h2doscope informaticn tc be consistent with all tracks 

iltersecting at a ccmmon vertex. About 22% of,the triggers, 

s3ne caused t,y 6 -rays and by stray muons entering the top or 

bottom of the detector, are discarded. The filter does not 

reject legitimate events wit:q extra trazks. 
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Proportional chamber "blobs" are ccnstructed of 

contiguous wire hits in each plane of the MVIPC's. Since the 

deadtime of a drift zhamber preamplifier corresponds 
'J 

typically to a drift distance of 2.5 mm, drift chamber 

"blobs'' are constructed of all hits whose drift distances 
A 

are within 2.5 mm of the drift distance of another hit on 

the same wire. MVIPC hits in the planes measuring horizontal 

(x), vertical (y), and diagonal (u) coordinates are grouped 

inta "triplets" or "matches" when any part of a u-plane blob 

is within 0.75 cm of the location expected from the pairing 

of 3 particular x blob an3.y blob. A blob' may participate 

in at most three tripLsts; the matches are ordered by the 

difference between predicted and found u positions. Both 

tri?lets and blobs whi.:h 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 along z ,  the beam directio2. The vertex 

algorithm finds the mzximum calorimeter counter pulse 

height, A. For each slab ill the detec~or it calculates a 

quantity N, where N is the difEerence between rhe number of 

counters with pulse heigkt 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 a~f'the slab with 

the largest value of N is chosen as the vertex z position.' 
4 

If several slabs share the largest value of N, the center of 

the slab cl3sest to the front of the detector is chosen. 

2 5 

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 

downst.ream using a fit which is linear in y and includes 

energy loss a.nd bending due to the magnetic field in 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 placed on the track. If no triplets are found, unmatched 

blobs are used. TRACK recalculates the muon's trajectory 

with the new hits an'd projects downstream one module. The 

process is continued past the vertex found by the 

calorimeter algorithm. After filling in t'le entire beam 

track with proportional chamber information, TRACK adds 

drift chamber blobs to the muon's path. The two closest 
I blobs in each drift chamber are assigned to the track in one 

pass, uith 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 track is found, 

drift chamber information is added simultaneously along the 

entire trajectory. MWPC triplets used in the track are 



removed from the list of available matches, then ths program 

begins the process again with the proport:onal: 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 starticg triplets may be 

separated by up to three proportional chaqbe~s, tut there 

can be no more than one empty MWPC between any :wo chambers 

in the initial segment of three MWPCts. Chanbers -sed on a 

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

resolution and multiple scattering limits, the 7 corrdinates 

must lie on a straight line. The curvatuTe of :he starting 

segment must correspond to a momentum g ~ e a t e r  than 15 

GeV/c - 2 0  where o  is the error of the ca1cula:e-3 mo~entum. 

' Three-chamber track segments are extrapola.:ed cast the 

vertex by a routine called TRACE. The actions taken by 

TRACE are similar to those of the beam fittinz .:outjne. The 

track is extended upstream one module at a tine. A multiple 

Coulomb scattering and resolution window is ,ope-led at each 

chamber and a triplet or unmatched blobs are ~3laced on the 

track. TRACE refits the track with the nev information, 

.including energy loss and benting in the magnetic fisld, and 

contixues upstream. When a track is complete, TRACE 

simultaneously assigns the two best drift c:~anber blobs in 

each DC to the track and removes all used tri?lsts from the 

table of available matches. 

The track-huntirg process continues until all possi'3le 

starting segments h ~ v e  been investigated. Tracks are 

required to coltair. (x,y) points from at least four 

propc.rtiona1 ch3mbers with at le.ast two of the,points from 7. 

.*PC triplets. 'Tracks ar.2 also required to have a Eit 

somextum of less !.ban 3 2 3  GeV/c. The x 2  per degree of L 

freedom for trzcks fit cnly with proportional chamber 
. - inrormetion m.Jst be less than L Oi 5 for x or y views 

res?ectively. Dimuon triggers with a reconstructed beam 

.tr3=8 and tw3 or more recc..1structed final-state tracks are 

writ-en to secondary d a t ~  tapes for analysis by the 

track-f itting pr:ogran, FINAL.. 

Track fitting 

FINAL assures tnat tracks suffer smooth, continuous 

energy loss. It fits tracks by simultaneously varying the 

Coul2mb scattering inpulse in each module to minimize the X 2  

asstciated with the momentim fit. The algorithm calculates 

iteratively, re~ecting ir:focmation whi.ch makes a substantial 

ccntribution to tbe total x 2 ,  then performing a new fit; , 

FINAL fits trzjectories uhirh are found by .TRACK and :hen 

~ t . t m p t s  to constrain them to a common vertex. 
F 

Figure 15 diagrams.che: logical flow of. the fitting 



routine. The initial fit to all trzcks uses only MWPC 

infc-rmation. The better trift chamber blob in each pair of 

blotas is then attached to the track'. FINAL attempts to 
C w 

minimize ths X 2  of the fit and maximize the number of 

chambers 02 the track by renoving hits from the track and 

replacing them with unatt~ched DC blobs. Sepzrate tracks, 

correspondi~g to a single track broken by the track finder, 

are fused. Halo tracks and tracks from szrzy muons are 

ider.tified and discarded. A vertex is then chosen for 

dimuon triggers which possess a reconstructed beam track and 

at least tw3 accepted fin21 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 

Here, xV, yV,: zV are the coordinates of the trial vertex, 

t h xi (zV), yi (zV) are the cc.ordin3tes of the i- track, and 

Axi. byi are the uncertainties in the projection of the 

, track to ZV. All tracks are refit to include the vertex. 

If the x 2  of the new fit does not exceed a ligit which is a 

function of the event's topology, FINAL searches a region 
4 

extending 250 cm in z around zv. The interaction vertex is 

chosen based on the behavior of the above sum ss a function 

of z. If the x 2  of the.fit which includes the vertex is 

large, chamber information contributing the most to the x 2  

value is discarded. FINAL then repeats the above procedure, 

determining a trial ver.tex 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 retarned to their original state, before irlWPC and 

DC hits were removed. Another trial vertex is chosen, based 

only on track information. This vertex is used in a refit 

of all tracks. If too large a x 2  results, chamber 

information is discarded and a new f,it is mzde. If the fit ' 

is still poor, the event is rejected. If the tr.ial 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 is not 

consistent with the track vertex,, . the calorimetric 

information is rejected and tracks are fit with only the 
I 

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 



the correct angular and spatial displacerent Eor a muon 

traveling through the iron magnet. Since FINAL f i ~ s  tracks 

assuming a smooth, continuous energy loss, the z p3sition of 

the impulse is generally not midway betvsen the frsnt of the 

first plate and back of the fifth plate i r  a module. 

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 is 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 E trajeztory. 

The track fitting program corrects che beam energy as 

described in the previous chapter. The =orrection is 

applied to blocks of data, each containing a b o ~ t  5 %  of t:~e 

full data sample. All events in a block have the same sign 

of beam muon and magnet polarity. The tadron zaldrimeter is 

calibrated separately for each data block as Aescribed 

previously. FINAL uses the zppropriate set oE czlibration 

constants for each event. 

A series of cuts, to be described later, 3re zgplied 7 0  

reconstructed events to discard data take1 in kinematic 

regions where the spectrometer's acceptance changes rapidly. 

Before these cuts are made, 91% of the s u c c e s s ~ u l l ~  analyzed 

events have tracks which reconstruct to satisf:~ th' dimuon 

trigger. After the cuts, 98% of the e v m t s  meet this 

requirement. Because of this, no attempt is made to require 

analyzed evexts to satisfy the p trigger after 

reconstruction. 

To compute kinematic variables such as Q' .and v ,  the 
a 

znalysis programs must decide which final state muon is the 

scatyered muon and which is the produced muon. The choice 
* 

js obvious when the muons downstream of the interaction have 

c-pposite charges-- the scattered, or "spectator" muon is the 

particle with the sane charge as the beam muon. If both 

r.uons kave the same sign as the beam, the more energetic II 

is chcsen zs the spectatrr. When applied to opposite sign 

Fairs, this alg3rithm is s:ccessful 91% of.the time., 

The errcr in Lertex placement varies from 15 cm to 

several mecers. It de~enjs in part cn the opening angle of 

the final state mucn trajectories and the "cleanliness" of 

the calorimeter informatio~. The rms momentum resolution is 

about 8% and v ~ r i e s  approximate.ly as the squar*e root of the 

length of tracks in the spectrometer. 

TRACK is ~ . ~ l e  to reconstruct 39% of the exclusive 

4dimuc.n triggers, where "exclusive" refers to events which 

satisfy only ore trigger. Most rejected events.emerge from 

the track f i ~ d e r  with f,ewer than two final state tracks. 

FINAL successfolly analyzes 37% of its input from TRACK. 

Vost fa.iled dinuon  trigger.^ do not survive FINAL'S attempts 

to construct a vertex. The.se events largely are caused b:i 

noise suih a s  shower activity in the detector and do not 

r,econstruct to have. two muons in the final state. 



Acceptance modeling 

3 A Monte Carlo.simulation of the spectroneter is used to 

unfold detector acceptance from measured distributions. The 

i Monte Carlo also allows an extrapolatiori of measured 

distributions into kinematic regions outside the acceptance 

of the dbtector. By using the calculation to estimate the 

ratio of observed to u n s e m  events, total cross sections may 

be determined. To be successful, the siaulation must 

accurately model the geometry and sensitivity of the 

spectrometer and must include effects such as energy loss 

and multiple scartering of muons. An acceptable model of 

the underlying physics governing interactions is needed to 

properly describe acceptance and to allow extrapolation 

outside the measured kineaatic region. 

The Monte Carlo simulation of the Multimuon 

Spec.trometer consists of two parts, a shell and a physics 

generator. The shell describes the detector, propagates 

particles thr.ough the spectrometer, and writes simulated 

data' tapes when an imagin~ry interaction satisfies an event 

trigger. The physics generazor contains'the model for the 

process being studied and produces daughter particles and 

hadronic showers with distriburions intended to mimic actual 

4 interactions. Generators for charm production, deep 

inelastic scattering, vector-meson production, and n ,  K 

production are among the routines that have been used with 

the Monte Carlo shell. 

The shell uses randomly sampled beam muons recorded as 

straight-through triggers during the 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 u-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 form 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 n and K mesons 

and allows them to decay after traveling through typically 

half a module. The Monte Carlo causes the mesons to lose 

energy, multiple Coulomb scatter, and bend in the magnetic 
I' 

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 part'icles traveling through the MMS and showers 



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 charmed quark 

production, described in chapter I, serves a; the heart of 

the ?hysics generator used to study detector acceptance fc.r 

charm. In YGF, the cross section to produce a charmed quar.k 

and its antiquark with a virtual photon is 

for transversely polari'zed photons and 

for longitudinally polarized photons.22 Here, 

and 

The +connection between muoproduct ion and virtual 

photcproductio~ will be discussed in chapter IV. 

Charmed qcark pairs a:e produced quasi-elastically in 

yGF; that is, ;he c c p a i r  carries off most of the energy ox 

the virtual phoion. To al:ow the model to make quantitative 

peecictions, the charred quark mass, mc, is. set to 1.5 

P u=V.'c2 ." The. dlctribution for the gluon momentum fraction 

xg is taken to ' be 3(1-xg)'/x g' 
Here, . xg is 

+ m ,  2 The strong coupl.ing constint as is - 
1.5,'ln(4m 2 = 3/8- Figure 14 shbws , the mcy pair mass 

C C 

s:>ectrum t h ~ t  results; the average pair mass is 4.9 G~v/c*. 

hip those events with 'nee > 2mD are allowed to generate 

Einal states c6ntaining open charm. 

One'-terth of the beam muons which produce charm 

i2teract coterently with i1.3n nuclei while the rest interact 

i~cohersntly with n~cleons in Fermi motion. The YGF model 

j o e s  not deszrjbe the - t  t-pendence OF the'production cross 

section, where' -t is th.2 .squire 3f the four-momentum 

transferred to ths target. - Cohereace,' screening, and -t 
i 

jependence ars paranetri:zet. in a fashion iden'tlcal to that 



used to describe $ productionz through 

The effective atomic number, A,, is taken to be 0.9 times 

A 55.85 based on measurenents of screening from SLAC." The 

coherent slope is unresolved in our $ data and is based on 

lower energy photon-nucleon  measurement^.^^ 

A prescription to describ- the fragmentation of quarks 

into hadrons, and the semi-le7tonic decay of rhose hadrons, 

is necessary to connect the yGF predictions with 

experimentally observable results. The Mont.2 Carlo uses a 

two-stage fragmentation to turn the charmed quarks into 

hadrons. The first describes the escape of ths cT pair from 

the vicinity of the target nucleon. In the spirit of yGF, 

the pair roves auay fron the production vertex with minimal 

int-rference from the target. The exchange of soft gluons 

to "bleact" the color from the quark pair is ignored. The 

c? system absorbs the maximum allowable amount of energy 

fron the virtual photon. The second stage describes the 

fragmentation of the cZ into D mesons. A function 

D(z) = ( ~ - z ) O - ~  parametrizes the breakup, where Ei is the 

energy of E charmed particle in the c? center of mass and 

z=2E* / m - represents the fraction of the maximum possible 
D cc 

energy the meson receives. D(z) is based on SPEAR dataz6 

taken at center of mass energies comparable to typical 

values of mcT in the yGF model. The SPEAR data measure 

inclusive D production and therefore include information on 

IP" production with the subsequent decay Il*+DX. 

The Monte Carlo allows the charmed quarks to fragment 

into neutral and charged D's in a 2:1 ratiot6 The ratio is 

based on the same SPEAR measurements which yielded the 

function D(z). Other charmed states such as @ and hcXc are 

not explicitly simulated. Any difficulties caused by 

limiting the variety of particles produced by the d pair 

are present only to the extent that the unmodeled states 

decay with characteristics different from those of a D B  

state. The average values of Q, the available kinetic 

energy in typical semileptonic decays of F's and A c t s ,  

differ by s10% from the average Q in the simulated decay 

modes. This results in different p,, and pT spectra for the 

different decay modes where p,, and pT are muon momentum 

components parallel and perpendicular to the virtual photon. 

Monte Carlo calculations indicate that acceptance is much 

more sensitive to p,, than pT. The data and Monte Carlo 

agree to 15% in pT; studies of systematic uncertainties, 

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 O D O )  and (D+D-) t v p X  r e s p e c t i ~ e l y . ~ ' ~ ~ ~  X is 

taken to be K*(892) 39% of the time and K 61% of the time.z8 

The net yield of muons per c? pair is 0.187 with the above 



assumptions. To permit proper modeling of the showzr energy 

and missing (neutrino) energy, D's are 3lloved.to decay to 

evX ~ i t h  the same branching fractions. 

The Monte.Carlo was used to genera;? a -data set of 

simulated events representing a beam flux equivalent to that 

prodbcing the real data reported here. In all, 2.87~10' 

incoherent and 3.30~10' coherent .Monte Carlc interactions 

prodcced 4 .49x10f and 8 . 4 ~ 1 0 ~  triggers, respectively. The 

trigger efficiency for YGF events with decay muons .is 

therefore 16.7%. Including the muonic br,archimg ratios , 

indicated above gives a net trigger. efficiency of 2.87%. 

Figure 15 shows the Q' distributions for events which 

were generated by the charrn.mode1 and dhich satisfied the 

simulated trigger. The spectrometer's ac.cepxnce is 

remarkably flat in Qa due to its "no-holz" cor.struction and 

forward sensitivity. ' This is evident in the minimal 

difference in the shapes of the gen~rated and triggered 

spectra. Figure 16 shows shower energy fistributims. The 

different shapes of the generated and triggered plots are 

caused to great extent. by the calorimeter sdbtrigger. 

Spectra of daughter muon energies are shovn'ix Fig. 15. 

Since daughter muons must travel thrrrugh at least six 

modules to satisfy the dimuon trigge~, rhe ..ietectorts 

acceptance for slow muons is small. The er-ergy :oss per 

module experienced by a muon is a b m t  1 GeV and the 

transverse momentum imparted by the magnetic field is about 

39 

3 3 )  MeV/c. Soft muons are stopped or slowed and pitched out 

'of the s?ectroneter before t%ey can trigger the apparatus. 

Distribution<, in 4 are sh2wn in Fig. 18. . Acceptance as a 

fu~ction of 3, the energy lost by the beam muon, is 

in€luenced strongly by the shower requirement and .the 

da~ghter-energ/ acceptance. For values of \, close to the L 

beam energy, the requirement that rh'e. scattered muon travel 
. . 

through nore t a m  six modules has a strong effect.. 

