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Abstract 
r 

" ,11./ 

,1 

The cros~ S'e"'ct ions for muon pair pr:oduction ln antlproton-nucleus and 

" pion-nucleus collisions have been measured using a 125 GeV le bearrf lncldent 

l on a tungsten target. Both cross sections agree weIl wi th data scaled from 
J~ .~ 

other beam energies. The m~asured cross sectlOn. for antiproton produced 

pairs i8 a factor of K 2.45 larger than the predictlons of, ,the Drell-Yan 

model using ,structuré funétions measur,ed by deep inelastlc lepton_ scattering 

experiments-.' 

," 

The Drell-Yan formula has \:)~en inverted and the antiprot?f1 and pion 
, 1,' 

valence structure functions have been extracted trom the c1ata. ' ,The shape of 
, " 

the antiproton structure function agrees well Wl th the shape of, tpe proton 
) 

structure function measured by deep lnelastic scattering experiments. The 

shape and magni tude of both the antiproton and the p\?n structure 

agree weIl wlth measuremehts made by other muon palr. eitpenments • 
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Sommaili'è 

. 
'f 

Les sectlons effica~s de productions de Q;airs de muons dans ~es 
. , 
coll isions antiproton-noyau et pi-on-noyau ont été mesurées au moYe:n d'un 

• faisceau dE!' 1..25 GeV/c f.ocalisé sur une éible de tung'3tènE~< Ces deux sections, 
;-

efficaces sont en bon a~cord avec d'autres données, apres -correction pçur la 
. . 

difference d'énergie incidente. 
~ ... ("'f" " 

La section efficace déduite! d-e nos données, 

pour la réaction antiproton-noy,au, est un facteur K=2.45 plus grand-e que 

celle prédlte par le modèle de Dr,el.l-Yan, utitllsant les fonctions de 
, 

structure mesurées dans les 
. "... . . 

experienc~s de diffus 10ns ll'}élastiques ,protondes 

lepton-noyau. 

La formule de Drell-Yan a été" inversée et les fonctiofls de structure 

"de valence" de' l'antiproton e,t du pion ont été' extrai tes de nos données. La 

forme de la fonctlOn de structure de l'antiprot0l'\ ,est slmllalre à celle du 

proton, mesurée dans les exp~ri~nces de diZfuslC>ns lnelastlques profondes. 

La forme -et l'amplitude des fonctions de structure de l'antlproton et du, 

pion sont en bonne accord avec celles dédui tes d'autres mesures. 
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The resul ts obtalned by the E537 CO;!.laborat10n represent the best 
1 J . 

measùrement to date of ~ut pair productIon in antiproton-nucleon 

a \~OOd test of the Drell-Ya-n model. My 

tJ:l~ ~ollaboratlOn included: 

collisions, and alil such, are 
, 

contn butions to the work of 

\ 

1. the testing' and Installati<;>n of one of the drift chambers; 

2. 
\. 

testing and maintenance of the drift chamber electrOnics system; 
.-

'3. maintenance of the onl ine software in cooperation with 

Carl Akerlof, Serg~o Conetti, and Dave Nit'i j 

4. the development of the vertex reconstruction programme in 

-
coopera~ion wi th Morris BlnkleYi, \ , 

Carlo simulat ion 
\\, ". 

5. the development of tJ:le Monte pN'gramll!ei \ 

'-
\ 

\ 
6~ the developmen t of the maximum l1kelihood fitting programme] \ 

/" 

~ 

7. the extractio-a .~f .' .. ~ ~ , the stucture functibns from the data; and 
1 \ ~-

"" 

8. participation in the runw.ng and general operation, of the 

experiment. 
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Modern hlgh energy physics experi\lI1ents 

.-

of 

\ -
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\ 

, 

the W'ork of 

, \r many peOPI:.. In addition to w~r~ by \e memb ~ of the 9011aboration, 'the 

succes.sful completion of Experiment ~3\ owes 

operators, the crew chi,~fS, the bearv 1,~\~Up~~r 

online computer maintenance pe~.sonnel, the~~~nframe 

Computing Department consultants, and the librari 
o /" J1 \ 

. Fermllab and the participating urü versi ties. This 

eXh~U~ive. ~he experimeQ~ ~ad ex~e;lent \ t"echnical 

Fermila\ Physics Department, notably, Garvle Hale, Karen 

Tren;lag
\ " 

to 

Among the members of the collaboration, Bob Wagner 

the accè1erator 

riggers, the 

the 

among others, at 

by no means 

from the 

and Don 

, ,special 

thanks for the endless hours and the attention to detail that he de qted to 

the experiment. l also want to thank my advisior, Dave Ryan" for hi sadvice 

and guidance, for hlS careful reading of thlS thesls, and for looking out(1, 

for my best lnterests over the course of five years. Among the many people 

l h~d a chance to work wlth close1y OYer ,the course<,of the experiment, l 

would\ 1ike to particularly thank Hari Areti, Morris Binklen Sergio. Conetti,. 
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CHAPTER 

Introduction 
; 

, , 

The production of pairs of muons in the collisions of sub-atomi~ 

.\ 

particles has been ~xtensively stu(ied.Since the Original, observ~tion of a 

signlficant signal at Brookhaven in 1\70[ 1]. This process provldes \1$-"''- wi th 

a new tool to study the fundamental con~tltuents of nature and their 

Inyeract1ons. 

Historio\ally the bulk of our knowledge about the.fundamental structùre 

of matter has come from the scattering of elementary particles or the st~dy 

of the bound states that they form. The scatter~ng of 0. particles from'''gold 

foUs 'in the early 1900'5 led Rutherford, Gt!iger an~f-Marsden[2] to propose a ' 
~ 

plcture of the atom as composed of a heavy charged nucleus surrounded by a 

cloud of orbiting electrons. 
~ 

Problems assoclated with the classl~al 

d~scrlption of the hydrogen atom' provlded much of the impetus for the 

subsequent development of quantum mechanics. The d15covery of the neutron 

---~-----------..-..----..... ,-­
" 

____ L 
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in .1932 by Chadwick[3][4] allo"wed all known matter to be ,,:1escribed as bound 

states of the three fundamental particles known at that time, the electron, 

the proton and the neutron. 
\ 
t(~, 

-"_,.;'-Wi th the development of t-he it became apparent that 

sufficieijtl~ energetic_collisions were able to create more new particles and 

antipart~cles in inelastic collislons. By the end of the 1950'5 hundreds of 
.... 

previously unknown particles had been d±'scovered, calling into question the 

v~ry concept of a fundamental particle. At the same time elastic scattering 

expe-li'iments at Stanford[5] using high energy eleOctrons demon:s-t'rated that the,.. 

proton and the neutron were not pOint-l,ike particle_s, but had a finite size, 

leading oto speculat iori that they themselves might· be composite. The 

proliferating numbers of sub-atomic pa~cles took on a pattern if lt was 

assumed that they were, in fact, bound states of .fra~tionally charged l,~, , 

constituents named quarks. The quark model, as proposed lndependently by 

Gell-Mann[6] and Zweig[7] ln 1964, did not identify the quarks with physical 

Objects but rather used them more as a bookeeping device. The experimental 

state of the art at the time, while able to show th~t the nucleon was not a 
B 

point-like abject, was not able distinguish any substructure withln. 

Subsequent inelastic electron scattering experiments at Stanford Linear 

Accelerator (SLAC) ln the late 1960'5 and eariy 1970'8 were able to resolve , 
internaI substructure. The pa~tern,of scattered'<electrons was consistent 

with a plcture in which the nucleon was a bound state of fractionally 

charged pOint-like constituents, whlch were called partons. 

The picture that emerged is shown schematically in the Feynman diagrams 

of Figure 1. The diagrams provide a graphi~ representation of the 

mathematical description of the interactions of charged particles ln 

. , 
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Figure 1 - Deep Inelastic Scatterlng l . '",-

The top diagram shows the Feynman diagram for electron~electron scattering. 
Electrons are represented by single lines. The process IS'well described by 
QED ln terms of the exchange of a single ~hoton (wavy lIne). The mlddle 
diagram shows the general case of Inclusive lnelastlc electron-nucleon 
scattering. The state X represents any possible fInal state. The interaction 
of'the photon with the nucleon ls unknown (as shown by the bubble at the 
photon-nucleon vertex). The bottom diagram shows the parton model plcture of 
inclusive inelastic electron-nucleon ~catteri~g. Here the nucleon is. 
represented as a sum of fr.ee constituents, repres~nted as three SIngle 
lines. The interactlon of the photon with the constitiuents is given by QED 
ln direct analogy with electron-electron scattering. Interactions between 
Othe constituants ~n the final state are 19nored. 
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space-time. The horizontal direction represents the'time dimension, while 
-, 

the vertical direction #represents,.the three spatlal dlmensions. Figure la 

,shows the descrlption of the scattering of two electrons using Q~antvm 
\ ~ 

Electrodynamics or QED. The pOint-like electrons are described as quantum 
t 

~echanical waves and are represented by single 1ines. The interaction 

between the electrons is descrlbed by the exchange of a photon, as 
• 

represented by the wavy 1 1n,e. Figure lb shows the general case of 

,electron-proton scattering. Because the electron cannot interact strongly, 

the electron part of the interaction Is glven comp1etely by QED in tenns of 

a point interaction with a photon. The proton, on the other,hand, is not a 
,j) 

pOint-like particle, ~nd· i~s interaction, with the photon, shown as a bubble 

at the vertex in Figure lb, is not known. In the picture of the proton that 

emerged from the SLAC results, the • proton 
1 

was represented 
'7 

by a sum of 

fractiona1ly'charged point-like constituents rep~jS~nted by the single lines 

of Figure le. 
t~ 

The interaction of the photon with the proton lS now given by 

the sum of aIl possible Interactions of the photon with the individual 

constituents, in direct anal9gy with the QED description of 

electron-electron scattering. The identIfIcation of the constituents with , 
,.,. 
proved so which had successful classification of the 

. sub-atomic resonances paved the way for the emergence of what many feel to 
~ \ 

be the>first viable theory of strong Interactions, Quantum Cfiromodynamics or 

QCD[B][9J. 

It was" against this bàckground that a Brook 

collaboration at Brookhaven[l], while searchlng for the W boson in 

proton-uranium COlliSiOn], noticed an anamalously high background of 

Oppositely charged muon p~lrs. As in the case of deep Inelastic electron 

scattering this phenomenon found an explanation in tefms of the partdn 

_ ""_.~ __ ...... ,..; .... _.>, .. ~; ___ "",-,_" .. __ ,,",,_ .. ,,..-. "1"~ 
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Figure 2 - Muon Pair Productlon 
" 

The top Feynlnan dlagram represents electron-positron annihilat ion. The 
process is weIl described by QED in terms of'thé creation' and decay of a 
single photon (shown as a wavy 11ne). The mlddle diagram shows the general 
case of inclusive muon pair production. The bottom diigr~m shows the parton 

, 

model picture of muon pair production. The proton and the nucleon are ~. 

treated as sums of free constituents, and the cross sect10n for the 
production of a massive photon is given by the sum of the cross sections for 
the annihllation of the constituents. 