The data presented in:' figures 15-18 ' include both 

same-sign and oppcsite-sign final state muon pairs. ' Since 

beam rr.uons are tent partially out of the spectrometer.' while 

t~aveling to the interaction veitex, daughter muons with the 

opposite sign ar? bent bsck into the MMS. Consequently, 

after recons~ruction, the acceptance for opposite-sign pairs 

is higher by a factor of 1.45. ~ f t e r  analysis cuts 

described beLou, the factor decreases to.1.26. 

The compa~ison between data and 'Monte Carlo samples 

sill be discussed later. 

- .; 

Backgrocnd modeling 

The ex?eriment identifies charmed states by their 

clrcays into s nuon and at least tw,o other particles. Since 

decays such 3s D-KK coatribute only to the calorimeter 
- . .  



signal, none of the kinematic distributions can exhibit an 

invariant-mass peak representing charm production. To allow 

extraction of the charm signal, importznt sources of 

contamination must be modeled and subtracted from the data. 

If the spectrometer had measured two-body decays which yield 
A 

mass peaks for charm, the experimental data ~ o u l d  provide 

all the necessary background information. A smooth curve 

could be extrapolated und=r the mass peak, allcwing accurate 

determination of signal-t>-background ratios. Since this is 

not the case, a Monte Carlo simulation cf the major 

background is used to remove non-charm contamination from 

the data. 

The largest source of background is the decay-in-flight 

of f i  and K mesons prcduced in inelastic muon-nucleon 

collisions. Other sources of contanination are muon trident 

production ,u N-.p.p.+,u- X, 'T: pair production ,d- ,utf<- X with 

T-pX, and bottom meson production p ~ - p ~ % ~  with B or 

B,,xx. 

c, K decay 

The average density cf the Multimuon Spectrometer is 
3 

4.7. gm/cm , six-tenths that of iron.. Because of this, most 

fl and K mesons produced in a hadronic shower interact and 

stop in the detector before decaying. The probability for a 

<or K with energy Vmc' to decay in flight is ~/(b/cf) where 

L is the particle's absorption length and 7 is its mean 

proper lifetime. For a 20 GeVf in the MMS the total decay 

probability is about 4 x 1 0 ~  , while for a 20 GeV K* it is 

4x1C3 . 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 rT, K decay background is 

necessary .. 

A shower Monte Carlo based only on experimental data 

measuring muon-nucleon and hadron-nucleon interactions is 

used to study the T ,  K-decay background. Parametrizations 
XO 1 9 , 3 0  

of muon-nucleon scattering and hadron muoproduction 

cross sections from the Chicago-Harvard-Illinois-Oxford 
1' 

collaboration (CHIO) fix the Monte Carlo's absolute 

normalization. Bubble chamber data are used to describe the 
31-06 

inte,ractions of pions and kaons with target nuc1e.i : 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 f l ,  K Monte Carlo is used 
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with the standard MMS shell described earlier. 'The shell 

manipulates beam inf ormat ion, generates simulated r3w data, 

propagates. muons, etc. The propagation routine ~llows n's 

and K's to travel through the spectrometer for the: distance 

requested by the generator. Mesons lose energy,-multiple 

Coulomb scatter, and bend in the magnetic fleli. Cnelastic 

bN scattering vertices are chosen to reflect the fine 

structure of the detector. Since mesons in . showers 

beginning near gaps between modules are more likely to 

decay, the vertex distribution shown.in Fig. 15 res~lts. 

Once a vertex is selected, the s i m u l ~ t i c n n p i c ~  values 
Z 

for Qa and V based on CHIO information. Values .of Q range 

from theminimum to the maximum kinematisa1l:i ~110-d while 

0 runs from 10 GeV to the beam energy. The .CHI0 data are 
41 

corrected to describe an isoscalar target and remrm~lized 
24 

by a factor of 0.9 to allow for nuclear sc.reening. To the 

desired accuracy, iron is well approximated ES an isoscalar 

nucleus. The program'keeps track of. the :ross section fcr 

scattering with 3 > 10 Gev to fix the probakility .of 

generating showers. 

CHIO data describe positive and negative hadron 

production by 147 GeV and 219 GeV muons. CHXO parametriz,e . 

their results in terms of Feynman x (xF) and had107 momentum 

perpendicular to the virtual photon, % . Feynman x is 

defined as 

.Hsre, 
p7, is the mccnenttm of a hadron parallel to the 

. . 
virtual photon in the ,center-of-mass (CM) of the 

* photon-nucleon systein ant. p is the maximum momentum it 
-.x 

I- 

can have in the CM. The to'tal CM ener'gy isJS . The Monte 

Carl0 us.es CHIO dist.ributions which are averaged over Q' 

(2' > 0.3 ( G ~ v / ~ P ~  aild 3 ( 3  > 53 GeV) for muon-deuteron 

szattering., 1.t is zssumed chat the x, and pT distributions 

provide an adequatz description of the region with 

Qa < 0.3 (~e~/c)lh ar.3 . 9 . c  . 53 GeV. It is also assumed that, 

the distributions depend. .weakly on 3 and Qa. 

Reference 30 pressnts. K / r  ratios for the CHIO 219 GeV ... , 

data. Based cn t.hese data, ths simulation u.ses a K*/IT* 

a 
r3tio of 0.15 + O.l?.p, and? K-/n ratio of 0.1 + 0.12~: . 
Hare pT is in Ge1!/'c. . . 

Reutral par:icles are ~reated in an approximate fashion 

by the Monte Car1.o. Distr.ibuti.~ns for no production are 

taken, as an average of the IT+ and < distributions. A 
I 

photon from no decay produces muons and electrons in the 
r8 

ratio m: /na z, 2.rxl(iS . Since a flo decays into two 
: 

photons and each photon almost always produces a pair of 

particles, the a.,erpge yield of muons per 1 i D  is 9 . 6 ~ 1 0 - ~ ,  

10.s~ than the decay pr,obability for a charged meson. The 

simulation thus assumes that neutral pions just remove 

energy from the shower and do not produce muons. Shower 

studies from ancther experiment indicate that this is a L 

rq . 
r&sonable approximation. Neutral kaons are made with' the 



same. distributions as their charged counterparts. Half of 

the neutral K's are S ' s  k-hFch decay quickly to two pions 

while the rest are K,'s which are long-lived. Therefore, 
i* 

half the time KO'S are used as energy sinks which do not 

yield 'muons and half the time :heir energy is returned to 

the pool available for charged mescn production. 

Charged and neutral nesonj in the primary shower, the 

iniyial virtual photon-nuclem interaction, are generated 

wit5 CHI0 distributions in the range 0 < x,  < 1. 

Approximate energy conssrvation is impo.sed by requiring' 

x F  < 1 shere the sum runs over all pa;ticles generated. 

Prinary showers violating this requirement are discarded and 

regenerate%. 

The Monte Carlo's description of primary showers 

neglects the dependent? of kinematic distributions and 

charge multiplicities .Dn 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, distrib~tions and multiplicities show 

negligible A dependence.50 The simulation also neglects 

muc.ns arising from p , w , 4 production with nuonic decay of 
H these particles. 

The program uses informarion stacks as bookkeeping aids 

while generating hadronic ca:jcades. An "interaction" stack 
.4 

keeps track of all mes0r.s with more.than 5 GeV of energy 

which have not yet been made to interact in the detector to 

produce secondary showers. A "history" stack records the 

structure of the developing shower, storing information on 

parentage, pT with respect to the parent meson, etc. for 

each meson generated with energy greater than 5 GeV. Pions 

and kaons in the primary shower are loaded 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 n- 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 

interaztion 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 77- or K travels before interacting. 

I Absorption lengths for mesons in iron are determined by 

scaling the proton absorption length at 20 GeV r' by the 

ratio of the proton-deuteron and meson-deuteron total cross 

sections!'-'' The TT* absorption length is 26.8 cm or 

(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 K- absorption length is 30.1 cm, independent 

of energy. The distance a meson travels is a function of 

its absorption length and its initial position in a module. 



Particles produced near the back of a module have 3 greater 

chance of reaching the gap between modules. 

The shower generator decreases the mesm's 2nergy by 

the average amount it is expected to lose travelixg through 

the spectrometer to its interaction point. The following 

inelastic collisions are simulated: 

The coefficients n,-n+ are greater than or ?qua1 to zero. 

These interactions are completely describ2d by specifying 

the particle multiplicity, x,, and - pT Aistributions. 

Charged multiplicities are taken frcm the jubble chamber 

data of Refs. 33-36. Multiplicities are redoc-d b~ one unit 

to remove the target proton from the blbble chamber 

distributions. The data of Ref. 34 are then used 1.3 obtain 

the xF z 0 multiplicities from the correctsd -1 < x, < 1 

multiplicities of the cited references. These forward 

multiplicities provide an absolute normalizatiol for the 

momentum distributions used to generate seconlary hadrons. 

References 31, 32, 3 4 ,  and 37 provide the Feltnrnar- x and p 
T 

information which describes charged particle production. 

Neutral pions are produced with distributions corrssponding 

to those for the pion with opposite charge from tk:? parent 

particle. 

Secondary mesons with xF > 0 are generated. 6.5 before, 

approximate er.,grgy conservation is imposed by requiring 

X, < 1. Aftsr r:uccessful creation of a secondary shower, 

all 's and K's with mo:e than 5  GeV of energy are lcadec 
8 

into the two stack:. , 

The Mor.te,'Carlo neglects A dependence of secondary 

m9l:iplicities ane momentum dis~ributions, The data of 

2-E. 4 5  inii=a.te that th- atomic number dependence is 

iaportaqt .il; the target frsgmentation region,. xF < 0, and is 

negligible in .the. forward, ?ositive xF region. 

The simulation does nc: model associated production in 

reactions such 3s WF-KA. .  

The enti:e.cas=ade is generated before the Monte .Carlo 

chocses which particle w ~ l l  decay. If the probability of 

decay for a typical show?r neson were large, this method 

would p\rerpopulat= the f indi generations of a shower. Early 

decays in thz shrower h-ould deplete the hadron. population 
. . 

~ v ~ i l a b l e  t2 prod.~ce more mesons in secondary cascades. 

Since the pr3babilizy for a 120 GeV shower to produce a 

deczy muon is about 10-3 . creating the, full cascade while 
initjally neglezting deca.ys is a sufficiently accurate 

approximation. The Monte Carlo allows at most, one meson to 

decay. A hadror. wirh at least 5 GeV cf energy is chosen , 

based on a probability ~ h i c h  is a function of absorption 

length, ,energy, and place o f ,  creation in the MMS. The 
1 

probability tha: E particle wili decay after traveling a 

give1 distance'is prop~rtioml to the probability that it 



neither decayed nor interacted before getting that far. 

Since it is much more lik'ely for a 'n or K to interact than 

to decay, rhe simulation chooses the length of the' hadron's 

flight path according to the probability that it traveled 

that distance before interacting. Figure 20 stows a plot of 

the distance between creation and decay for chosen shower 

mesons. 

Pions decay to p J  with 100% probability ar.d kaons t o p 9  
with 63.5% probability. The 3.2% K+puC cecay mode is 

neglected. The laboratory frame energy of the neutrino is 

calculated to obtain the correct balance of shower energy, 

daughter ensrgy, and missing energy. Once a decay meson is 

chosen, th- shower generztor returns program control to the 

Monte Carl2 shell. The shell propagEtes through the 

detector all the mesons in the parent-daughter chain which 

terminates in a .  deczy, calculates the Lorentz 

transformations needed to produce the resulting muon, and 

propagates she muon through the rest of the detector. 

Events which satisfy En event trigger are recorded on tape. 

. The total cross section for muon production via fl, 

K-decay is a convoluticn of the inelastic scattering cross 

I section with the probability that a decay muon comes from 

the hadron cascade. The average beam energy at the 

interaction vertex is 205 GeV. With that energy and the 

beam's observed momentum spread, the inelastic cross section 

to scatter with 1) > 10 GEV is 3.54pb. The cross section to 

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. 3 for a shower to produce a muon with 

energy greater ,than 9 GeV. The absolute aormalization of 

the Mpnte Carlo predicts that after reconstruction but 

before analysis cuts, 43% of the dimuon signal is from R,'K 

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 flux represented by 

the data to be discussed. All c, K-decay distributions and 

their errors are scaled by 3.915 to compare data with Monte 

Carlo. 

Figures 22-35 show predictions. 'of the shower Monte 

Carlo. The charged multiplicity for mesons with'more than 5 

GeV of energy is shown in Fig. 22. The number of' meson 
I'  

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 - t o  

10%. Figure 24 shows the decay 

probability for generated shower mesons. The two peaks 

correspond to fils and K's. The ratio of K's to Ti's decaying 

in flight is 0.69 for K*/? and 0.46 for ~-/fl-. The .ratio 
- .  

of qT to Ti is 0.92. This unusual charge ratio accurately 



reflects the production ratio of 0.91 meas.ured by CHIO. 

After reconstruction and analysis cuts, the ratios are O.El 
+ 

for KT /$, 0.59 for K-/<, and 0.81 for 7T /< . The increase 
' 

in F:/T fractions presumably results frsm tt.e difference in 

acceptance caused by the greater available pT in K decay. 

The change in the T[+ /< ratio is zaused by the larger 

acceptance for daughter muons charged op?osite to the beam 

since most data were taken with positi~e ,beam muons. 

Figures 25 and 26 show 9 and Q~ for simulated inelastic 

muon-scattering events. Figures 27 an3 28 show the x, ar:d 
a pT distributions for X's and K's with m3re thzn 5 GeV of 

energy in the primary shower. Distrib~tiors in xF and pa 
T 

for all secondary mesons before the Ex, 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 hadror-s 

allowed to decay and Fig. 32 s.hows the decay nuon momentum 

along the z axis. The muon energy for events satisfying the 

simulated dimuon trigger is shown ,in Fig. 3 .  Figure 2.4 

illustrates the momentum component perper-dlcular to the 

virtual photon for the muon at the decay pc-int in events 

satisfying a trigger. The neutrino energy for TT, K-deczy 

triggers is shown in Fig. 35. 

It is important to .. have confirmation that the 

predictions of the shower Monte Carlo arp rezsonable. Since 

most reconstructed f, K events have a m u m  fron the decay of 

a primary .shoxer meson, data in agreement with the CHIO 

results would provide this check. Unfortunately, all other 

experiments st- dying hgdron production by charged leptons 
* 

have used lower energy bsamssa The onLy possible tests of 

the simulation are ~ndir-ct. 

One check coopares the missing (neutrino) energy " 

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

The meson somentun spectrum is sharply peaked at low 
.., . 

nomencum. This is caused by the approximate exp(-3. 5xF) 

Feynman x spect~um exhibited by primary mesons combined 
4. 

with the (I-+) shape " which deicribes secondary 

production. Since the spectrometer's acceptance. for slow 

muons is small, deca:~ muons produced in the forward 

Cirection are scrongly favored. A forward decay muon is 

~ccompar~ied by a neutrinz- with very little energy in the 

lsboratc-ry. The ~ C F  chara model suggests that charmed 

c~arks tend to receive half of the vi~tual photon's energy. 

Though fragmsntatior. and dezay kinematics exert a strong 

~rifluence on muon er.ergies, the parent distribution of quark 

ucmenta is nDt shargly peaked at low momentum. Charmed 

particles t3r.d to have mzre energy in the laboratory than 

shower nesons so observed m ~ o n s  from charm can be produced 

in a wider a~gular range. As a result, charm events should 

show significantly greater  iss sing energy. This is found to 

te true; the com?arison betieen data and Monte Carlo missing 
& 

energies will be discussed selow. 



Another effect influences the missing energy 

distributims for r ,  K and charm events. The probability 

for a T o r  K to decay in flight is proportion21 to 1/E where 
LW 

E is the meson's energy, while the probability for a charmed 

particle to decay promptly is independent of energy. This 

1/E dependence favors slow TIs and K's with E forward decay 

mucn over faster. shower resons with more decay phase space 

in the acceptance of the MMS. 

The results of the shower Moate carlo Ere consistent 

with the rates predicted by a Monte Carlo used by the 
53 

Caltech-Fermilab-Rockefeller (CFR) neutrino experiment. 

The CFR program uses a model by Feynman and. ~ield'' to 

generate a neutrino-induced primary shower. Eats 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 predi.ct=d by my shcwer simulation 

for 75 GeV showers, 10% higher for 100 GeV showers, 15% 

higher 'for 125 GeV showers, aild 25% higher for 150 GeV 

showers. The average shower energy in this experiment is 87 

GeV. 



Muon tridents, 'I: pairs, bottom mesons 

Other sources of background to the charn signal include 

muon tridents, -5 pairs with muonic decay of oner, an& 

botton meson pairs with muonic decay of one o r  both mesons. 

Each has been investigated and will be described. 