; , 
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, 
model, as ~ shawn in the Feynman diagrams of Figure~. Figure 2a repre8énts 

" the annihllation of an electron-positron pai,l-!....t.o ,create a pair of muons. As 

'before, the point:like electrons 
• 

a~d muons are ~escribed by quantum 
~ -

mechanical waves '; repre,sented by 
--~~ \ 

single llnes in the diagram" and the 
\ '-

interaction ls weIl described if It is assumed that it i8 mediated by a 

single photon. The general case of the interaction of a proton and â 
\ 
\ 

nucleon,with the ass~ciated production of a pair of muons is shown in 

" Figure 2b. The unknown 
~ - interaction between the proton and a nucleon ls 

shown as a bubble at t~e proton-nucleon vertex. Because muons do not 

interact strongly, the~proce8s must be dominantly electromagnetlc, as shown 

by the photon leavlng the bubble and subseqently decaying to give two muons. 
h 

In the parton model description of this process, as shown in Figure 2c, an 

anal ogy is drawn with the QED description of electron-positron anninilation, 
1 

in the same way that an anal ogy was drawn between electron-electron 

scattering and inelastic electron-nucleon scattering. A constituent of the 

proton annihilates with a constltuent of the nucleon ta create an 

intermed'1ate photon which subsequently decays into two muons. If the motion ,J 

of the constituents inside the hadron is known, either from the solution of 
"' 

bound state wave equations, or from 'expérimental' measurements as in deep 

inelastic scattering, then the parton model glves explicit ~redictions for 

both the magnitude and shape of the spectrum of ,muon pairs. If the 

structure of the hadron is not known, as in the case of the pion, the 
,'l..,'. " 

inversion of the parton model expression for the oross section allows the 

motion of the conati tuents to be determined from the measured d,tstributions\. 
1 

" 

This thesis,presents the results of a measurment of the production of 

muon pairs 1 in the collisions of 125 GeV/c antiprotons ànd pions wi th a 

, -, 

, 
" 
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, 
tungsten target. Ant1proton-nucleon muon pair produ~ion is the best 

~ \ 

channel in whlch to compare experiment and theory, since this process ls 

domin~ted by the annihilation of the constituents whose behaviour is \most 

easily 
~ 

méasured in inelastic scattering. The difficulties associated .~ith 
\ 

producing a beam of antipr,otons of suff icient wtensi ty have inhibi ted ,\ the ... 

• tudy of thi. proce .. to da);e. A 'previcua .. periment at CERN(lO] waa '\~le<' 
to achieve a compa~able sample of muon pairs using a 150 GeV/c p'ion beam 

, 
with a small'antiproton GDmPonent ( ~ 2,percent). The high rates necessary 

to obtain .this sample resulted in a large ,( .. 25 percent) contamination of 

pion pro~uced pairs, givlng large systematic -errors. Many experlments, 

however, have examlned muon palrs produced by pions. The comparison of our 

pion cross sections with those of other experiments at different energ1es 

provides ~oth a test of the scaling predictions of the parton mOdel, and a 

valuable cross-check on the antiproton results. 
'\ . , 

The parton model and some ?f lts implications for this experiment are 
'-

; .. 
discussed in the next chaptel". The cOr'r'ect1'ons required by perturbatl ve QCD 

are also discussed. Subsequent thapters discuss the beam and the apparats, 

the reconstruction of the kinematics of the muon pairs, the computer , 

simulation of the apparatus, and the extraction of the cross sectlons and 
" 

kinematic distributions. The final chapter presents our results and 

k1nematlc distributions and compares them to the parton mOdel, lead1ng order 

QCD c'alculations. and other exper1ments~ The parton model is also used to ' , 

extract the structure funct10ns of the antiproton and the p1Gn 'from the 

data. 

-------- ----------------~-------

, . 

-



\ 
\ 

In the parton model, hadrons are treated as if they were ju~t the sum 

of .their consti tuents. The ampli tude for electromagnetic interactions' wi th 

hadrons . is taken to be the incoherent sum of the ampl i tudes for 

electromagnetic interactions with the consti~~ents. Interactlons between 

the constltuents and coherent ~ffects a~e ignored. The c~oss section for 

inelastic scattering of a lepton from a hadron is given y the sum of the 

cross sections for the elastic scattering from the constitue ts welghteœ by 

structure f~nctions de~cr{bjng the motion of the cons~ituents ln~ide of the 

The structure functions can be ~imply interpreted as the densi ty of 

momentum' carried by constrtuents wi th a fraction x 'of the' monfentum of the 

parent hadron. 

(1 

In the parton model p~cture of muon pair production in hadron-hadron 

collisions first proposed by DreIl and Yan[11][12] and conventionally 

-----,------------------.,..,..,---------- " ------ ~----

.. 
~ 

1
, 
f , 
-, . -, 
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~------ -----------------------------
referred ta as the Drell-Yan model, the cross section is given by the sum of', 

cross s,ections for electranagnetic consti tuent-constl tuent annihilatlon 

a pair of muons welghted by the product of the relevant structure 

functions bf the respectIve-hadrons. The structure functions are taken to 

be characteristic of the hadron rather than the process, so that the 

structure functions measured in inelastic scatte~ing can be used to predict . 
the cross section for muon pair production. 

The parton model 15 orten consldered to be a zeroth order approximation . 
to th'e underlying theory of strong interact ions, currently belleved to be 

\ 
Quantum Chromodynamics (QCD). ,Ih QCD the hadrons àre bound states of 

fractionally charged fermions called quarks. A llst of the quarks and the 

, convention~l asslgnment[13J of quark quantum numbers Is given in Table 1. 