Barger, Keung, and Phillips (BKP) h a v ~  studied the 

contribution of electromagnetic muon trEdents to the 

multimuon signal which might be seen by a muom experiment. 55 

They wrote a computer program which generztes trident events 

through the three processes shown in -Fig. 36 Since most 

tridents are not accompanied by significant shaver activity, 

the BKP calculation predicts a small contrib~~ion to the 

dimuon trigger rate. Events which satisfy :hz trigger and 

are reconstructed as two-muon events should contaminate the 

data at the level of 1/2%. The trimuon final state trigger 

rate predicted by the BKP generator, when pittzhed into z 

crude simulation,of the MMS, provides a conci;t=ncy check of 

the dimuon information. This check :onfirms that 

electromagnetic tridents are a small backgrsund to charm 

production. 

Another upper limit on the trident ba:kground 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 hypcltheris that all the 

dlnuon triggers -4ith three rfconstructed final state tracks 

result from ch~ru. production follcwed by the muonic decay of 

30th chaimed particles. The product ion process and charm 

3e.cay kinemat.ics aye assuned to be described by the ~ G F  

nude1 discussed eaylier. The charm Monte Carlo is 

normalized so that it predicts the same number of dimuon 

e;rents after recsnstruction and cuts as are present ,in the 

dara after subtrzction of the. expected. C, . Krdecay 

b.3ckground. All dats events. and XGF e;rents which satisfy 

tie dimuon trigger with :hree recoxstructed tracks are 

s~'>jected agaix to analysis cuts aftsr. the analysis is 

blinded , to t:le softest fir.31 state track. After cuts, 720 

de'ta events 2nd 706 donte Czrlo events remain. Including 

stetistizal. errors, che. Monte Carlo azcounts for (98 + 5)% 
of the data. 'This.suggests that most 2fi events which result 

from partial reconstruction of 3~ final states. come from 

charm sys-tems, not nuon tridents. , Less than .one-fifth of 

the simulated 3imuon triggers are caused by 3pcharm events. 

Consequently, sther sources of 3~ events which feed down , t o  

the . 2~ sample should iccount for a negligible fraction of 

the data. We conclude that the dimuon background from 

partially rewrstrccted muon tridents is small and neglect . 
it. 

'I: leptons c.an decay inso hadrons and neutrinos. A 

pair can the~efore satisfy the dikuon full trigger through 
L 

Cecay combixations like * +  3 , 1 -  5 V . The 



reduction in the trigger rate from muon triderts provided by 

the calorimeter subtrigger therefore does not apply to 

, 7-pair events. Fortunately, the kinematics of lepton 

prcduction reduces the cross section for fprclduction by a 
a -3 

factor of m = 3.4~10 relative to trident 
*8 ' 

pr~~duction. Including the 17.5% Z ' + ~ Y J  branching ratio 

gives an extra factor of .289 so the net ratio of 'C 

production with a single decay muon to trident production is 

approximately lom3 . The calorimeter subtrigger reduces the 

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

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

background. The masses of the 5 and D are nearly equal. 

~ e ~ l a c i n ~  the cc by a + and the gluon by a photon in 

Fig. 2(c) allows a comparison of the charm and 'C cross 

sections. The ratio is approximately ( d / ~ ~ ) ~  or. , 

coxsistent with the above estimate. Consequently, the 

ba-kgrounc from pairs is neglected. 

The ~ G F  model predizts a bottom meson production cross 

seztion which is less than 0.03% of the charm cross 

se~.tion!~ Bottom pairs ihould be seen as dimon events and 

as events forming exotic charge combinations like 

p+~- /U ip -~P X from cascade decays through charm. The small 

number of exotic events and events with four or five muons 

1 
in the final state proves.that bottom production is 'not a 

si.gnif icant background to charm prcduct ion. Our 

90%-confidence upper limit on the cross section for 

production56 confirms this conclusion. Even if the bottom 

production cross section times muonic branching ratio were 

100 times that for T's, BB states would comprise less than 
5% of. the data. 

Extracting charm from the data 

Raw data and stmulated raw data from the ~ G F  and T ,  

~ - d e c a ~  Monte Carlo simulations are analyzed in an identical 

fashion. Histograms for data and Monte Carlo are generated 

with the same reconstruction and analysis cuts. After the 

<, K histograms are scaled by' 3.915 they are subtracted 

bin-by-bin from the data histograms, yielding distributions 

for charm. Statistical errors quoted for charm spectra 

include the error on the subtraction. 'Systematic errors 

associated with this procedure will be discussed below. 

Cuts applied to data and Monte Carlo events serve 

several purposes. Events whose reconstruction is dubious 

can be discarded. Data in kinematic regions where the 

detector's acceptance changes rapidly or is poorly 

understood can be rejected. Cuts which favor charm over, TT, 

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 is checked by 



requiring the difference between the z positim of FINAL'S 

vertex and the calorimeter algorithm's vertex to t.e greater 

than -60 cm and less than +65 cm. The incident e3ergy of 

the beam muon must lie between 206 GeV and 226 GEV. The ')I& 

for the fit to the beam track must be less t b n  10 :_'or 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 7ot enter 

the iron of the enclosure 104 dipoles. Events mist have 

exactly two reconstructed final-state tracks. Ezch track 

must have horizontal and vertical '%' fits wit31 less than 4.5 . 

and 3.5 per degree of freedom, respectivel:~. The cumber of 

degrees of freedom for tracks in the M4S depends on the ' 

length of the tracks. Data which satisfy cnPy the dimuon, 

and not the trimuon, trigger are pasjed. Reconstructed 

tracks are projected upstream to the vsrtex 2nd downstream 

until they leave the MMS. These "extend.edW trz.cks must he 

missing no more than four MWPC hits between the hi: furthest 

downstream on the track and the point vhere the 'extended 

track leaves the detector. There must be ro moie 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 spectrome:ter, rhe MWPC 

upstream of the first module must contaic fewer than ten 

hits. Reconstructed tracks must differ sufficEently in 

curvature and direction to represent dist6ict muon 

.trajectories. Two requirements discard events in which a 

stale track has been interpreted as the trajectory of a 

produced muon. .The differe~ce between the z momentum of the 
C 

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

be gr.eater than -18 GeV/c: The ratio oi the energy lost by ,. . 
t h e  beam muon to the energy observed in the final state (the 

sun of the muon energi,es ant the shower energy) must be . . 

greater than 0.6. - .  

Several anzlysis c+tz. exclude #data from kinematic 

regions where the spectrxneterts,.accegtance changes, rapidly 
. . 

or changes in a way which iz.poorly mode.led. . Reconstructed 
I '  

tracks are required to-hal-2 at least !5 GeV/c of momentum. 

Events are required to have more than 36.5 GeV of shower 

energy. Reconstructed vertizes must lie between the centers 

of- the first and eighth modules. To increase the 

.si.gnal-to-background ratio, daughter nuons are required to 

have at least 0.45 GeV/c momentum p~rpendicular to the 

scattered, muon. In additisn, the beax nuon is required to 

lose at least 75 GeV of energy. 

The dimuon sample shrinks from 82 026 events after 

rezonstruction cuts to 20 072 events after both 

rezonstruction and analysis cuts. are applied. The T ,  

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

data. Qualitative features of .the data and further 
I 

justification for some of the analysis cuts will be 

discussed in the next section. 



General features of the data 

' *  Figurcs 37-43 show distributions for the two Monte 

Carlos axd data after subtraction of the T ,  K-decay 

background. Events in the histograms survived 

reconstruction and cuts; acceptance has not been unfolded. 

Events in Fig. 37 pass all the 

anslysis zuts except thzt no daughter energy requirement is 

made and all events are required to have 3 .  150 GeV. The 

unusual V cut increases the sensitivity o f  ihe predictions 

of the Monte Carlo simulation to assumptions about charmed 

"quark fragmentation. The in.~erted histogram represents the 

T, K'Monte Carlo, absolutely xormalized to the beam flux and 

scaled as described earlier. The upright histogram 

represents data after subtraction of the TT, K histogram. 

The smooth curve shows thc prediction of the ~ G F  model, 

normalized to the data after the standard analysis cuts are 

applikd. The horizontal bar indicates the rms resolution at 

30 GeV. Figure 37 makes clear the need f3r a daughter 

energy cut. Though both Monte Carlo samples, and presumably 

the data, heavily populate the regioa of low daughter 

energy, the detector's acceptance is too.smal1 to allow 

reconstruction of many of these events. All other 

, histograms and results do not include events with daughter 

en2rgy less than 15 GeV. 

The probzbility to obtain a calorimeter subtrigger as a 

function of shower energy is shown in Fig. 10. Because of 

the curve's steep rise at low energy, a minimum shower 

energy requirement of 36.5 GeV is imposed. 

Figure 38 shows the vertex distribution for subtracted 

data and ~ G F  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 t.he same charge as the beam therefore tend to 

become shorter as the vertex moves.downstream. Inaccuracies 

in the algorithm used by the Monte Carlo to inje,ct 

shower-induced hits into the wire chambers have t.he greatest 

effect on short tracks and therefore on eveDts occuring, in 

the downstream half of the spectrometer. By cutting on 

vertex posit,ion, the data whose acceptance is not well 

modeled can be discarded. 

The momentum of the daughter muon perpendicular to the 

virtual photon is shown in Fig. 39. As in Fig. 37, data, 

~ G F ,  and ( K Monte Carlo events are shown. The horizontal 

t.ar. 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 p have 

a p T  which is nonzero by at 1eas.t 34. The number of 

tridents contaminating the data is further reduced by this 
. , 

cut: The mean p, for the subtracted data is 15% higher than 

for the charm Monte Carlo., This ,variable is sensitive to 



assumptions about -t dependence, not part of the IGF model, 
SO the disagreement does not necessarily reflect a problem 

with the charm production model. 

Figure 40 shows the energy lost by the beam muon for 

data and both Monte Carlo data sets. Ail canonical cuts 

except the 9 cut are imposed. The hsrizontal bar 

illustrates rms resolution. The agreement between 

subtracted data and Monte Cal-lo is spectacular. The TI, 

K-decay events have lower average 3. The ratio of 

subtracted data t o x ,  K is small for large V but is of order 

unity for 3 <  75 GeV. To reduce sensitivity tc the abs~lute 

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 ~ G F  3 

dependence is replaced by a flat c. deperdence and the 

fragrentation is changed to D(z) = (z-1 I. 
a 

The Q distributions are shown in Flg. 41. Horizontal 

bars indicate rms resolution. The 'ii, K events tend to have 
a 

lower Q than the subtracted data. The '~GF mocel predicts a 

Q~ spectrum that is slightly higher than obser~ed. 

Figure 42 presents the missing energy for subtracted 

data and the two Monte Carlos. As expected, the mean 

missing energy is substantially less in the 5, K sample than 

in the charm sample. The mean missing energies are 

4.4520.53 GeV, 14.59~0.18 GeV, and 18.18.co.24'GeV - for fi, K 

Monte Carlo, ~ G F  Monte Carlo, and subtracted data. The 

horizontal bar indicates rm.; resolution and the arrow shows 

the change in t:~e centroid of the data which results if the 

calorimeter cali'2ration is -~aried ~2.5%. The relationship 
C 

between shover energy an3 pulse height used in both Monte 

Carlos is fixed by deep inelastic scattering events as 

described i~ 'chap~er TI. This is aE accurate description ,L 

fcr T ,  K-decay even=s since they are inelastic scattering 

events. ' ~ h s  showers in :harm events, in the ~ G F  picture, 

are caused bs the decay protucts of the charmed particles 

since very lictle energy is transfered to the target 

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

final state. Since 'K'S Rave shorter lifetimes and longer 

absorption leng-hs than X's: there is no reason to expect 

that the signature -rf a charm shower, which may be initiated 

by two K 1 s  and a 1T, will exactly match that of an inelastic 

. yN collision, whizh usua:ly does not contain fast strange 

particles. 3 0 .  

Figure 43 shows the inelasticity for data and Monte 

Carlos. Inelasticity is defined as 1 - E(daughterp) / 3 .  

Mean values of reconst~ucted 3, Q ~ ,  daughter energy, 

inelasticity, .missing energy, and momentum perpendicular to 

the virtual :photon are presented in Table 2. Particularly 

in the case of 3 ,  daughter energy, and missing energy, the 

tabulztion excludes the possibility that the dimuon data can 

be explained by T, 'K-decay. 



Sysxematic errors A synthesis of charm and shower Monte Carlo samples 

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 tota: cross section 

can be determined to a statistical precision of better than 

1%- To understand the limitations on the accuracy of 

results presented here, systematic errors must be 

in~estigat,ed. Systematic effects can come from two sources. 

The backgrounds to charm production may be described 

incorrectly or the acceptance of the muon spectrometer for 

charm events may be simulated inaccurately. 

The predictions of :he shower Monte Carlo are sensitive 

to the 'K/U ratio in primary showers. This is the 
1'3.30 

information which is lezst well determined by CHIO. To 

gange the Monte Carlors sensitivity to this ratio, showers 

we:e generated with E / C  yatios of 0.4 for bot:~ signs. The 

da:a of Ref. .30 are inconsistent wizh ratios this high. 

~inulated trigger rates increased by 60% and the number of 

shower events surviving :he standard cuts increased by 73%. 
I 

Since only 10% of the fl, K events passin,% analysis cuts 

cone from the decay of secondary hadrons, the predictions of 

I the simulation are not sensitive to assumptio~s made about 

the interactions of primary hadrons in the detector. 

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 Mc.nte Carlos was obtained. It is not correct to fix the 
. . 

lf, K normalization this.way since it then becomes impossible 

to test the ~ G F  model against the data. 

We conclude that the background description provided by 

the shower Monte Carlo is accurate to within 50%. 

Therefore, after analysis cuts, our best estimate is that 

the decay in flight of K and K mesons contributes (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 spectrum of produced muons. The ~ G F  

model describes quasi-elastic charm production; that is, the 

c E  pzir recdives most of the energy of the virtual photon. 

The charm model accurately predicts the 3 dependence of the 

subtracted data. Varying the fragmentation function D(z) 

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

this sensitivity. D(z) provides the link between 3, which 

is correctly mqdeled, and.daughter energy. The form for 
a6 0 . 3  

D(z) used in acceptance modeling is D(z) = (1-2) . 
3 '-1.5 

Remodeling with D(z) = (1-2) and D(z) = (1-min(z,0.99)) 

changes the detector acceptan.ce by -19% and +20%, 

respectively. . The exponents in the "too soft" . and "too 



hard" functions are more than 5a from zhe value determined 
16 

at SFEAR. The mean daughter energies w3ich result are 

presented in Table 3. Agreement in- energy and other 

distributions is spoiled by using tte alternative 

fragmentation descriptions. 

When same-sign dimuon data and o?posite-sign dimucn 

data are analyzed separately, little ch~nge is seen in 

data-to-Monte Carlo ratios. Cross sections based only on 

same-sign or opposite-sign events diffe~ by 3.5% from those 

based on both signs. 

Systematic uncertainties in T, K reodeli~g and charm 

modeling are not expected to be significaatly correlated. 

An estimate of the total systematic error is made by 

reanalyzing the data with different asscmptions. Errors a:e 

parametrized by (1) decreasing, (2) increasi~g by 50% the 

subtracted shower background and by re.:alculating the 

acceptance with the (3) softer, ( 4 )  kareer fragmentation 

function. The effects on results are obtained by 

reanalyzing the data with each of tne Eour systematic 

changes, adjusting the ~ G F  normalization to yield the 

observed number of events past cuts, and replotting or 

recalculating acceptance-corrected information. All 

positive deviations from the canonical results are added in 

quadrature to yield the pssitive sys:ematic error and all 

negative deviations are added in quadrature to yield the 

negative systematic error. The results cefine bands of 

systematic to1e:ancs around' observed distributions. Cross 

sections presente3 ix the next chapter will include 

systematic drrors of + 2 8 3  and -20%. 
( 



C-HAPTER IV 

RESULTS AND DISCUSSION 

The spectra in figures 37 and 39-43 reflect physical . 

prccesses seen through tF-e prism of experimental acceptance. 

By removing detectox effects with a Monte Carlo simulation, 

the nature of the underlying physics may be studied. This 

chapter d?scribes acceptance correction and presents 

measurements of charm production by muons and virtual 

phctons. Results include the total diffractive cross 

section f2r muoproductjon of charm ;nd the Q' and 3 

dependence of virtual photo~roduction of charm. The cross 

section f.~r charm production by real photons and its 

cor.tributi>n to the rise in the photon-nucleon total cross 

section are discussed. The role played by charm in the 

sc~le-noninvariance of muon-nucleon scattering at low 

Bjorken x, Qb/(2~9), is described. h lower limit on the 

y-r.utleon total cross section is presented. 

... 

Acceptance correction 

Most spectra presented in the following sections are 

differential in Q' or . To unfold the. experimental 

acceptance, data, 17, K-decay Monte Carlo, and ~ G F  Monte 

Carlb are placed in (1n(Qa'), ln(9)) bins. If A~(Q',v) is 

the number of events in the (1n(Qa), ln(3)) bin which 

a includes the values Q 'and J ,  the ratio of. subtracted data 

to charm Monte Carlo in a bin is 

For small bins, the ratio of the acceptances for subtracted 
. . 

data and charm Monte Carlo will be constant across the width 

of a bin, Because of resolution smearing, the measured 
a . . 

average values of Q and 4 in a bin wi1.l generally differ 

from rhe true average values. The charm Monte Carlo is used 

' a  to calculate the shift between measured and true mean Q a.nd 
. . 

4. The acceptance-corrected differential cross section 

which results is 

Here, d(charm) is the cross section fo.r charm production by 
4 

muons and Q and 9.ar.e the corrected average values in the 

bin. This procedure, which equates .real c.ross sections with 



Monte Carlo cross sections weighted by :he ratio of 

subtracted data to Monte Carlo, is usej to obtain the 

results presented in the following sections. 

Diffractive charm muoproduction crc.s.s xction 

The measured cross section for dieractive charm 
+ 1.9 

production by 209 GeV muons is 6.9 . nj.. "Diffractive 

production" refers to the creation of cS pairs carrying most 

3f the laboratory energy of the virtcal p:loeon, as in the 

~ G F  and VMD models. This analysis is insensitive to 

mechanisms which might produce charm r.eai1-f at rest in the 

photon- nucleon center of mass. To correct. E.m experimental 

acceptance', the cross section is computed mltiplying the 

~ G F  prediction of 5.0 nb. by rhe ratio of sutcracted data co 

YGF Monte ~ailo. A total of 20 072 d a r s  events, 944 li, K 

Monte Carlo events (scaled 'to 3696 events), and 13 678 ~(GF 

Monte Carlo events survived reconstruct~on zne analysis cuts 

to contribute to this ratio. The error on 13-E cross sectian 

is systematic and reflects uncertainties in background 

subtraction an'd acceptance modeling, as described earlier. 

The statistical uncertainty is negligible compared to the 

systematic error. Ignoring nuclear shaaowimg and coherence 

would raise the reported cross section ky 9.4%. After a 

(26+5)% relative acceptancr correctioc, the opposite-sign to 

same-sign ratio for backgrzund-subtracted data is 1.072.06. 

A Michigan State-Fermilab (MSF) experiment has reported 
(. 

a cross section for charm ~roduction by 270 GeV muons of 3+1 

nb.57 Correcting the bezm energy to 2C.9 GeV, using the IGF 
uodel, reduces the MSF cross section to 2.1~0.7 nb. The MSF 

data ccntain 412 fully reconstructet dimuon events; the 

collabcratior simulates detector acceptance with a 

j-henomenological model containing three free parameters. 5 8  

Their choice of parameters was b~sed on a sample of 32 

cimuon events observed earlier at a beam energy of 153 

G~v?' The 150 GeV sample contained an estimated 4.9 trident 

events and 3 small, but unspecified, number of n, K-decay 

evenrs. Okr rzsult; are inconsistent with the MSF 

measurement. 

. . 
Virtual and real photogroduc;ion of charm 

As a b e ~ m  muon .passes near a target nucleon, its 

electromagnezi: field ma:/ trinsfer momentum and energy to 

the target. In the single-photon approximation, the 

interaction is described as the absorption by the target of 

a virtual photrn from the '>earn parxicle. There is intuitive , 

appeal to ch~racterizin~ the muon's field as a cloud of 



virtual quanta-- classically, the field of a rapidly moving 

charge be11aves like a pulse of radiation as it passes a 
60 stationary observer. In the spirit of this, the 

& 

differential charm production cross section msy be written 

The factors v+ and rL represent the fluxes of transversely 

and 1ongi:udinally polarized virtual photons with massa=-Qa 

and energy 9. The terms bT(Qa,3) and Q~(Q~,LI] are the cross 

sections for photons of the two palarizations to be absorbed 

by the target to yield charmed particles. Mcre compactly, 

defining E = Y/T, and R =  4/UT gives 

Parametrizations of 6 and € from Ref. 6 1  are used to 

extract virtual photon cross sections from muon cross 

sections: 

Here, E is the beam energy, N is the nucleon mass, 8 is the 

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

2 
Qa/(2I49). Figure 44 shows Q T~ vs. Qa for different values 

of 3 ;  Fig. 45 illustrates the polarization ratio, E . The 

flux PT i; normalized so that as Q' approaches zero, the 

effective cross section 0' c f i  =(l+ER)u, approaches the. cross 

section for real photons of energy 3. 

h 
Cj dependence of the effective photon cross. section 

The effective photon cross section is obtained by 

factoring 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 to' expect Cr, /crT for charm production to equal a,/CT 

fir deep inelastic scattering. In peripheral models like 

$GF and VMD, the photon couples to the produced quark pair, 

not to a tv!lence quark in the target. Consequently, the 

kinematic effects which determine R for charm are different 

£;om those uhich influence R fir inelastic scattering. 

Figure 4 6  shows R as predicted by ~ G F  and Fig. 47 shows the 

product ER. 

The Qb 6ependknce of thk effecti've photon cross section 

is shown in Fig. 48 and Table 4 .  . The data are grouped into 

two. \I bins, . . cpvering the regibns 7 5  G ~ V L  9 133 GeV with . . 



< u >  = 100 GeV and \, > 133 GeV aith <v? = 17S .GeV. In the 

figure, data points are shown with statistical errozs. The 

solid lines are best .fits to VhfD .propagators, 

s(Qa) = d(0)(l+Qa/< The dashed curves, normalized to 

the nominal value of d(O), indicate the imf"cuence of the 

systematic effects discussed previously. Sys~enatic errors 

are parametrized by (1) decreasing, (2.1 increasir,~ by 50% 

the subtracted fl, K-decay background an& by recalculating 

the acceptance with the (3) softer, (4) krder Eragaentation 

function described above. The mass parameter /; is 3.350.2 

GeV/c and 2.920.2 GeV/c for the 178 GeV 2nd 100 ZeV data, 
a 

respectively. Extrapolated' to Q =0, the data are test fit 
+ I go tl-OD ' 

by d(0) of 7 5 0 - 1 3 ~  nb and 560-,,, nb for the 173 Geb and 100 

GeV data. The errors on A and a(0) are systenatic. A drop 
a a 

in o;& with decreasing Q' is present below Q =. 32 (G~V!C) . 
Fits which do not include data in this regira yield 

essentially the same results. 

A wide-band photon-beam experiment has neasur~d cross 

sections averaged from 50-200 GeV of 464+:0? nb for ~'8 
bZ 

pair production and, later, 2955130 nb for Enclcsive D' 
6 3 a 8 . . 

production. Using SPEAR data , one may crudely estimate 

the neutral D:charged D:E:A, ratio to be 2:ll:l at 

mCu - 4-5 ~ e ~ / c ~ .  The average of the two DO cross sections 

is 3435110 nb, corresponding to a total cross section for 

experimental acceptarse with a node1 which uses a 
C Pr~gmentation function ~(s)=o(z-1) and assumes no energy 

dependence abcve 50 GEV. The dashed curve in Fig. 40 shows 
' 

:hzt the muon ca:a do rot support these assumptions. 

b 

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

I .  

Above -43 GsV, l.he pirotten-nuc1,eon total. cross section . . 
inc.reases witk energy. 6'"bS This rise presumably reflects 

6 T 
:he '"hadronliL~ properties" of the photon; most hadr0ni.c 

rota1 cross sectioLs begic to .rise in this.energy region. 

-he authors oE Ref. c5 suggest that charm production may 

cortribute 2 to 6 +t of this increase in the energy range 
. . .  

frcm 20 GeV t; 185 GeV. h fjt to h a M  the photon-deuteron 

crcss sectiol from Ref. 64 is shown in Fig. 49. .Since the 

~hresholt energy for charm p~oduction is zbout.11 GeV, the 

charm cross sectior: rises from zero at low energy to the 

values reported nere a: v =lo0 GeV and 3=178 GeV. 

~i'ffractivel~ produced charm is seen to make only a minor 

cont.ribution tc the ~.ise in the photon-nucleon total cr,oss 

sec.tion. 

charm production of -- 860 nb. This is cons:.stent with our 

measurement. The authors of Refs. 62 and 63 5etermine 



3 dependence of the effective photon cross section 

b The \I dependence oE the effective photon cross section 

in the range 0.32 (~eir/c)~ < Q'< 1.8 (Gev/cJa is shown in 

Fig. 50 and Table 5. For fixed 3, the cross section 6 , ~  

a varies by less than 20% in this range of . Data in the 

figure are shown with statistical errors. Systematic 

uncertainties, parametrized as described previously, are 

indicated by the shaded band, referenced to the solid curve 

for visual clarity. To gauge the systematic error 

associated with a given point, the shaded region should be 

moved vertically until the'position cut by the solid line 

rests. on the data point. Data with L)< 7 5  GeV are excluded 

from the analysis because of their large systematic 

uncertainty. 

The solid curve exkibits the 9 dependence of the ~ G F  

model with the gluox x3 distribution 3(1-r) ) ' /x9 and 

represents the data with 13% confidence. Other gluon 
9 

distribution 'choices, ( 1 - 3  ) !x3 and "broad glue" " 
s 

(1-x3 ) 1 5 1  O X  are indicated. by dask~ed curves. The 

dashed curve labeled "BN" represents the phenomenological 
b b 

parametrization of Bletzacker and Nieh and the horizontal 

dashed line represents energy-independence. All curves are 

normalized to the data. 

The muon data clearly indicate that UCj4 increases with 

.photon 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. 
9 

The charm structure function. -- 

In quantum mechanics, the probability for a free 

particle in a state IF)  to scatter fron a potential V(;) 
a 

into a state I)!> is I <  v(i)lP)J , 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 normal:ization, in 

non-relativistic quantum mechanics, the scattering . . 

probability becomes 

Dqf iaing 7 to be 7 - p 1  and F(qa) to be the Fourier transform 

of the potential allows the scattering probability to 'be 

written as (F(qa)la. By studying ' the -scattering process, 

the short-range nature of the. potential v(;) can be 

measured. 

' The high energy analogue bf ~(q') in poten'tial 
a 

scattering' iS ' the nucleon structure'funttion FZ(x,Q ) in 



deep inelastic lepton scattering. For muor:-nucleon 

collisions, the scattering cross section LS 

The variables x and y are Qa/(2bf9) and S/E where ?f 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 1s C , / c , ,  tke ratio 

of the cross sections for the target to absorb 

longitudinally and transversely po1ari:ed vi~tual phctons 
a a 

with mass = -Q and energy- 9. 

The quark model provides a partiscl~rly simple 

interpretation for F,. Beam muons scatter 21zztica3ly from 

the pointlike constituents of the nuclear.. Subset-uent 

interictions of the struck quark with the rest of t k  tirget 

produce a hadronic shower and do not infl~en:~ the initial 

collision. Since the m ~ o n - ~ u a r k  interaction is elastic, the 
a 

relationship between Q and 3 is Qa = 2 m ~ ,  wnere m is the 

quark mass. : Within the quark-parton m3ie1, t&e muoc 

scatters elastically from a quark which cztrri~s mammtum xP, 

where P is the nucreon momen.tum in a frame vhere ? is very 

large. The structure function F+(X,Q=) is I t&es the 

probability to find a quark in the nuzleon hith this 

momentum. In this.mode1, Fa is scale-invariant and depends 
9 

only on x, not on both x and Q . This is sEen to be 

a~pprsximately true; F& ( x ,  Qa 1 with x h'eld constant shows only 

weak Q~ depenience. a o,b7 In quantum chromodynamics (QCD), 

'the quark-antiqcark pairs. in processes like g-qi-g should be . 
revealed by :he short-d:istance resolution of high-qa 

scattering. Consequently, as Qa increases, the nucleon 

monentum should seom tc be carri.ed by more and more quarks 

an3 :he average quark monentum should drop. The structure 

furicrion Fa will increase at small x and decrease at large x 
a 

as ,Cj grows. This scale--2oninvarianze of F, , has been 
2% 6 1  

er?erimentally observed. , Fa increases .with Qa for fixed 

1 x:ll.25 and decre~ses wlth ir.:reasing Q for fixed ~ ~ 0 . 2 5 .  

The description of scattering in, terms of structure 

functions 1s .e:;uivalent to the description in terms of 

viytual photon £luxes and creJss sections. The relationship 
a0 

berwcen Fa, a,, and d, is 

A structure funcrion may be''defined for any process once 'i'ts 
- 
Q- and dependence Ire measured. 

We define a charm'structure' function, F,(c~) as the 

anclogue of the nucleon structure function F, through the 

expression 

Ir this definition, R(x,Q~) is neglected. However, the 



comparison of Fa (cE) with ~ G F  model calculati,ons takes the 

model's predictions both for 6, and U, fully into account. 

Figure 51 and Table 5 show F,(ci) as a function of QX for 

fixed 3 at two values of average 3. Data are presented in 

the figure with statistical errors; the systematic 

unzertainty 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 curve, at each of the two average photon 

energies, is normalized to the data. The curves labeled 

m,=1.5 and mc=l.2 are ~ G F  predicti.ons with charmed quark 

masses of 1.5 Gev/ca and 1.2 Gev/cZ. Curves labeled  DM are 
vector-meson dominance predictions'using the mass in the 

VMD propagator. The curves labeled BN represent t'he model 
a0 

of Ref. 66. Shown at the top is a fit adapted from CHI0 

to the inclusive structure function FL for isospin-0 

muon-nucleon scattering. At its ?eak, F,(cL) is -4% of Fa. 

Since a cC state must have m,;&Zm, to produce charmed 

particles, the parametrized quark mass xL  affects IGF's 

absolute normalization, not the shapes of its distributions. 

The maxima predicted by both the ~ G F  and BN models resemble 

. the data in shape and 3 dependence, but occur at higher 
a 

values of Q . The +-dominance functions drcp too slowly at 

high Qa. Systematic errors are only weakly correlated with 

Q' and do not obscure the disagreement. When q5 is 
a. ZL L 

redefined to be a function of mcz+Q , instead of mLE,  the 

b0  
agreement between data and ~ G F  improves. 

a 
R(x,Q ) is absorbed by F,(cE) in the definition of the 

structure function used in this analysis. Alternative 

assumptions about R could be made; the values of such a 

redefined 'Fa would change typically by less than the 

reported systematic uncertainties. 

The role of charm in scale-noninvariance ----- 

The relationship between F,(cE) and Ve(C(~') may be 

written as 

. Since most data reported here have x 5 0.1, at fixed v 
a- 

F,(c~) will grow with Q until we($ begins to decrease, when 
a a 
Q 2 m.+, . Because ecff rises with energy, Fa (cZ) will also 

a. 
increase when Q and J are increased but x is held constant. 

. In the past, muon experiments measuring deep inelastic 

scattering have been unable to recognize charm production in 
ao,3o,b'  

their inclusive scattering data. The detectors used 

by t'hese experiments have been insensitive in the region 

traversed by the beam, which has severely limited their 

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

measurements of inclusive .F2 and its scale-noninvariance 
0 



have included all or part of the contri.>ution from charm. 

Data from this experiment determine how much of the 

previously measured Fa results from diffrac.tive charm 

production, described by F,(cZ). 

Figure 52 shows the behavior of Fl(cc) as a function of 

Q', 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 QX. 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 labeted by their 

values of Bjorken x. The dashed curves are the predictions 

of the8 GF model, normalized to t.he data and damped at high 
' 

Qa by the @ factor (1 + $/(lo0 Ge~'/~)i~. The 

damping factor forces the model to agree with. the data at 
a large values of Q . The dot-dashed lires represent the 

a 
changes in F,(cz) as Q is increased but x is b l d  constant 

that would be necessary to equal the changes in the CHIO fit 

to .Fa which occur under the same circumstmces. Their 

relative sizes are given by the percentages next to the 

lines. 

The scale-noninvariance of Fa(cE) is indicated by the 

non-zero slope in the line connecting the points in each 

pair. Diffractively-produced charm causes aboct one-third 

of' the low-x scale-noninvariance measured by CHIO in the 

I 
rang2 2 (~ev/c)' <. Qa < 10 (GsV/c) . This charm-induced 

scals breaking is a purely kinematic effect related to the 

heavy mass of charmed particles. . 