The quarks are also characterlzed by a quantum number conventionally called 

col our • 

gluons 

Interactlon~ between the quarks are mediated by field quanta called 

which also ca~y colour. The ~uarks com~ine to form bound states in 

uch a ,way that the net colour quantum number of any" .<)bservable hadron 1 s 

z 0,. The proton is a bound state of two u quarks and a d quark. The 
< 

antlprOyOn ~s made of two u quark$ and a d quark. 'The neutroij IS a bound 
.. " l 

state of two d quarks and a u quark. 
\ 

The 1T 18 a bound state of a u and a d 

quark. 
') 

"The bound state equations of 9CD should gi ve a complete description of 

the 'motion of the constituents wlthln the hadrons, but a solution of them 

has thus far proved elusive. Flrst order pertubative calculatlons have 

shown that although the size of the corrections to the parton model picture 

are large, the cross sectIon for muon pair productIon can still be factored 

into products of process Independent structure functlons[14]. Questions 

~ - ~--- ---~-- ~--" --~-----_. -
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Table 1 - Quark Quantum Numbers 

-----~r---------------------------------------------------------
Quark' u 1 d 1 5 1 c 1 b 1 t 

--------------------------------------------------------------
1 

Baryon Number 1/3 1/3 1/3 1/3 1/3'-, 1/3 

Charge -1/3 +2/3 -1/3 _" +2/3 -1/3 +2/3 

Isospln Z -1/2 +112 0 0 0 Q 

Strangeness 0 0 -1 0 0 0 

Charm 0 0 0 +1 0 0 

( 
Bottom 0 0 0 0 +1 0 

Top 0 0 0 0 0 

" 
+1 

'\ - ----------------------------------------------------------------

... -. . 

__ 1 
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were ralsed as to whether proofs of factorization could be to all 

orders of perturbatlOn theory[15] but furt'her work[16][17J has that 

the cross section factorizes up to second order (two loop leve 

The production of muon ~airs and the DreIl-Yan model hav~ been reviewed 

extemnvely in the last several years. Lyons[ 18J anti strOynoJski[ 19J reVlew 
i 

the production of both low mass and hi'gh mass muon and 1'lectron palrs, 

including the pSl, ~,and upsllon, T, resonances WhlCh ca decay via thlS 

c!:apnel. Kenyon[20J specifically reVlews Fhe state of the D~ell-Yan model. 
~. 

In addition, conference proceedlngs[21J and workshops[22J provide summarles 

of much of the recent progres,s in the field. 

·2. 1 Drell-,y an Model 
1 

In tl?e parton model plcture, the \ cross section for 
" 

production of 

muon or electron pairs ln hadron-hadron collisions is predicted absolutely 

once the 'structure funct lons of the hadrons are known f~an deep inelas tic 

scattenng. 

and 

The electramagnetlc ~~ 
a positron lnto a palr of ~uons, 

for the anni hll 

15 glven in the extreme relatlvistic limit u5ing QED 

da a 2 

pn = ~ [1+cos 2 eJ 

where 
~ 

a lS the electromagnetic coupling constant, 

of an electron 

wlth Pa and Pb 

belng the four momenta of the electron an positron respectively, 

1 
1000. 
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o 

and 

6 ~is the angle between the e+ - e axis and the + 
)J -)J axis in the· 

oentre of mass frame. 

Integrating over e, the total cross seotion for production- of a pair of 

muqns is 

o .. 

" 

.f Exte.nd·ing these considerations to the case of hadron-~adron collisions, 

the cross section for a point-like spin 1/2 parton of charge e i wi th a 

fraotion x 1 of the momentum P'a of one hadrog to annihilate wi th a 

corresponding antiparton of momentum xzPb in the other hadron and create a 

pair of muons wi th momenta Pl and Pz and an invariant mass of 

is 

,'" 
MZ (Pl+P2)Z = (xIPa+xzPb)Z = x 1 XZs. 

ei is the,parton charge in units of the'electron charge, and 

parton structure functions or 
'> 

density of fractional momentum x, carrled by quarks of type 1. 

the -
The quark structure f,unctions are defined in. terms of the deep inelastic 

neutrino-proton scattering structure f~ncttons as 

~~ Yi [qi+qi] - F~P 

Th used here ar'e related, ti;? the commonly used parton . . 
dist~ibu~;n~ functions 

, \ ' 

momentum ,t) by . 
\ 

(the 

~ 

i~ 

number 

q Structure • xq Distribution· 

'" 

. 
quarks , J with fractional densfty of 

, . 
-~ -------

'0 
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~ 
Summing over all partons in the hadrons, the cross section for muon 

pair product,ion becomes o 

d 2 0 • 41TO ~, -

dx dx = 1.1 é i2q l (x l )qi (x z ) • 
1 2 9sxrx~' , 

The sum' 1ncludes aU parton types and an explici ~ factor of '1/3 has been 

lncluded to take into acco~nt the requirement that the annlhilatin~ quarks 

must h~ve the same' colour quantum number: 

'.-
0' Rather than using Xl and x z , it Is conventional ta expçess the cross 

section in terms of the, equi,'i'alent variables, 

, . 
the invar.iiint mass of the, I11uon pair, and F'eynman x, ,def in'ed a.s, , 

, " 
xF ,;, PL/PLmax' 

the fraction of the maximum longitudinal momentum,possible,ror a muon pair 
, 

in the hadron-hadron centre of mass sy,stem. The invariant mass Of the muon 
, , il 

pair Is often expres,sed in terms of the dimensionl.~ss ra.tio , , 
, , 

, , 
To' a g?od appr,Q..;J.mation (neglecting terms of ord~r MiN'upleon/~)' ,PLmax 'can 

, " J 

be taken to be 

IS· 
.PLma)Ç '" T( 1 - 'Ü.,-, 

Us!-ng th1s approximation, ·Fey'i1Ïllan. x becoI11es 

2PL 
h(l-T) • 

",$ince the muon pa'Ïr ~ay be prpduced wi th ~pprE!ciable 'transv'erse mome~tum 

the intrinsic transverse momentum of ohe quarks cil" hi~he\,order~ 
, , 

effects- 19n~r:'ed by the parton model. -, an addi tlonal kinematic variable 1 s 

necessary to comp!etely specVy the motion of 'the, muon ·pair. The tMrd 
~,~----~ ... _,.. c 

kinematic v~rlable i,S .convêntl0nally tal(e~ tp be ,PT' the component of' the 

muon p~lr;s momentum pel"pendicul~r to the l'Iadron-hadr6n 
, 

axis in the h~dronic 

l' 
centre of mass frame, as given' by 

, , 

, 



( 
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In terms of the variables M and xF, the variables Xl and X 2 become 