The production of bound charm states also contributes 

to the scale-roninvariance of Fa. The 9 muoproduction rate 
19,1'7.23 

agrees vitt the unmodified \JGF prediction if 

elastic prcuductior accounts for 1/6 of all charmonium 

production. To es:imate the net effect of charm on Fa, the 

model's predictions for 2.8 nb of bound and 6.9 nb of open 

c h a ~ m  are combined to prsdcce the results in.Table 7. The 

numbers in the table are grouped in ,pairs. The top number 

in .each pair is loid Fa(=:) / d 1n(Qa) at fixed .x. Fa(&) 

is' calculated as the sun of F,(sZ) for mcE < 2mo as 

predicted by ~ G F  and Fa (c;) ~ O T  open charm production as 
a 

predicted by ~ G F  tat dampeG a: high Q and normalized to the 

data. This danpet. renorm~lized F,(C;) matches the data in 

4 Fig. 52. The bottom number is 10 d F p  / d ln(Qa) at fixed x 

for the fit to F, adapted fron CHIO." Charmonium production 

increases the scals-noninvariance of F,(cE) by -15%. 

. The resu1:s j~ Table 7 are calculated, not measured. 

Data from the m u m  experiment cover the Qa-v region of the 

twc columns on the right side of the table. Where the charm 

scale-noninvariance is most important, the calculation is 

reliable to - + 4 0 5 .  The L(CF model predicts that charm 

accounts for about one-third of the inclusive 
I 

scele-noninvariznce in the . region 



a 
Z(GeV/c) < Q' < 13(~e~/c)' and 50 Gev 4 J c 200 GeV, 

centered at, x-0.025. This region provided most of the 
bl 

original evidence for scale-noninvariance in muon 

scatterinj. 

The consequences of charm-induced scale breaking for 

QCD 'predictions of scale-noninvariance depend on the level 

of detail sustained by the OCD calculation. Calculations 

which correctly describe the charmed sea in principle should 

be able to predict scals-brecking which prcperly includes 

the effects of charm production. Alternatively, F,(cc) may 

be subtracted from the experimentally measured structure 

function FL for compa~ison with QCD models which do not 
a 

quantitatively describe the charmed sea at low Q . 

The data indicate that the mechanism for charm 

pr~ductior resembles YGF. The study of events with three 

fixal state muons discussed earlier also suggests that ~ G F  

correctly describes these events. If this is true, charmed 

quarks tend to share equxlly the photon's energy. Results 

from another muon experiment confirm this tendency. 69 

The ratio of roductio? to charm reduction --- 
the k h r ~ s ~ i b n  - -- 

7C The 3kubo-Zweig-Iizuka (OZI) selection rules and 

vector-meson dominance suggest a relationship between ? 

71 
production and charm production. In the OZI picture, final 

states from 9-N collisions tend to contain charmed quarks. 
It is more likely for the c; of the 9 to survive the 

interaction than to annihilate. Vector-meson dominance 

describes *photoproduction 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 ' 

prodcction and production should equal the ratio of the 

inelastic and elastic 9-N scattering cross sections. 
' Sivers, Townsend, and West (STW) discuss the connection 

71 
between chars production and inelastic *N interactions. 

They use VMD and the width for the decay y+ete- to derive a 

relationship between d b  / dt(XN*$N) and d 6  / dt(#N++N). The 

optical theorem and - t  dependence measured at SLAC then 

determine the '$N total cross section in terms of 

d U/ dt($N-?N). STW equate the Y N  total cross section with 

the. YN-. charm cross section and estimate the ratio of $ 

photoproduction to charm photoproduction to be 

(1 .3t0.4)x10a / A .  The constant > depends on the variation 
of the yy and the $N couplings with Q ~ ;  its value is about 

a 3 
one-half. Our data on \Y prod&tion and theresults 

reported here fix the ratio of elastic to diffractive 
. . 

charm production at 0'.045+0.022, somewhat larger than theii 



prediction. 

Sivers, Townsend, and West also calculate a lower limit 

7 1 for  they^ total cross section without assuming VMD. They 

use unitarity and OZI rules to obtain the limit in terms of 

the photoproduction cross ' section: .the charm 

photoproduction cross section, particle masses, and the 

amount of. OZI violation. With our data or:'? and charm 

production, their calculation yields the 90% confidence 

limit 

(*N) 7 0.9 mb. 

Conclusions 

Data from the Multimuon Spectrometer at Felmilab 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 
17 

model. At large Q ~ ,  the data show disagreelrent both with 

that model and with the predictions of V~ctor Meson 

Dominance. By redefining the strong coupling constant U S ,  

the agreement between ~ G F  and data can be improved. Charm 

product ion contributes , substantially t o the 

scale-noninvariance at low Bjorken x ~ h i c h  has been 

a, ,b7 observed il inclusive muon-nucleon scattering. The 

rario of the rates for 9 and charm photoproduction is higher 
71 

than predicted by a caLculation which uses VMD and 021 

rules. Without ;rND, 2 =alculation7' and charm and 

production data set a Lover limit on the + N  total cross 

section of 0.9 m.3 (90%. confide-ice). 
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DR1I-T C W E R  S Y S m  FUR A BIG4 R A E  EXF'LRIE~T* 
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P. Surko 

Department of Phys ics .  Pr ince ton  University. Pr ince ton ,  N. J. 08540 

A b s t r a c t  

A s y s t c ~  of 19  l a r g e  d r i f t  chambers has  been b u i l t  
and used i n  am experiment i n  t h e  IWhL muon beam. The 
d e s i g n  of the c h m b e r s  and e l e c r r o n i c s  enabled the  eys- 
tem t o  p e r f o m  wi th  i n c i d e n t  p a r t i c l e  r a t e s  of up t o  
107. per S ~ C O Z ~ .  

I n t r o d u c t i o n  

A magnetized i r o n  s p e c r r w e t e r  has  been b u i l t  and 
used i n  a mucn experiment.  E203AI391, a t  Fermilab. The 
i r o n  i s  i n  mcdules separa ted  by 1 0  inch  gaps i n  vhich 
o r e  l o c e t e d  t h e  crack chambers. Each gap has a mul t i -  
&.ire propor t lc r . s l  chamber wi th  h a r i r o n t e l ,  v e r r i c a l .  
snd d iagonal  c o o r d i n a t e s  reed out .  The anode w i r e s ,  
which measure the p o s i t i o n  cf t r a c k s  i n  t h e  bending 
( h c r i r o n r a l )  p lane ,  have 118 inch  spac ing .  

To b p r w e  t h e  r e s o l u t i o n  i n  the  bending p lane  and 
t o  i n c r e a s e  t y  redcndancy t h e  e f f i c i e n c y  of d e t e c t i o n .  
s s i n g l e  senae  p lane  d r i f t  chamber vas  included l o  each 
gap. The d r i f t  chamber's a c t i v e  a r e a  i s  12 x 72 inches. 
The l e f t - r i g b t  s m b i y i t y  i n  the  d r i f t  chambers was t o  
b e  reso lved  by t r a c k  f i t t i n g  i n  t h e  d r i f t  and mul t lwire  
ch-bers. 

The i r o n  i n  the  r e g i o n  between the  chsabcrs  formed 
8 d i s t r i b u t e d  t s r g e t .  -gnetiz6d v e r t i c a l l y  v i t h  a 
q u i t e  u n i f o m  f i e l d .  S ince  the  be- passed d i r e c t l y  
through e l l  of t h e  chambers, t h e  beam m o n ' s  t r a c k  
could b e  t i c 4  t o  the  f i n a l  s t e t e  rruons' t r a c k s  a t  t h e  
i n t e r a c t i c n  r e r r a ,  k p r c v i n g  the  r e s o l u r i o n  i n  omen-  
r m  end t r a c k  angle .  In  a d d i t i o n ,  f i n a l  s t e t e  t r a c k s  
f r o n  m l t i - n u o n  events  vhich  l i e  i n  the  beam region  
were not l o s t .  Because t h e  d r i f t  checbers had t h e  in- 
tense  beam and h a l o  pass ing  d i r e c t l y  through then .  
t h e i r  des ign  wss somewhat d i f f e r e n t  f r w  :hat of = s t  
chamber systems. 

The exper icent  was deaigncd f o r  a n  i n c i d e n t  muon 
f l u x  ( i n c l u d i n g  t h e  ha lo)  of up t o  10' per second. 
Therefore .  a s h o r t e r  than u s u a l  d r i f t  d i s t a n c e  was 
chosen t o  !binimire t h e  number of a c c i d e n t a l  t r a c k s .  
Even so. a t h r e e  prong event  would be expected t o  have 
two o r  t h r e e  a c c i d e n t a l  t r a c k s  ecccmpsnying i t  i n  the  
d a t a  read  out  from t h e  d r i f t  chnmbers. Because of 
t h i s ,  the  chrmber system needed t o  be a b l e  t o  record  
more then-one  h i t  p e r  wirc  per  event1 .  The s e n s e  sc- 
p l i f i e r - d i s c r b i n s t o r s  werc b u i l t  v i t h  a s h o r t  dead 
time end t h e  time d i g i t i z i n g  system was designed v i t h  
t h e  a b i l i t y  :c l a t c h  more thsn  one s i g n a l  per  v i r e .  
U:th t h i s  m u l t i - h i t  c a p a b i l i t y ,  t h e  d a t a  could be 
plagued by f a l s e  s i g n a l s  made by s t r a g g l i n g  e l e c t r o n s  
f r o n  ion  p6i IS  c r e a t e d  away from t h e  mid p lane  of the  
c e l l .  These e l e c t r o n s  f o l l w  l o m e r  e l e c t r i c  f i e l d  

were s i m i l a r ,  u c e p t  t h a t  she  m.-imum d r i f t  d i s t a n c e  
was chosen t o  be 3/E inch. This vas  a comprocisc b e  
w e e n  the  c o s t  of tc.0 mny channcls and the  prcblcm of 
u c e ~ s i v c  bsckgrood cracks s s s o c l s t e d  v i t h  toc long s 
memory ( d r i f t )  t ime. With t h i s  i r i f t  d i s t a n c e ,  the  
maximum d r i f t  t ime an the  a id  pla=e of the c e l l  =as 175 
ns. The spacing beween n c  c s t h d e  wire planes was 
111 inch .  A t h i n  chamber 91th Clerpek'c g c w e r r p  Lr ad- 
vantageous i f  the  e l c c n o r l c s  6r.c designed v i t b  multi-  
h i t  c a p a b i l i t y  i n  each c h m n c l ,  sr i t  u in iu izea  the  n- 
b e r  of l a t e  e l e c t r o n s .  

Fig. 1. Schemati: Diag7am of one D r i f t  Chsm5er Cel l  

Fig. 1. i s  s sc'it.i;ari. d i a g n n . o f  one d r i f t  c e l l .  
shm,ing the appl ied  vo:ta:es ant t h e  s i g n a l  connections. 
Kote t h a t  the four  v i r e s  . losest t o  the 8ens t  --ire OD 
each s i d e  of the  chccber i r e  c o r n c t o d  together  t c  pro- 
v i d e  s "clean" s i g n e l  groand reference .  rhese c i l h t  
w i r e s ,  v i t h  the  sense =ir: ,  fern a coaxia l  tIam6d1166i0n 
l i n e  wi th  a c h a r a c t e r i s t i  : lmpecmcc of about 600 ohm.  
The s i g n a l  from an event  l i v i d e c ,  ha l f  going towards 
the  sense  a m p l i f i e r .  ha l f  going i n  the  opposire d i rec-  
r i m ,  towards t h e  bottom >f the  chazber.  The rcflecti ,-r ,  
of the  l a t t e r  f r w  r h e  en3 of tbe  l i n e  would a r r i v e  e t  
the  a m p l i f i e r  too  l a t e  t o b e  of use and could increase  
t h e  e f f e c t i v e  dead-rime of t h e  sense a r p l i f l e r .  nere-  
f m e ,  t h e  sense w i r c  i s  tsm1na:ed a t  the bot ron  of the 
chamber. The cathode v i r s  sys t -  was b iased  a t  -iOO 
v o l t s  t o  f o m  a c l e a r i n g  f i e l d  r:ich prevents e l e c t r o n s  
re leased  o u t s i d e  of the  d z i f r  c e l l s  from enter ing  the 
c e l l s  and producing l a t e  s i g n a l s .  Uithout t h j s  b i a s ,  
t h e  l a t e  e l e c t r o n  s i g n a l  -as 60 per cent  of the  w n b e r  
of t r a c k s  through t h e  c h m b e r .  'Ji th the  b ias .  s t rag-  
g l i n g  e l e c t r o n s  cor,tribured l e s s  than 15% of Ihe yare. 
The l w e r  l i m i t  on t h i s  o n t r i b o L i o n  i s  uncer ta in  s i n c e  
monte-cerlo c e l c u l a t i o n s  2redic:cd t h a t  d e l t e  r.yj 6c- 
companying the  muor.6 v m U  prodace about t h i s  r a t e  of 
double h i t s .  

l i n e r  t o  t h e  s e n s e  wire .  The d r i T r  c e l l ~ g c o m e t r ) .  was 
chosen t o  e f f e c t i v e l y  minimize t h i s  problem. A p l o t  of t h e  c l e c t r t  f i e 1 5  e q u i p o t e n t i e l s  i n  c 

h a l f  c e l l ,  made us ing  condvcrinp paper,  i s  r h m n  i n  

Chaabcr Design Fig .  2. The spsc ing  of t h e  e q c l p o t c n t i s l s  1 s  167 v o l t s .  
Note t h a t  the  connect ion  o f  f o u r  of the  cathode ~ l r e s  

The d r i f t  cells were constructed using graded together  d id  n o r  da-ee f i e ' u f i e o m i r y  of the d r i f t  

t e n c i a i s  on :he cathode ,.ires, to the f i e l d .  T?e sen& (ancde] w i r e s  20 micron g d d  
by Charpek2, The also p l a t e d  tungs ten .  3 e  calhode L3res werc 100 c i c r o n  sil- 

v e r  p l a t e d  b e r y l l i u m  c o p w r .  L, t e s t s  with ~ . d c l  c h s b  
hers; i t  was found t h a t - 3  micrcn cathode wires  produced 
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Fig. 2. E q u i p 9 t c a r i a l s  af the  E l e z t r l c  F ie ld  i n  a 
Half Cel: 

I n  an  i r o a  spe- r romerer .  t h e r e  i s  no need f o r  chi= 
ch-cber visCcvi.  6 0  the d r i f t  chz&ers were b u i l t  cn 
518 inch  t h i c k  she.-s of s l u r i n v c  " tool  6nd j i g "  p l s t e .  
Each p l a r e  v e s  4 x f e e t .  This s i c p l i f i e d  the con- 
s c r u ~ r i ~ n ,  and eneb-ed t h e  a c t i v e  width of the c h a ~ b e r  
ro be e l a r g e r  frec:io,  of the space bztween the  zag- 
ne t  c o i l s  than u o u l i  be t h e  cese i f  a heavy frame were 
needed. The cnsrhe-a  vere  mounted r.ith the  ( i o v  Z) 
slurinurn p l a c e  up b t a n  f r m ,  the  a c t i v e  ,iolume t o  re- 
duce t h e  nmber  of l e l t a  rays .  The d o ~ ~  beam r.ind% 
V66 111.6 inch  s l u n i ~ u m ,  prcvid ing  an i c > e r n e e t l e  s r r u c -  
rure and good s h l e l l i n g ,  a s  wel l  e s  a n  cquipotenr ia l  
f o r  rhe c l e s r i n g  f i ~ l d .  

Fig. 3. Chznber Cons t ruc t ion  D e t a i l  

F ig .  3  sh0r.s rhe  way t h e  v i r e s  v e r e  mounted. T h y  
v e r e  so ldered  t o  psds formed by p r i n r e i  c i r c u i t  tech- 
n iques  on 118 inch  rh ick  t -10  s h e e t s .  Af ter  each p l a r e  
was wound, the  nexs l a y e r  of C-10 v a s  epoxied i n  p lace .  
The X r l a r  cover ing  the  s o l d e r  pads on the  b o t t o c  l a y e r  
of c a i h o d e v i r e s  was needed t o  prevent d a r k  c u r r e n t  frm 
f l o ~ . i n g  ro t h e s e  pads. The sense v l r e s  and c e l l  edge 
v i r e s  were 1s:d by 'hemd 07 p r e c i s e l y  scr ibed  l i n e s .  Lo 
d i f f i c u l t y  was found :n rep lac ing  broken or  mi$-16id 
wires  - e l l  the.: was requi red  was the  rew\ . s l  of one e r  
two of t h e  ca:hode.wires an the  top p lane .  n i s  can- 
s t r u c c f c n  d i d  i 3 i t : a l l y  cause p r o b l e s  I n  t h e  proper  
c leaning  cf  t h e  wi:e p lanes .  A brush and s o l v e n i s .  t'ie 
usua l  chamber c l e e a i n p  t o o l s ,  d id  not reach t h e  bar to= 
ce thode  p lane  and i s  a r e s u l t ,  the  chambers had exces- 
s i v e  noise  rare.. I t  v a s  found, h w e v e r .  t h a t  s q u i r t -  
ing  s o l v e n t s  o n t o  .he v i r e s  and b l w i n g  them d r y  v i t h  

nr t rogen refu ted  the  noise  r a t e s  near ly  t o  the ca lcula t -  
ec cosmic ray . ra te .  