JC;.1 .. i[ (XF 2 (1-'r) 2+4,) 1/2+xF ( 1-,)J 

and 
, ..... ~ 

-v 

x 2 = i[(XF 2 (1--r) 2+4,) 1/2_Xi( 1-,) J 
1 , 

and the cross :,ection (integrated. over PT) becomes 

~ 411"cx 2 2-r(1-,) 'i' -
dMdX

F 
= 9M 3 Y' XF

2(1-,)2+4, Li ei Qi(x 1 )Qi(X 2 ) 

, \ 

An ilJlmediate conseÇluence of tl'le parton model apparent frOll! this 

eQuation is that the cross section M' d
2

0 scales, or depends only on M and 'OFfcIXF 
s through thé dimensionless ratio -r. Integrati?S over the sarne xF reg,ion, 

the cross sections M3* and s3l2~ should be functions of only , and not M 

and s separately. Likewise the cross section s·M should be independent of xF 
M and s i~ integrated aver the sarne region in -r, allowlng data at different 

beam energles to be comp~red. 

2.2 Angular Variables 

,c 

The variables M, xF and PT- completely specify the motion of the rest 

frame of the muqn pair with the exception of a trivial azimuthal angle about' 

the hadron-hacj.ron axis. Two addi tional variables are necessary to specify 

bhe motion of the individual muons with respect to the muon pair rest fran'Je. 

These are typically' taken to be e, the polar angle, and q" the azl mthal 

angle ,of the positl ve muon in the rest frame of the muon pair. Ideally the 

angles would be measured from the axis defined by the annihJlating partons. 

Because the consti tuents are not necessarily collinear with the incoming 
, 

hadrons, and because hlgher'.: -Qrder effects can " contribute to the cross 
\ 

section, the muon pair generally has sorne transverse momentum in the . 

----------~------------- ..-- - "-
1 • 

.. 
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hadron-hadron centre of mass system. When the particles are transforllléd. to 

the muon pair rest frame, the beam and target momenta are 'not col11near and 

the parton-parton axis ls unknown. In practice a convention is chosen 
1 

such 
'l) 

that the Z axis COiJlcides wi th the hadron-hadron axis if the transverse 

momen tum of the muon pair i s zero. 
"--

The angl"e'ls are shown schematically in Figure 3. Working in tne rest 
... 

frame of the muon pair, the beam and target momenta define,a plane, 

convent ionally taken to be the X-Z plane. The 4'--axis i5 taken to be the 

uni t normal to the plane in the dlrectlop of Pa x Pb" The direction of the Z 

aiis depends on a choice of convention. Two choices commonly used are the 

Gottfreid-Jackson[23] and the COllins-soper frames[24]. The angle between 

two hadrons in the muon pair rest frame depends ooly on ~e hadronic 

'·'variables, M, ~F and PT. If we cal~ the angle between the Z axis and the 

beam momentum, Cl, th en the Got,tfreid":Jackson frame ,corresponds to a choice 

for a of 

aG~J 0 

whel"eas the Collins-Soper frame oorrespoQ.ds to a choice for Cl of 
l 

r" 

oaè-s .. (1T-6H) / 2 

The Collins-Soper frame represents an attempt to tàke - the' intrins1c 

transverse moment a of the par~ons into account on the average under the 

• assumption that the transversè momentum di stri butions of, partons in the beam 

,~ __ ! and target partibles are the same * 

,Lam and Tung[25] have shown that if the process ia mediateq by a single 
',' 

photon, then the distribution of muons in the rest frame of the pair, must be 

of the form 

: ~. ~ [WT(1+cos~e) ,+ WL(1-cos:ze) + 

W ÀSln26*coscp + WM sin 2 e .COS2~]/[2WT+WLJ . 

,----', '~---~_.- - _. -- - '------

f 

j 
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y 

... 
" 

Figurè 3 - Angular Variables 

The angular variables are defined in the rest frame of the muon;~ir, The 
beam and target particle momenta define the X-Z plane. The Y axis la defined 
by the normal to the X-Z plane. The choi ce of Z axis depends on '-be 
convention chosen as discussed in the text. The angles e and <p are the polar 
and azimuthàl angles wi th respect to the' Z axis, 

.~ 

= 
'-­

,------.~-'--------------------~--------
--~--..-, 
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r) 
where WT • WL • Wâ • and Wâ~ depend on the natur-e of the constituents. ~n the 

~.,.'\\. 
parton mode~ pieture, the angular dL6tribution of muons in the rest frame of 

'r 

the virtual photon should be 

~ ~ = t [1+C03 2 eJ. 

and independent of </>, if the proc~ss is the result of the electOOlagnetic 

annihilatlon of point-like spin 1/2constituents. A first order QCD 

calculation by COllins[26J shows' that for, interactions ,daninated bYe 

Valen~e~ValenCe subprocesse3 the terms other than that lnvolving 

1+cos 2 6 

should be small. 

\ 

Perturbatlve correcti~ns to the Drell-Yan model can be ealculated using 
\ 

Quantum Chromodynamics. Subprocesses sueh as those shàwn in Figure 4 can 

produce a massive photon whieh deeays to a f!!uon pair. In the impulse 

approximation. the cross 
\ (' 

assuming that the quarks ~nd 

convoluted wi th the quark 

sections for the subproeesses are calculated 

glUO~ are fre~. ('\he cross sections are 

and gluon str~c~ure functions of the beam and 

target particles. Calculations of the eorrectio~s to first order contain 

both infr'ared and mass singulari ties. 

handled as in Quantum Elec~rodynamics. 