The length  of t h e  sense  wires ,  72 inches. 1 s  abcut 
the  maximum s t a b l e  1e7gth f o r  a 66fe  tens ion  oh the  20 
c:cron tungsten wire.  To insure  t h s t  the  wires  remain- 
ei centered between t'ie cathode p lanes ,  br idges  of G-10 
were p laced  12 inches on e i t h e r  s i d e  of the  center ,  C i -  
v td ing  the chamber i n t o  t h i r d s .  These constrained the  
ci;.:ho2e p lsnes  as  wel l  as  the  sense  plane. 60 t h s t  
t w i s t s  i n  t h e  suppor t ing  sluuinwr p l a t e  would not 1r.- 
f l .~cnce  t h e  spacing. The space between the  G-10 6t1ip6 . 
oa e i t h e r  s i d e  of the  sense  plane vas  determined by the  
c e l l  edge v i r c a ,  so :;.at t h e  th inner  sense  wires  were 
f l e e .  To i n s u r e  t h a t  they d ld  not hang up on :he 
byldges, the  chanbers were pounded wi th  a h-er as 
r'lry hung wi th  the  wires  v e r t i c a l .  

The  as we.& s i e i l z r  t o  t h a t  used by Chsrpsk,' ap- 
p :=r i se te ly  213 argon. 113 isobutanc. except t h a t  the 
c ,ncent rs r i~>n of m e t b l e l  ves  increased .  During t e n t s  
03 model chambers, i t  uas found t h a t  an in tense  R U ' ~ "  

b s s  gun could 5 u l c k Q  deader, c sec t ion  of a c h a c b e  
udess the  methyla1 content  of the  gas =as g r e a t e r  than 
F, C h ~ r ~ s k ' s .  Consc~uent?? .  a l l  of the  argon wes bab- 
b led  through methyls1 a t  0. C. There was no degreds- 
tion of t h e  chambers' per fcmence  caused by the  in tense  
e o n  beam h s p i t e  01 the  l a r g e  cur rents  (80 uA per 
W f :  c h s c k r )  d r s ~ m  dur lng  the  s p i l l .  

The sense  snp1i f :e rs  v e r e  each constructed of w o  
T-sxas Instruments 10:16 ECL i n r e t r e t e d  c i r c u i t s .  These 
me t r i p l e  d i f f e r e n r L a 1  1:ne r e c e i v e r s  u i r h  d i f :e rs r . t ia l  
n t p u t s .  i h e  vol tage  ga in  f r m  d i f f e r e n t i a l  ir.put t o  
C: f ferent ie l  output  LS e t o u t  13 ,  and the  r i s e  time i s  
e l o u t  5  ns f o r  s-11 s i f n s l s  6nC 2 nr f o r  s s t u r s r e i  s ig-  
rs?s. r i g .  4  shows :he a c p l i f i e r s '  s rheoar ic  d isgrzc .  
bet s h m  e r e  pulldo..m r e s i s t o r s  beween the empl i f ie r  
curputs  s n i  - 5  v o l t s  on E l l  s t a g e s .  The pulldorm re$:=- 
j n r s  were 1500 ohms an a l l  s t a g e s  except the l e s t ,  vhlch 
tad  330 ohn r e s i s t o r s .  

n g .  L .  Sc5ematlc Diegrsm of the Sense h n p l i f i e r -  
Discr imlaa tor  

Ic i n c r e a s e  t b e  syszem's cormon -ode noiqe itmunit?. .  
r h e  a m p l i f i e r ' s  d i f f e r e n t i a l  i n p u t s  were AC coupled t o  
t h e  cathode snd sense wlres  of the  d r i f t  charber.  hC 
(oupl lng  rroduced no p r o b l e m  bcccuse i t  wcs necessary 
t c  c l i p  tke  input  p ~ l s e s  severe ly  t o  reduce the  dead 
time t o  ecccptable  Levels.  D r i f t  chacber pulses  cypi- 

, t a l l y  have a l e n g t h  of 200 ns. The c2lpping ..as per- 
l o m e d  by 7.5 ns RC d i f f e r e n r i a t i o n  between the seccnd 
~ n d  t h i r d  s t a g e s .  I t  %as placed there  t o  avoid sa tora-  
t i o n  of any a m p l i f i e r s  b e f o r e  the  c l i p ,  and t o  e l i d n a r c  
m y  d i f f i c u l t i e s  due t o  IE o f f s e t  of the input s t s g e .  



The i n p u t  of t h e  e m p l i f i e r  was pro tec ted  bp back-to- 

* beck d iodes .  It i s  not  known t h a t  they weye needed, 
b u t  t h G c  w ~ s ' i % i ; o ? i f f i c d t y  wi th  f a i l u r e  0: i n p u t s  - 
dur inn  t h e  exner iuent .  Note t h a t  the  i n w :  has  a h inh  
imped;nce (2060 otms d i f f e r e n t i a l ) .  Thle increased  ;he 
s e n s i t i v i t y  of t h c  6 m p l i f i e r  by p u l s e - r e f l e c t i o n  doub- 
l i n g  and caused nc d i f f i c u l t i e e  because t h e  oppos i te  
end of t h e  s e n s e  w i r e  We6 terminated. 

The s e n 6 l r i v i t y  of t h e  amplifier-disc:iminator was 
s e t  by t h e  200 m i l l i v o l t  b i a s  a t  the  input  t o  t h e  t h i r d  
s tage .  The subsecuent s t a g e s  produced e s s r u r e t e d  Ea 
p u l s e  v h i c h  r r i g g l r e d  the  output  s t a g e  rhrmgh a 2 n6 
rime :onstsot.  R e  output  was connected 06 a one-shot 
(monostable) c i r c c i t  vh ich  produced e 1 5  ns  s tandard  
o u t p u t  p u l s e  v i t h  e d i f f e r e n r L a 1  amplitude of sbout  1.8 
v o l t e .  

The thresholc  s e n s l t i v i c p  r s s  0 . 5  m i l l i v o l t s .  
measured \ i t h  s .:goal which had a 200 n6 decay t b e -  
c o n s t a n t  t o  s i c u l i t e  d r l f t  chamber pulees .  The dead 
time. measured a t  t h e  end of :he 200 f m r  r ibbon cable .  
end a f t e r  rhe l i ~ c  r e c e i v e r  i n  rhe d i g i t i z e r ,  v s s  35 ns. 
The c a l c u l a t e d  e f f i c i e n c y ,  assuming 6  i n  t h e  
chaebcr ,  i s  then about 0.98. 

Time D i e i t i r e r s  

?he d i g i t i i e ~ s  designed f o r  t h i s  experiment f o l l m -  
ed genera l ly  t h e  i o g i c e l  s y s t e r  vhlch  ~ a c l i l  r e f e r s  t o  
a s  a  ~ i ~ i t r o n ~  vi:h "complete addressing". A f i v e - b i t  
b i n a r y  s c e l e r  i s  zapable  of d i v i d i n g  the  d r i f t  t i n e  in-  
t o  31 time b i n s ,  of ebovt 7  nanoseconds each. 6ec6use 
of the  m u l t i p l e  s :e t te r ing  i n  t h e  i r o n .  a f i n e r  sub- 
d i v i r i c n  would be p o i n t l e s s .  This made ? o s s i b l e  s 
r e l a t i v e l y  s i x p l e  s y s r a ,  sh-m in Fig .  5. 

Fig. 5. S c h c n s t i c  Diagram of t h e  Time D i g i t i z e r  

The s i g n a l s  from t h e s e n s e e q l i f l e r s  ver. t ransmi t ted  
and de layed  by ribbon cables  about 200 Ceet long. 
The exper iment ' s  t r i g g e r  l o g i c  produced r "pre- t r igger"  
v h l r h  was used t, i n i t i e t e  the  d i g i r i z i n :  process  end 
which served  a s  t h e  time reference .  Thlz o in imlred  the  
d e l a y  r e q u i r e d  in t h e  ribbon cables .  I f  t h e  f u l l  t r i g -  

ger requi reoents  turned o u t  t o  be u n s a t i s f i e d .  the  d ig i -  
t i z e r s  vere c leared ,  r e s u l t i n g  i n  a  deadtime of only a 
oicrosecond. The differential s i g n a l  from the  ribbon - 
cable  was a c p l i f i e d  by a 10115 d i f f e r e n t i a l  l i n e  receiv- 
er. The r e s i s t o r  necuork a t  the  input terminated the  
c a b l e  end provided I00 m i l l i v o l t s  of forward b i a s .  This 
r e s  necessary because the  15  06 pulse6 were a t tenuated  
much mre by t h e  c a t l e  than was the  DC l e v e l  from the 
ECL output  of t h e  sense  ampl i f ie r .  The pre- t r igger  i n i -  
t i a t e d  t h e  event eale and the  t r a i n  of 31 pulses .  
The d i g i r i z ~ c c e p t e d  s i g n a l s  only for  t h e  durs t lon  of 
t h e  event  gere .  

 he s i g n s 1  was processed f i r s t  by s Tim+ quenr izer3  
which produced a r  i..m ou tput  the  f i r s t  clock pulse  fo l -  
l a v i n g  the  r i s i n g  eoge of the  s i g n a l .  This  allowed a l l  
of t h e  subsequent e l e c t r o n i c s  t o  b e  designed f o r  syn- 
chronized s i g n a l s .  .Each Time Q u a n t i r e r  was constructed 
of w o  10131 ees ter -s lave  >type  f l ip- f lops . '  ~ h c  out- 
p u t s  of rhe 6 rime q u n t i z e r s  pessed v i r  an 81tay OR t o  
r s h i f t  r e g i s t e r  vhich  had i t s  s e r i a l  da te  input  t i e d  
h igh .  The f i r s t  s i s n e l  t o  b e  received t h e r e f o r e  caused 
the  output  Qo of tha s h i f t  r e g i s t e r  t o  go high and t h i s .  
i n  t u r n ,  la tched  t h e  p a t t e r n  of 6 i s ~ l s  i n  t h a t  time bin 
and stopped t h e  f i r s t  s c a l e r .  h e  next s igns1  from the 
8-way OR caused 91 af the  s h i f t  r e g i s t e r  t o  go high. 
l a t c h i n g  t t e  p s t t e r n  of s i g n a l s  i n  t h a t  time b in  end 
s topping  t t e  second s c e l e r .  e t c .  The sh1f.t r e g i s t e r  
was s F a i r c t i l d  10050, the  s c a l e r s  were Fa i rchi ld  
10016'6 v i t h  t h e  f l t t h  b i t  provided by a f l i p - f l o p  dr i -  
ven by the  10016's f o u r t h  b i t .  The l a r c h e s  were ' 

10153's.  r o t  shorn  on the  diagram i s  the  delay i n  the  
6ig.81~ beween t h e  Time Quant izers  end the  l a t c h e s  
needed t o  synchronize them v i t h  l e v e l s  f r m  the  s h i f t  
r e g i s t e r .  tiore t h a t  up t o  4 of the  31 time b i n s  may b e  
cccup:ed, end t h a t  any p a t t e r n  of s i g n a l s  on the  e ia- 
puts  u i r h i a  e t i o e  b i n  $6 recorded, v i t h  one b i t  per 
channel.  ine r iacb  e f f i c i e n c y  of t h : ~  system i s  given 
by the  fo-la: 

where m - the  nu=b.bcr of a c t i v e  time b i n s  - 21 
p  - t h e  n d c r  of boards per chamber - 7 
I - t h e  nurzcr  of time s l o t s  per board - 4 
n - t h e  number of t r a c k s  per  cherber.  

For n - 6 ,  t h e  e f f i c i e n c y  i s  0.9985 f o r  recording  each 
t r s c k .  The e f f l c i ? n c y  f o r  recording  3  of the  6  t racks  
(assuming 3  are bezkground) i s  0.995. The boerds were 
o r i g i n e l l y  des ignel  f o r  6 c lock  frequency of 150 YP.z 
end 611 were s u c c e s s f u l l y  t e s t e d  a t  t h a t  frequency. 
h'hen the  experlmarr v e s  s e t  up, hwever .  Z i f f i c u l t i e s  
v i t h  t h e  c lock  f a m u t  requi red  the reduct ion  t o  120 W.2, 
SO t h a t  t t e  d r i f t  t ime f o r  t h e  major p o r t i o n  of the 
c e l l  covered only 21  time b ins .  

This  f o r m l a  fkr t h e  e f f i c i e n c y  assumes t h a t  the 
t r a c k s  ere d i s c r i b r e d  s t a t i s t i c a l l y  aver the e n t i r e  
chamber. This ,  of course. u s s  not  the  case  - more than 
h a l f  of them were i n  t h e  beam region. To avoid an over- 
load of the  d i g i t i z e r s  connected t o  the  c e l l s  i n  the 
beam region ,  s "mztrix box" was inser ted  beween the  
sense  a m p l i f i e r s  snd the  d i g i t i z e r s .  This  transposed 
the  mat r ix  of e i g h t  s m p l i f i e r  nodules esch v i t h  seven 
o u t p u t s  t o  connect. t o  seven d i s l t i r e r s  each r.irh e i g h t  
i n p u t s .  Thus t h e  f i r s t  d i g i t i z e r  board was connected 
t o  the  f i - s t .  e i g b t h .  f i f t e e n t h ,  ... c e l l s .  the  second 
d i g i t i z e r  board t. t h e  s e c o d ,  n i n t h ,  ... c e l l s ,  e t c .  
The i n t e n s e  beam region  v e s  t h e r e f o r e  d i s t r i b u t e d  over 
e l l  of t h e  d i g i t i z e r  b o a r d s  

I n  a d d i t i o n  t o  t h e  l o g i c  s h o ~ m  on t h e  diagram: 
overf lova  vere . recorded  i f  more than 4 time b i n s  were 

3 occupied. The Ea l e v e l s  from the  counters  and l a t c h e s  
were converted t o  TIK. and were read our s e r i a l l y  i n t o  e 
FlrO r e g i s t e r .  wi th  empty d a t a  words suppressed. This 
s e r i a l  readout  occurred whi le  t h e  W C  system was read- 
i n s  d a t e  from o t h e r  p a r t s  of the  experiment so t h a t  no 
a d d i t i o n a l  t ime v s s  l o s t .  The iTFO was read  our by t h e  
C N C  system. 

The d i g i t i z e r s  were cons t ruc ted  on ~ u l r i v i r e ~  c i r -  
c u i t  boards. me conductors on these  boards e r e  631 
AVG i n s u l a t e d  copper w i r e s  which e r e  l a i d  by a conputer- 
c a n t r o l l e d  machine i n  e l a y e r  of epoxy which covers a' 
copper-clad G I 0  p r i n t e d  c i r c u i t  board. I f  t h e  copper 

. l a y e r  forms a continuous ground p lane  ( i n t e r r u p t e d  only 
by s d s l t  ho les)  then these  conductors form good 50-ohm 
t r a n s d 6 6 i o n  l i n e s .  There was no d i f f i c d t g  t rans-  
C t t i n g  t h e  150 K6z c lock  t r s l n  on these  boerds. The 
sdvantsge  of t h i s  c o n s t r u c t i o n  i s  t h a t  the conductors 
may c r o s s  without d e t e c r s b l e  c r o s s - t a l k .  The layout  i s  
t h e r e f o r e  ver\- much s L r p l e r  than t h a t  of a p r i n t e d  c i r -  
c u i t  board. There is some c r o s s - t a l k  i f  canductors 
have long r u n s  a t  the  mir.imm (0.05 inch) spzc ing ,  but  
t h i s  i s  e a s i l y  avoided. I n  the  legout  of t h e  d i g i r i -  
z e r s ,  c s r e  vas  requi red  t o  ca tch  the  ps th  lengths  t o  
keep the  s i g n a l s  synchreni red .  No C i f f i c u l t y  has  been 
observed, however, due t o  lack  of synchronize t ion  i n  rhe 
production boards. 

h e  boerds v e r e  mounted i n  c r a t e s  vhich served w o  
chambers esch. The seven date-boards f o r  each cherber  
generated 16-bi t  d a t s  vords ,  each of rSiich had e+edded 
i n  i t  a 3-bit  board address .  A chamber-sddress boerd 
f o r  esch chamber generated a word conta in ing  chanber 
nvmber and c v e r f l ~  b i t s .  This v ~ r d  ..as dis t inguished  
from d a t e  by en " i l l e g a l "  board address  b i t  p s r r e r n .  
The fenout  of t h e  c lock  end cYenr gare  for the  seven 
boards i n  each chzmber group u a s  e l s o  per feraed  on the 
chsmber address  boerd. 

The p r i n c i p a l  d i f f i c u l r y  v i t h  t h i s  sys t f f i  dur ing  
t h e  exper1mer.t v e s  v i t h  t h e  n i r . i s ture  c o e r i e l  c s b l e  con- 
n e c t o r s  used f o r  t h e  c lock .  \%en t h e r e  was a n  indice-  
t:on of t rouble ,  i t  u s u a l l y  could b e  f ixed  by wiggl ing  
!he cables .  

Svstem Perfc-nce 

The o p e r a t i n g  s e n s e  w i r e  vol tage  for  the d r i f t  
chambers u a s  chosen afrer  i n v e s t i g a t i n g  the  vol tage  de- 
pendence o f  both the  e f f i c i e n c y  end the  r e s o l u t i o n .  
The e f f i c i e n c y ,  measured v i t h  cosc ic  r a y s  and e p i a s t i c  
s c i n t i l l a t c r  te lescope ,  r y p i c a l l y  p la teaued belov +I550 
~ 0 l t 6 .  The r e s o l u t i o n ,  measured i n  e small t e s t  chamber, 
d id  not  reach  i r s  p l a t e a u  u n t i l  about +1700 v o l t s .  At 
t h i s  vol tage ,  the  a c p l i f i c e t i o n  a t  the  sense v i r e  pre- 
svmhbly was g r e a t  enough t o  p lace  the  s i g n a l  from s 
s i n g l e  e l e c t r o n  above the  sense a m p l i f i e r - d i s c r i n i n a r o r  
threshold .  During t h e  f i r s t  p a r t  of the  exper1ner.t. 
the  chambers were opera ted  a t  +I800 v o l t s .  La ter  t h i s  
Y26 reduced t o  +I700 \ .o l t s  t o  decrease  t h e  s i g n s 1  s i r e  
i n t o  the  s m s e  a r . p l i f i e r s ,  poss ib ly  reducing s l i g h t l y  
t h e i r  dead time. The e f f e c t  on the  r e s o l u t i o n  and 
e f f i c i e n c y  was n e g l i g i b l e .  

The r e l a t i o n s h i p  b e w e e n  d r i f t  time end d r i f t  
Cis tence  i s  shown i n  Fig. 6. The s r r s i g h t  l i n e  is  f a r  
r e f e r e n c e  only ,  t o  guide t h e  eye. The 31 p o i n t s  were 
obts ined  by i n r e g r e t i n g  the  popula t ion  vs  time b i n  h i s -  
togram from e low i n t e n s i t y  run v i t h  s t ra ight - through 
t r i g g e r s .  The evcrsge  i l l u m i n a t i o n  of the  c e l l s  was 
expected t o  b e  extremely uniform over t h e  d r i f t  spsce. 
The h i s t o g r a n  had a t e l l  vh ich  errended our t o  time b i n .  
31 a l though most of the  h i t s  f e l l  i n  time b ins  3  through 
23. This  t e l l  produced t h e  asymptotic approach of the 

p o i n t s  t o  the  maxi- d r i f t  d i s tance .  That t h i s  was 
t h e  c o r r e c t  i n t e r p r e t a t i o n  ves  es tab l i shed  by f i t t i n g  
da ta  from beam cracks l o  f i v e  a t jacent ,cha&ers  wi th  s 
parabola .  Even small devia t ions  f r o s  t h i s  r e l a t i o n s h i p  
worsened the  x2 of t h e  f i t .  

F ig .  6. Graph of D r i f t  Dis t rnce  vs  Time Bin h'umber 

This  esyopto t ic  spproach t o  the  -lourn d r i f t  d i s tance  
i s  be l ieved  t o  b e  due t o  the  f a c t  char e l e c t r o n s  from 
t rsckc  c l o s e  t o  the  c e l l  edge v i r e .  i f  not re leased  
exac t ly  on the mid p lane ,  have s i g r . i f i c s c t l y  longer 
d r i f t  d i s t e n c e s  6lcng the curved e l e c t r i c  f i e l d  l i n e s .  
There i s  probsbly some worsening of the  r e s p l u t l o n  i n  
t h i s  region. The n o n l i n e e r l t y  i s  taken csre of i n  t h e  
t r a c k  programs by simply us ing  a look-up t a b l e  contein- 
ing  31 e n t r i e s  per charber grovp. because of some 
c s b l e  length  d i f f e r e n c e s ,  t h e r e  a r e  t h r e e  groups of 
chambers. fhc  sverage d r l f t  speed is 18 e l l s  per time 
b in .  or abour.5.5 cn lusec .  

The r e s o l u t i o n  cf the d r l f t  chacbers while i n  p lece  
i n  the  spectrometer vas  cbecked by the aforetzentioncd 
f l c t i n g  progren. S ince  i t  was expected t h a t  there  
n ight  be some chember ccns t rucr ion  errors, the  c h e d e r  
r e s o l u t i a n  assumed i n r h e  program <as double t h a t  ex- 
pected from t h e  width of the  t i n e  t i n s ,  or 10  d l s  (250 
microns).  h e  mul t ip le  s c z t r e r i n g  i n  the  i r o n  ves  put 
i n  c s r e f u l l y ,  lnc lvding  t h e  c o r r e l a t i o n s  beween the  
s c a t t e r i n g  o f f s e t s  i n  s t j e c e n r  chembers. The r e s u l t i n g  
x2  d i s t r i b u t i o n s  were n e r r w e r  than t h a t  t h e a r e t i c a l l y  
expected, but  v i t h  e cons iderable  t e i l .  This i s  i n t e r -  
pre ted  a s  shoving t h a t  t h e  charbers  had c l c s e  t o  t h e i r  
i d e a l  r e s o l u t i o n .  The t a i l  is be l ieved  t o  b e  due t o  
d e l t a  r a y s  r-hich hsppen t o  produce i c n s  c loser  t o  the  
sense  v i r e  than the  muor. t rack .  The r rackf in2ing  pro- 
gram n w  i n  use i n  the  ansly616 of the experiment. 
uhlch f i t s  t o  both  the  ( r i f t  chmbers  and the  multlr-ire 
propor t ional  chambers. l i v e s  a res idue1 d i s t r i b u t i o n  
f o r  the  d r i f t  chanbers v i t h  a width of about 860 nic- 
ronz. This  is l a r g e l y  cue t o  c u l t i p l e  s c a t t e r i n g  i n  
the  i r o n .  

The chazber h i t  e f f i c i e n c y .  neesurcd ~ i t h  non-inter- 
a c t i n g  beam muons. averbged b e t t e r  than 98.5%. This 
e f f i c i e n c y  r-as c s l c u l s t e d  from d a t s  tskcn t h r e e  quar- 
t e r s  of t h e  way through t h e  experiment 's r u n  wi th  a  
nuon bean conta in ing  ebavt 5 .5  x 10) muons per s p i l l  
r.irh a d d i t i o n a l  muons i n  t h e  ha lo .  The f u l l  v i d t h  a t  
h a l f  maximum of t h i s  b e e r  u e s  t e n  d r l f t  c e l l s .  

The noise  r a t e  f o r  tbe  OR of a l l  56 channels i n  e 
chamber v e s . r y p i c a l l y  4 Wz. The r a t e  e s ~ e r t e d  from 
cosmic r s y s  v a s  sbout  1 E z .  KO dark c u r r e n t  was 
observed up t o  +2100 v o i r s  on the  sense  v i r e  dur ing  
these  t e s t s .  A f t e r  the  chambers were i n s t a l l e d  i n  the 



spectrometer ,  none had a  dark cu r ren t  a b w e  300 PA, the 
m i n h n  observable. At the end of the u p e r b e n t .  a f t e r  
s t o t a l  of P x 10" w o n s  had paosed through the  aprc- 
trometer v i t h  an  average i n t e n s i t y  of 5 x l o 6 ' b e m  w o n s  
per pulse, the  dark cu r ren t  d r a m  by one chamber van in- 
t e m i t t e n r l y  up t o  1 uA, v h i l e  a l l  of the o th r s  r-ined 
unobservable. This  should be compared v i t h  the  80 yA 
drswn by each chamber v h i l e  the beam vss  passing through 
the  spparetus.  Neither  the chamber e f f i c i ency  nor  the . 
r e so lu t ion  r e r e  observed t o  change appreciably over ' t he  
course of the uper imen t .  

L'e v i s h  t o  thank our co l l abora to r s  on t h i s  experi- 
ment, the members of the Lsvrence Berkeley Laboratorg 
end F e m i l a b  groups, f o r  t h e i r  a s s i s t a n c e  and support. 
The cons t ruc t ion  o f  the chambers and che e l ec t ron ic  
Systems were cblg perfomed by members of our technical  
support group. Pe v i sh  ro thsnkA.  Y'ke Hall ing f o r  h i s  

help d u r i w ' t h e  ear l?  pa r t s  of the develo-t and in- 
s t a l l s t i o n  of the  eqalpwmt. 
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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 use in unilateral phase detractors, but would also be 

capable of automatically synchronizing cardinz.1 .grammeters. 

Such a machine is the "Turbo-Encabulator." The only new 

principle involved is thzt instead of power being generated 

by the rzlative motion of conductors and fluxes, it is 

produced by the modial interaction of magnetoreluctance and 

capacitive directance. 

The original machine hed a base-plate of prefabulated 

amulite, surmounted by a malleable quasiboscular casing in 

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

line with the pentametric fan. The latter c,,>nsisted simply 

of six hydrocoptic marzlevanes, so fitted to the ambifacient 

lunar waneshaft that side fumbling was effectively 

. prevented. The main winding was of normal lotus-0-delta 

ty?e placed in panendermic semi-boloid slots in the stator, 

every seventh conductor being connected by a non-reversible 

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 is 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 ingenious instrument 

see L. F. Rumpelverstein, Z. E1ectrotechnischtratishce- 

donnerblitze s, 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 
1 

nubing together a metahesive purwell and a superamitive 

wannelsprocket. 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 largely because of a lack of 

appreciation of the large quasi-piestic stress in the 

sembling studs; the latter were specifically designed to 



hold the tremic pipes to the spanshaft. When. however, it 

was discovered that wending could be preven~el by a simple 

recession of the lipping sockets, almost perfec: running was 

secured. 

The operating point is maintained as near as possible 

to the h.f. rem. peak by constantly fretting the 

anthragenous spandrels. This is a distinct advance on the 

standard nivelsheave in that no additional Lramcock oil is 

required after the phase detractors have reniis.scd. 

Undoubtedly, the Turbo-Encabulator has r,ov reached ' E 

very high level of technical development. It has been shown ' 

that it may successfully be used for encabula.ting 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. 

* ~ a s e &  on a lecture delivered to Physics 1 by P.G. Bamberg, 

Jr., Harvard University, Cambridge, Massachusetts, 1974. 
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Calorimet'er and hodosco?e subtrigger combinations 

resulting in a full dimuon trigger. Cluster 1 includes 

calorimeter counters in modules 1 and 2, clust~r 2  includes 

mod~les 2  and 3 ,  etc. a s  described in the text. Hodoscope 

group 1 includes trig~er banks 1, 2 ,  and 3,  placed after 

modules 4 ,  6 ,  and 8 ,  group 2  includes trigger banks 2 ,  3, 

an& 4  after modules 6 ,  8,'10, etc. 

Calorimeter cluster 
with sub~rigger 

land any others downstream) 
[and any others downstream) 
(and any others dounstreaa) 

4  (and any others downstream) 
5 [and 6  iE present) ,, 

6  

Required hodcscope groups 
with subtrigger 

any of 1-6 
any of 2 - 6  
any of 3 - 6  
any of 4 - 6  
5 or 6  
6  

, . .  . 

TABLE 2  

Mean values of six reconstructed kinematic quantities 

for data before background subtraction, for charm Monte 

Carlo,, and fort, K-decay Monte Carlo. A11 events have 

E(daughter,u) > 15 GeV, 3 7  75 GeV, and satisfy the standard 

analysis cuts described in chapter 111. Stztistical errors 

are shown. 

Reconstructed kinematic 
quantity 

a. 
Geometric mean Q 
(~eV/c)% 

<Dau hter ,LL energy) 
( G ~ V ?  

<Missing energy > 
(GeV) 

Data Mon.te Carlo 
Charm -rT, K 



TABLE 3 TABLE 4. .  

Effects of charmed quark fragmentation on daughter 

energy and acceptance. To increase censj:ivit.~ to the 

choice of fragmentation function D(Z)~ mean daughter 

energies are shown'for ~ G F  Monte Carlo zvents wit11 150 

GeV. 

Subtracted data 28.20 + 0.20 - 

R e k t  ive 
a.cce~.t ante: 

The Q' dependenre of the' virtual photoproduction cross 

section for charm. ResuLts are presented"f0r two values of 

average 3. Errors are statistical. 

I .  

O ; F ~  ( d , , ~  -' ctx) (nbl 
./d?=lOO GeV 4$)=178 GeV 



TABLE 5 TABLE 6 

The 9 dependence of the virtual photoproduction cross 
a 

section for charm in the r ~ n g e  . 3 2  ( Q= < 1 ;8 (GeV/c) . The 

first error shown is statiszical, the second systematic. 

The Q= dependence of the charm structure function F,(cE) for 

two values of average 3. The first error shown is statistical, 

the second systematic. 

Q= F,(cl.I 
(cev/cIa (v)=100 GeV <$> =l?8 GeV 



TABLE 7 

J 2 
C a l c u l a t e d  1 0  d  F, / d  I n  Q a t  f i x e d  B j o r k e n  x. v s .  \, 

( t o p . ) ,  Q= ( l e f t  m a r g i n ) ,  and i ( d i a g o n a l s ,  r ' ighr .  m a r g i n ) .  

F o r  e a c h  Q ~ - V  c o m b i n a t i o n ,  two v a l u e s  a r e  shcvr.. .The  b0ttc.m 

v a l u e  i s  f i t  t o  t h e  s t r u c t u r e  f u n c t i o n  F, fox  muon-nuc lecn  

s c a t t e r i n g  ( R e f .  2 0 ) .  The t o p .  v a l u e  is t h e  c o n ~ r i b u t ' ; = - n  

F,(cE) t o  F, f rom d i f f r a c t i v e  muoproduct ior .  o f - b o u n d  and 
. . . ., - 

unbound charmed qua ' rhs .  

&. . . > .. .' .:: . - '  
. "  : ,  . . . . H p , .. -: . . . . ... . - f ,! . . 

. . w . . .  1 . r .  . 
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Figure 2. - -  Models for charmed ;' pirticle production. 

(a) charmed sea production; (b) vector-meson dominance 
,.. . .. 

production; (c) virtual photon-gluoh-fusion pr,oduction. 

, .  . , . ' lc I . r .' 

charm 

X 



F i g u r e  3 . - -  The N 1  beam l i n e  , a t .  Fermi la l i .  Nor th  i s  

t o w a r d s  t h e  bo t tom of t h e  . p a g e  and w e s t  i s  towards  t h e  

r i g h t .  ~ a g n e t s  , D l  and 4 2  a r e  i n  e n c l o s u r e  1 0 0 ,  Q 3 . s  and D2 i n  

e n c l o s u r e  1 0 1 ,  and D3 i n  e n c l o s u r e  1 0 2 .  44 i; i n  e n c l o s u r e  

103  a n d  D4 i s  i n  e n c l o s u r e  1 0 4 .  
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Bec-m Lcborotory 

Figure 3 .  
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Figur'e '5 .' 

serving also as target and hadron absorber, reaches 19.7 

,.kGfiuss. within a. 1 . 8 ~ 1 ~ 1 6  m3 fiducial volume. Over the 

cent.ral 1 . 4 ~ 1 ~ 1 6  m3, the nagne'tic field is 'unifoim to 3 %  and ' 

mapped to.0..2%. Eighteen pairs of multiwire proportional 
. . 

(MWPC) an'd drift chambers (DC), fully sensitive over 1 . 8 ~ 1  

a m ,  ,, determine muon mokentc typically ..to 8%. The MWPC's 

register co3rdinates at '30' and 90' to the bend direction by 

mear.scof 9.2 inch =athdde 'strip;.. Banks of trigger 

scir:tillators S t  S ) c ~ c c u p ~  8 ,of 18 magnet modules. 

Interleaved with the 4-inch thick magnet plates in modules 

1-15 are 75 calorimeter sclntillators resolving hadron 

MULTI- MUON SPECTROMETER 

- - The ,Mul~jmuon. Spectrometer. The magnet, 

energy E with rms uncertaintr 1.5~"' (GeV). ~ o t  shown s,-,, in modules 4,618110112,141 161 l8 
upstream of module 1 are one MWPC. .and DC, 63 beam PC + DC in 1-18 5C in 7-15 
scirtillators, 8 beam MWPC's, and 94 scintillators sensitive 

to iccidental beam and halo muons. XBL 795- 151 



F i g u r e  6 .  - -  One module i n  t h e  muon ~ ~ e c t ' r o m e t e r .  