\ 

The infrared singulari ties are 

Poli tzer[27] pointed out ühat at the one loop level, the mass 

singularities are similar to the singularities that arise in the one loop 

corrections to deep inelastic scattering. In deep inelastic scattering 1 the 
, 

J.ogari thmic singulari ties can be absorbed into the structure functions at 'a 

particular value of Q2 by def ining é!,n unobservable bare structure "'~unction 

--~._~---------,-----------
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Figure 11 - -QCD Annifiilatforf and Compton Processes 

Higher arder QCD subprocess can also contribute ta muon pair production. The 
Orell-Yan sUQprocess is shown' in Ca). A quark (single lin'e) in the beam 
particle annlhilates with an antiquark in the target particle to crea te a 
massive photon (wavy line) , which can decay to give a pair of muons (not 
shown). QCD vertex corrections t such as (b). lead to large constant 
correctlOns. Anmhilation dlagrams suoh as (0) and (d), involving a gluon 
(looped line) in the final state t and Compton diagrams such as (e) and (f), 
involving a gluon in the initial state, can gi ve the muon p.air appreciable 
transverse momentum. 
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whibh isTal~O 'lgUlar. in such a way as to cancel the si:gUlari ties of 
( 

the correctiorl term. The observable structure functions are naw fini te, but . '-. 

depend logari thmically on Q2. The similari ties of the one loop corrections 
1 .. 

suggested that thè Drell~Yan cross section can still (be expressed in terms 
.(',~ 

of deep inelastic' structure functions if the s tructur e funct lons depe nd 
\ 

explicity on Q2, that i8, 

q(x) ~ q(X,Q2), 

where Q2 18 ldentlfied as M2 • 

Calculatfon8 in ,the leading log approxlmat1on[2~] and to first order in 

the stong coupling constant, _ Cl8[29]E30J, have confirmed that the 

" 
sing\11arit~s can be cancelled in this way. The size of the first arder 

ëorrectiDns has been shown ta be of the same order as the parton model cross 

sections, that is, 

.. 
Cls4 :1 

+ 1T 
2iTT K .. 

and does not depend s trongly on M or xp • .. 
, .. 

fhe size of the f irst arder. terms has rai sed concerns about the 

validfty of the perturbative appr'oach. It has been conjectured, on the 
-. 

basis of an anal ogy wl th QED, that the f irst order corrections are tne 

lea"ding term in the series expansion 'of an exponential[31]; 
Cl ~ 

K ~ exp[2 4!f 2

J 21T T . 
Calculations up to order ~ 

included (two laop level) , 

confirmed[32JC33'J that corrections to the DreIl-Yan process lead to a 
, -

have 

well> 

dElfined part of the cross section giving the firs,t three terms in a series 

expanSlon of 

as 4 2 

.exP[2iT +J. 
~ -~'_ ..... ,----- ~---.--'--~--
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Meas,urements of the cross section in proton-nuéleon and pion-nucleon 

collisions seem to confirm that the measured cross sections are in fact 

_ ...... aBout twice as large as the parton model would predict, but in both cases 

the calculations are dominated by terms invol ving structure funct ions which 

, " 
are 'r'lot well known. Proton-nucleon muon pair production is daninated by the 

o , • 
annihilation of valence qua~ks in the beam particle wlth thé 'Sea quarks of. 

the target particle. Inelastic scattering experiments are able to measure 

the distributions of the valence quarks but the extraction of .the sea qu.ark 

" distributions is sensltive to the a~,sumptions made. 

. " 
The pion structure funotions are not accesible to electron scatterlng 

experiments. Muon and electron pair production May provide the best way to 

measurE1 them. Be,cause the normalizatiQn of the cross sections ls very 

sênsiti ve to ~he behaviour of the structure functions at low x, a region 

wh1 ch i s qtasked bY t'esonances and other back grounds , the normal i za t ion of 

the pion-nucleon DreIl-Yan cross sectlon 15 subJect to large systanatlc 

uncertainties. 

Measurements of the antiproton-nucleon cross section for muon pa-il" 

production provides the best way to measure the K factor. nie process 15 

, .dominated by the annihUation of va}.ence anti -quarks in the an~iproton wi th 

valence' quarks in the nucleon. The antiproton valence struc,ture functlons 

mus t be the sarne as the proton structure functions because of 

f}article-antiparticie symmetry. and the nucleon valence structure functions 

are weIl measured in electron, muon and neutrino sca,ttfilring expenments <;Iver. 

large ranges of x and Q2. 

. ' 

" 

1 
i 

L 
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2.4 Nuclear Dependence 

The question of the nuclear dependenee of the cross sections i s one of 

considerable pfactical importance but dVf icult to trea t theor tically. 
) 

Experiments are forced to use heavy nuclear targets in or der tp ach eve . an 

acceptable, event' rate and must extrapolate to obtain a cross sectrfn, pe~ 

'nucleon.". Nuclèa:r effects are inherently nonperturbati ve, making \ them 

diff ieul t, 4 if not impossible. ta calculate. The nuclear dependenee is 
o , . :, 

usually empirically parameterized as 

and measurements usihg several nuclear targets are fit .to .obtain' Cl and 0 0 , 

If the .nuclel are nat isoscalar, a 0 will be a function of ZIA, the ratio of 

the atomlc number and the atanic mass. 

!o 

It can be argued that 
< 

a strong proce,ss will lnvol ve interactions at the 

surface of the nucleus and sMuId depend on A a~ 

o -= ooA2/ 3 

whereas a weaker probe l1ke the photon will have' an A. ,.deperi'dence 

• 
proportional to the volume of the nucleus and 

o = 0 oA 1• 

Currently accepted values[34] for Cl, are consistent ~1 th 

,Cl DY OK 1.0. i' 
/ 

\ 
. -... 

..~' .1 

Recent results from muon scattering, ~xh~rlments' ~t CERN[35] and a. 

rean~lysis of electron sc~tte,ring results at SLAC[36][37] have shown that 

the structure functions of pucleons bound in iron' and alUll\inum nuclei are 

nôt the saIpe as the quasi-free nucleons of deuterium. Since Most of tne 
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- , 
structure funotion measurements use Iron, -which should be similar t1 our 

/ 
tungsten target, and since our experlment does not have SUfflcient)data to 

osee the difference betw~en the structure function of the free antiprot6n and 

the nucleons of a tungsten nucleus, we have ignored these differences in our 

analysis. 

2.5 previous Experiments 

Muon pairs were first observed at Brookhaven ln 1970 by a 

Brookhaven-Columbla-Stony Brook (B~C'S)[ 1 J cQllaboration using a proton beam 
-t_ .• 

and a urani um target to look for W. bosons. A Col umbia-Fennllab-Stony Brook 

',(CFS) [38J collaboration at Fermilab, using a tlouble arm spectrometer studled 
1 

.bo,th muon and electron pair ~roduction in pro\ton-nucleon ooll1sions. Work 
S 

by ~he sarne group led to the discovery of the upsilon family of resonances. " 

A Chicago-Illinois-Princêton (CIP)[39] collaboration working at Fermllab at 

about· the sarne time made the first attempt to rêxtract the pion structure 

functlon[40J. Measurements of the n+/n- cross section rgtio from nuolear 

~ \ 

targets by this group, provided confirmation of the electomagnetic nature of 

the production process. .. 

Several experiments at CERN have publ.ished important results in the 

Iast severai years. .The Omega[41][42J[43] collaboration has made 

tneasurements of the cross section for muon j!)air production at 40 GeV/c, with 

pion, kaon, proton and antiprot~n beams. As weIl ,as demonstrating the beam 

dependence of the cross section~ compari son of ,the Omega data wi th 

experiments at higher energies provides one of the best'examples of the type 

of scaling behaviour expected from the DreIl-Yan model. The GOLIA TH[ 44J 

collaboration measured muon and electron pair product ion rat es in 

~--- -~--'--:-.-'-----"---'-------~~-----

, ' 
1 
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pion-nucleon collisions at beam energies of 150 and 175 GeV/c. The 
// 

NA3[45][46][47] collaboration at CERN has made extensive measurements of 

muon pair cross sections wi th proton, pion, and kaon bearns inc,ident on a 

platinum target as weIl as the first antiproton[10] results. Measurements 

by the NA3 group of the 1T+ /nt- cross section ratio for tungsten and hydrogen 

targets[48]. measurements of the angu1ar distributions of the muon pairs[49] 

and measurements of the A dependence of the muon pair cross section[50} have 

conf irrned rnany of 'the features expected from the Drell-Yan model. The 

NA10[51] experiment has pub11shed preliminary resu1ts using an intense pion 

beam to produoe muon pairs in a tungsten target. Ini tial results from this 

experirnent[52] provide conf irmation of the 1inear A dependence measured. by 

the NA3 collaboration. Detailed comparisons of our data to data obtained by 

the NA3. CIP 1 Goliath and Omega collaborations will be made ln the final 

chapter. 
1 

Two ,experiments running currently at Fermilab are also studying muon 

pai~roduction. An extension of the CFS collaboration[53] i:3 looking at 

the production of high mass e1ectron pairs in proton-nucleon collisions at 

beam rnomenta of up to 1 TeV/e wi th a new spectrometer in the Meson Area. " 

Members of the CIP cOllaboratlOn[54] are examining muon pairs produced ln 

pion-nucleon collisions at very hlgh Xl across the range of cose, using an 

appara tus in the High Intens! ty Area of the Prot'on l ine • upstream of the 

spectrometer used for this expe~iment. 

. \ ~ .. ,., f , , 
, 
~ " 
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1 . " .. 

CHAPTER 3 

'. 