.- . - 
II. II II 11 I - - j L--- 

1 CONCRETE BASE ' 1 



Figure 7 . - - . A  trigger hodoscope. Counters S, , S,, S,, , 

and S ,  are "paddles,;!' - -  2 0 . 7 5  inches wide and 23 . ,8  inches 

high. .Counters S,-S,, are'"staves." S3 and S,, are 41.5 
. . 

inches wice and 5 . 9 8  inches high while S4-Sq a r e  4 1 . 5  inches 

wide and 1 . 5 5  inches high. 
. ,  . 

Dr i f t  chamber, 

Aluminum support plate 

XBL 795- 1602 

Figure  7 .  



Figure 8.-- Calorimeter subtrigger patterns f c r  dinuon 

events. (a) cluster grouping ?f counters; (b) exaqples of 
. . 

subtriggers. Pulse heights in at least f i ~ e  :E ten 

scintiilators in a cluster must exceed. a .threshold Eor :hat 

cluster to satisfy a calorimeter subtrigger. 
. . 

. . . . 

' 
15 16 Module 

B I 

I 
, , Calorimeter 

14 . . cluster 
. . 

( bl 
I 2 3 4 Module 

C 

L .  I .  

' Clusters 1 ond 2 sotisfy subtrigger 

Module 

- 
a 

Cluster lsalisfies subtrigger 

Figure 8. 



Figure 9.-- Trigger hodoscope subtrigger patterns for 

dim.~on events: ( a )  typical subtrigger; (b) other possible 

com.3inations of hits in the third hodoscope. 

3.Two 
odjac 

. . . . 

ves 

non- 
ent stoves 

B I .  Two stoves 

Three counters Two counters, including 
struck one poddle, struck 

Figure 9. 



. . 

Figure l o . - -  Calorimeter ' subtrigger probability 

v s .  shower energy. 

Figure 10. 



Figure .11. - -  Multiwire proportioaal : chamber 

cen~er-finding electronics. 

MWPC Cathode amplifiers d 

XBL 735-1599 

F igure  11. 



Figure 12.-- A drift chamber cell anC pxampljfier. 

The cathode wire spacing is 1/12 inch an& the sepaxation 
. . 

between cathode planes is 1/4 inch. The full . ~ i3 th ,  03 the 

drift cell is ' 3/4 inch. In the circu'it, each stcge is 

one-thi'rd of a 10116 ECL triple line receiver. Eo,t,shown in 

the circuit diagram are "pull-&own" resistcrs connecting 

both outputs from each stage to -5V. 

+k750 V 
" Sense W.ire - 1600V  

balanced 
ribbon 
cable 

Figure 12 .  



Figure 13.--'~o~ical"flow in the track-fitting program. 
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F igu re  13. 



i .  ., . .. . . . . 

Figure 14. - -  cE p'air mass. in the , photon-gluon-fusion . , 
model 

4 5 E 7 8 7 9  10 I I no ( G e V / c L )  

F i g u r e  14. 



Figure IS.-- Momertum transEer-squared in the 

photcn-gluon-fusion model., (a) All events generated; ( b )  

Events satisfying tie dimubn trigger. 

q2 (GeVjc) 2 

Figure 15. 



Figure 16.-- Hadronic shower e m r g y  in the 

photon-gluon-fusion model. (a) All events generated; (b) 

Events satisfying the dimuon trigger. 

Figure 16. 



Figure 17.-- Daughter muon energy in the 

photon-gluon-fusion model: (a) all events generated; (b) 

events satisfying the 6imuon trigger 

Edaugh te r  v ( GeV 

F i g u r e  17. 



F i g u r e  1 8 . - -  Energy  l o s t  by t h e  b e a x  muon i x  t h e  - 

p h - o t o n - g l u o n - f u s i o n  model .  ( a )  A11 e v e n t s  ~ e r ~ e r a t e ' d ;  ( b )  

E v e n t s  s a t i s f y i n g  t h e  dimuon- t r i g g e r .  
. . 

Figure 18. 



Figure 19.-- Distribution of interaction vertices in 

slabs in a module for shower M m t e  Carlo events. 

s l a b  

Figure 19. 



Figure 20.-- Distance from vertex to meson cec.ay point 

for shower Monte Carlo events. . 

neson f l i g h t  bath (cm) 

Figure 3. 



Figure 21.-- Probability vs. shower energy for a 

shower to yield a aecay muon wi:h more than 9 GeV of energy. 



F i g u r e  2 2 . ' - -  C h a r g e d  m u l t i p l i c i t y  i n  s i c u l a e e d  s h o w e r s  

f 0 r 7 i ' ,  K mesons w i t h  more t h a n  5 GeV of e n e r g y .  

Cherg~d ml t i p l i c i t y  

F i g u r e  22. 



Figure 23.-- Number of meson generations between 

virtual photon-nucleon interaction and decay muon in 

simulated showers. 

Number of meson generations 

Figure 23. 



Figure 24.-- 

simulated showers. 

Decay probability for flq s and. 

Decay ~ r o b a b i l i  ty P 

Figure 24. 



Figure 25. - -  Energy lost by the beam muon in simulated 

inelastic collisions., 

v (GeV) 

Figure 25. 



F i g w e  26.-- Momentum transfer-squared 

muon-nucleon inelastic collisions. 

Q~ ( ~ e ~ / c ) ~  

F igure  26. 



Figure 27.-- Feynman x for prin.ary shower mesons with 

more than 5 Gev of energy In simulated showers. 

X ~ '  

Figure 27.  



Figure 28.-- p a  distributions for prinzry .shower 
T 

mesons with more than 5 GeV of energy in sirulated s h w s r s .  



.Figure 29.-- Feynman x distributions for all secondary 

mesons before imposing energy conservation in simulated 

showers. 

0. so 

F' 

Figure 29. 



Figure 30.-- pa distributions for all secondary eesons 
T 

before imposing energy conservation in simulated showers. 

F i g c r e  30. 



Figure 31.-- Energy oE hadrons which decay in simulated 

Figure 31 



F i g u r e  3 2 . - -  Muon momentum a l o n g  z axis  f c r  decay muon 

from s i m u l a t e d  showers .  

Figure 32. 



Figure 2 3 . - -  Energy of produced muons for simulated 

shower events satisfying the dimuon trigger. 

E,, .(GeV) 

Figure 33. 



Figure 34.-- Momentum perpendicular to the virtual 

photon for produced muons at the decay point in simulated 

shower events satisfying the dimuon trigger. 



Figure 35.-- Neutrino energy for simalated shower 

events satisfying the dimgon trigger. 

F i g u r e  35 



Figure 36.-- Feynman diagrams for nuon trident . 
5i; 

production calculated by Barger, Keung, and ~ h i l i i ~ s .  ( a )  

Bethe-Heitler production; (b) Muon bremsstrzhlung; (c) 

Target bremsstrahlung. 



Figure 37.-- Distribctions in daughter muon energy for 

background- subtracted data, charm Monte Carlo, a n d c ,  

K-decay Monte Carlo. The ordinate represents e-jents per bin 

with acceptance not unfolded. The inverted histogram shows 

the simulated r i ,  K-decay background, normalizzd to the beam 

flux. The upright histogram represents backgrolnd- 

subtracted data. Errors are statistical. The curve, 

normalized to the data after analysis cuts, is the 

photon-gluon-fusion charm calculation. Events satisfy 

standard cuts described in the text except they have 9 7  150 

GeV.; The unusual b' .cut i~creasi?s the sensi ti-rity of the 

predictions of the Monte Carlo simulation to assumptioni 

about charmed' qu,ark fragmentation. The ho~izontal bar 

indicates typical resolution. 

DAUGHTER p. ENERGY (GeV) 

Figure 37 



Figure 38. - -  Reconstructed vertex distributis~n for 

background- subtracted data and charm Monce Z a ~ l o .  Monte 

Carlo events were generated only in the upszreaa -8ilC cm of 

the detector. (a) The histogram shows sub:rzcted da.:a with 

Monte Carlo superimposed as x's; (b) The histo-grarr shows 

Monte Carlo with subtracted data superimposed as x's. 

' v e r t e x  (cm) 

l COO 

' v e r t e x  (cm) 

F i g u r e  38. 



Figure 3 9 . - - .  Distribc.tions in daughter muon momentum 

perpendicular to the virtual photon for background- 

subtracted data, charm  MOT-^^ Carlo, and If, E-decay Monte 

CarPo. Tie ordinate represents events per bin with 

acceptance ~ o t  unfolded. The inverted histogran shows the 

simclated f , K-decay b~ckg.round, normalizes to the beam 

flur. The upright histogram represents background- 

subtracted data. Errors are statistical. The curve, 

norlralized' to the data after analysis cuts, is the 

photon-gluox-fusion charm calculation. Events satisfy 

stardard cuts deicribed i ~ .  the text. The horizontal bar 

indicates typical resc.lutjon. 

P (DAUGHTER I TOy, (%eV/C I 
XBL802-381 

Figure  39. 



Figure 40.-- Distributions in energy transfer for 

background- subtracted data, charm Monte Caxlo, and a, 

K-decay Monte Carlo. The ordinate represents everts p=r bin 

with acceptance not unfolded. The inverted histcgran shows 

the simulated W ,  K-decay background, normalized tc the beam 

flux. The upright histogram represents tackgrodnd- 

subtracted data. Errors are statistical. The solid rurve, 

normalized to the data after analysis cuts, is the ptoton- 

gluon- fusion charm calculation. The dasfced curve 

represents an alternative model in which 15 parIs are 

produce6 with a hard fragmentation f-mc-ion ar!d a 

probability independent of d .  Events satisfy stzndard cuts 

described in the text except that no 3 cut is iuposed. The 

horizontal bar indicates typical resolution. 



Figure 41.-- Distributions in momentum transfer-squared 

for background- subtracted data, charm Monte Carlo, and r, 
K-decay Monte Carlo. The ordinate represents events per bin 

with acceptance not unfolded. The inverted histogram shows 

the simulated f l ,  K-decay background, normalized to the beam 

f lcx. The uprigkLt histogram represents backgro3nd- 

subtracted data. Errors are statistical. The curve, 

normalized to the data after analysis cuts, is the photon- 

glcon- fusion charm calculation. Events satisfy standard 

cuts described in the text. The horizontal bars indicate 

typical resolution. 

Fi'gure 41. 

\ 



Figure 42.-- Distributions in missing Cneutrino) energy 

for background- subtracted data, charm Moxte Z a ~ l c ,  and 

K-decay Monte Carlo. The ordinate represer.ts eJents per bin 

with acceptance not unfolded. The inverte.d histogran shows 

the simulated X ,  K-decay background, normalrz~d to the beam 

flux. The upright histogram reprezents backpound- 

subtracted data. Errors are statisticzl. 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 horizor-tam 3a1 indicates 

typical rms resolution. The arrow indicates t1e shift in 

the centroid of the data caused by a zi.51 zhange in the 

calorimeter .calibration. 

MISSING ENERGY (GeV ) 



F i g u r e  4 3 . - -  D i j t r i b u t i c n n s  i n  i n s l a s t i c i t y  f o r  

b a c k g r o u n d -  s u b t r a c t e d  d a t a ,  cha rm Monte- C a r l o ,  a n d  f ,  

K - d e c a y  Monte  C a r l o .  T:>e o r d i n a t e  r e p r e s e n t s  e v e n t s  p e r  b i n  

w i t h  a c c e p t a n c e  n o t  u n f o l d e d .  The i n v e r t e d  h i s t o g r a m  shows 

t h e  s i m u l a t e d  -il, K - d e c ~ : f  backgrc .und ,  n o r m a l i z e d  t o  t h e  beam 

f l u x .  'The u p r i g h t  h i s t o g r z m  r e p r e s e n t s  b a c k g r o u n d -  

s u b t r a c t e d  d a t a .  E r r o r s  2 r e  s t a t i s r i c a l .  The c u r v e ,  

n o r m a l i z e d  t o  t h e  d a t a  a f t e r  a n a l y s i s  c u t s ,  i s  t h e  p h o t o n -  

g l u o n -  f u s i o n  c h a r m  c a l c u l a t i o n .  E v e n r s  s a t i s f y  s t a n d a r d  

c a t s  d e s c r i b e d  i n  t h e  t e x t .  

0.5 0.6 0.7 0.8 0.3 
INELASTICITY = I - E (DAUGHTERp)/v 

XBL 802- 379 
- 

Figure 43. 



F i g u r e  4 4 . - -  F l u x  of  t r a n s v e r s e l y  p o l a r i z e d  v i r t u a l  

p h o t o n s  accompanying a  209 GeV muon. The f l u x  i s  i n  u n i t s  

of  ca G ~ v - '  and r e p r e s e n t s  t h e  number of p h o t o n s  p e r  u n i t  

i n t e r v a l  of  Q~ and 9 .  Shown i n  t h e  f i g u r e  i s  ca t i m z s  t h e  

f l u x .  

q2 ( ~ e ~ l c ) '  

F igure  54. 



Figure 45.-- Virtual photon polarization E .  The muon 

beam energy is 209 GeV. 
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Figure 45. 



Figure 46. - - r L / U T  in the photon-gluon- f   don model. 

U'L (67) is the probability for a .l>ngitu?inally 

(transversely) polarized virtual photon to produce charm . 

through the reaction ~ N J  cZX. 

> ,  ' " " ' I  I I 1 1 , , 1 1 ,  I . I .  . I I  

10-1 ]I 10 !02 

Figure 46. 



Figure 47.-- € R  in the photon-gluon-fusio.3 model. R is 

crL /$, ; E .  is. the virtual photon polarization (see figures 45 

a n d  46). 

Figure 47.  



Figure 48.-- Diffractive charm photoprociction cross 

sections. Parts (a) and (b) show the extrapcdztion of the 

effective cross section to Q==O at V =  (a) 176 asd ( b )  100 

GeV. Errors are statistical. The solid curves are fits ro 

O ( o ,  (l+~~/h')-', withA= (a) 3.3 and (b) 2.9 GsVic; the 

arrows labeled "NOM" exhibit ( ~ ( 0 ) .  Systematic srrors'are 

parametrized by (1) decreasing, (2) increasing 5y 50% the 

subtracted fl , K-decay background, and by recalculating 

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

described in the text. The effects on cCo\ are indicated by 

the numbered arrows and the effects on A are i~dicated by 

the dashed curves, normalized to the same CT(c+. Horizontal 

bars show typical rms resolution. 

XBL 803- 384 

Figure 4'8. 
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~ i ~ u ; e  50. - -  Energy-dependence of the effective cross 

section for diffractive charm photop:o3uction. For . -  

0.32(~~<1.8(~e~/c)~, Cc@ varies with Qa by 1 ?GI. Errors 

are statistical. The solid curve exhibits :Re c-tependence 

of the photon-gluon-fusion model with the "cocnting-ruleu 
r 

gluon 3; distributiin 3(l-%) I ? ,  and represertr the data 

with 13% conf iience. Other gluon:distri.,ut icn choices 
5 

(1- / x  and "broad glue" (1-x,, ) (13.5+1 .17/:<s) (Ref. 1 7 )  "9 s y  
are indicated by dashed curves. The dashed :ur.JE labeled BN 

is the phenomenological parametrization of Xef. 6 6 ,  and the 

dashed horizontal line represents energy-irdependence. 

Curves are, normalized to the data. The shadd 5znc exhibits 

the range of : changes in shape allowed by 2.ystematic 

uncertainies. For visual clarity it is dr,awx relative to 

the solid curve. Data below-9 =75 GeV are excluded from 

further analysis. 



a 
Figure 51.-- Q de7endence of the st&cture function 

Fa(cc) for diffractive charm muoproduction. At'each of the 

two avera.ge photon energies, each curve is n~rmalized to the 

data. Errors are statistical. The solid (short dashed) 

carves labeled mc=1.5 ( 1 . 2 )  exhibit the photon-gluon-fusion 

model . prediction with a :harmed quark mass of 1.5 ('1.2) 
a GeV/c . Solid curves labeled +DM, correspond to a 

+-dominance propagator, an3 long-dashed cJrves labeled BN 

represent'the model of Ref. 56. Shown at th.2 top is a fit 

adapted from Ref. 20 to the inclusive strucLure function Fk 

for isospin-0 muon-nucleon szattering. The jhape variations 

aLlowed by systematic errors are represent5d by the shaded 

bands. 

F i g u r e  51. ~ 6 ~ 6 0 3 -  182 
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