Apparatus, 

~ 

The experiment descrlbed here was located in the high intensi ty area of 

the west proton beam l ine at Fermllab, in Batavia, 111inoi s, and took data 

in. the spring of 1981 and the winter of 1982. The apparatus used was 

'designed to look for events wi th on~ beam particle hi tting the target, and a 

pair of muons leaving i t. Systems of Cerenkov and ~cl~tillation counters 
~~~ 

wlth good time resolution provided fast signaIs to trigger the appar~tus and. ~ ~~=- _..: .... 1 ~ 

reject accidentaI coincidences and background. Proportional and drlft 

chambers with gaod spatial resolut~,on provided precise measurements of 

points along the particle trajectories 50 that the events could later be 

rreconstructed offline. 

The apparatus used for the experiment was a closed geometry magnetic 

spectrometer J shown schematlcally in Figure'5. Tungsten; copper 1 and 

beryllium targets were exposed to a beam of 1-25 GeV/c pions and antiprotons. 

- ._-- -_. -_.- ----~~~----------...~-----_._- -----

------ --- -------------
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Figure 5 - Plan View of the E537 Spectrometer 

'i 

•• 

The E537 apparatus i5 a, closed geane'try 
desci bed in detal.l in the text. 

magne tic spectrometer and'" is 
" 

.. -

J 
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Hadrons from the interactions~:w~re filt~red out by a coppel' beam dump. 

Track c'Çordinates were measured 2/3. of the way through the beam dump by two 

1 pîàrye; of proportional \ wires. Immediately ,downs tream of the dump a 

sciptllf,lation _ counter designed to detect .. muons produced at a large angle , 
wi th-- respe;t t~. the beam provided a high mass blas for ~the fast trigger. 

/ '" , 
Tr!ajectorles were also measured dewllstream of the dump by 9 planes of drift 

chambers. A large conventional dipole magnet deflected charged particles ta 

permÜ a momentum measurement. 

magnet by 9 plâ~es\ of drift chambers 

-Muons lere identif ied by req'uiring 

Particle::) .,.,ere tracked doynstream of t,he 

and ~ scintillation coun1:ter- hodoscopes. 
, .. ",' 

them te pass through waUs of steel and 
\ 

concrete interlea~ed wi th' sein tillation counter hocfoscopes. Muons "required 

a momentum of 6 GeV/c .ta penetrate to the final hodpscope. SignaIs from the 
.f' • 

t
ounters.were combined to pra.duce a fast t.rigger~~il when two muons we're 

deteet;d. '""tewma.. ev en t ~ ~er e rej: eted ~ y "a '(~/ t ~i gger pree essor • and 

'information from the cwunters and chamber wires was wri tten ta magnetie tape 

so that the kinematic _ va'riables of the muon pair could be' rec\mstructed 
\ 

offline, . o 
... 

1 

" 
. A sample of 4.0 x 105 dimuon events wl th rflass greater than 2 GeV le was 

colleeted in a running period of 13 weeks. 

J 3;\ ~ccelerator 
. \ 

The accelerator at 

synchrotron[55] • Protons 

the Fermllctb s:l.. te i5 a 400 GeV 

~ d from a hy rogen gas source are gi ven 

et;lergy of 750 KeV'b1f a Coè~roft-Wal~on electrostatic accelerator . 

linac inj ects the prot'ons into an 8 GeV booster syncrotron 

entér the main ring. 
'0· 

One burst of up to 3.0 x 1013 protons is 

- ·---------,----:.----·--.-__ , __ -.....,...,.... ___ _..._...:Lt _ • __________ _ 
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~ 

every- 9 to 15 seconds. The beam is -extracted i,.n a 1 ~~d spil1 and spli t 

three ways,to the Meson, Neutrino and P~oton 11ne5. The beam particles are 

not uni!ormly distributed thoughout the spi Il but cluster ln buckets spaced 

19 ns apart. The interbucket 5pacing is characteristic of the radlo 

fre~uency vo~tage used in the main accelerator. Timing signals from the 
« 

main control room allow the experimoo t to be synchroni zed wilh the 

accelerator. 

3.2 Antiproton Beam 

A schematlc,layout of the ?eam line element~ is shown in Flgure 6. A 

neutral beam of lambdas and kaons was produced by ltOO GeV /e protons striking 

a 15 cm bery1lium target[56](57]. Charged secondary particles were removed 

..b 
from the beam by a dipole swéeplng magnet 2. 3m downstream of ,the primary 

targ~t. Pions and antiprotons from the deeay 

gather~d by' a flux collecting qua,drupole 

in fl ~ _,~~ the neutrals were 

triplet and transported to the 

experimenta1 ~all by a beam 11ne of eonventional dipoles and quadrupoles. A 
~ \ 

dipole and coil~mat~r selected beam particles with a momentum of 125GeV/e 
" 

and eliminated ~me positive decay produets. A FOOD channel col~ected the 

particles and transported them to the final focussing triplet.. Electrons 

were removed from the beam by a 2.5 cm thiek )ead absorber. 

The resulting beam consisted of 79 percent pions and 21 percent 

. antiprotons, with a .10 percent momentum bite FWHM. The angular and spatial 

ditergences' of the beam at the experimental target were 1 mr and 2.5 cm 
1 
1 1 

respect! vely. ,To reduce uncerta~nties due to the. large phase space of the 

be.6, the momentum and 'trajectory of each individual beam ~ticI~ was 
, 1 

tagged in the experlmental nall by a system of proportional wire chambers J 

--~- _ .. _--------------'--------........ ~--- ______ -______ .....J......".,. 

.. -
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Figure 6 - High.Intensity f.r.ea Bearn Line 

A primary beam of 40'0 GeV/e protons strikes the beryllium target. Charged 
3eeondaries are swept from tQe beam and the neutral secondaries allowed to 
decay. A dipole and slit ~eleet 125 GeV/e pions and a~tiprotons from the 
deeay produets and a strlng of eonventional dipol~s 'and quadrupoles 
transports them to the experimehtal target. é/ 
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and bending magnets described in the next section. 

1 • . 
The prim~ry beam flux was moni~ored by two Seeondary Emission Monitors . 

(SEM' s )[58J upstream of the primary target. Bearn position and spot si ze "&. 

were moni tored along the beam line and in the exper4.mental hall by Segmented 
o 

Wire Ionization Chambers (SWIC'S)[59][60J tied into the Fermilab beam line 

control system. A primary beam flux of' 7 >< 10 12 protons/spill typicallx 

resulted in a,secondary beam flux of 12 x 106 partielès/spill. 
-::"::. ... , ........... 

The beam was surrounded by a halo of muons produced by deeaying pions 

and energetic secondary particles not removed from the neutral beam. 

Becau~ the accidentaI coincldence between halo particles and a single muon 

produced by the beam could mimic the sigrtature of a muon pair, thus 

1ncreasing the trig~er rate and contaminating the data rsample, steps were 

taken to suppress as much of the halo as possible. Muon spoiler magnets 

upstrearn of the experimental hall ~wept off axis 'particles . away from the 

beam r~gion. The veto counters used to inhibit the apparatus when a"halo 

partiele was present are diseussed in, a later ~ection. Strict vertex 

requi\ements, imposed on the events offllne to suppress any remaining 

contamination of the data sample, are diseussed in the next chapter. 

3.3 Beam Tagging 

The momentum and traj ectory of each beam partiele was measured wi th a 

beam telescope consistlng of 9 p~anes of proportional chambers, three Y 

.hodoscopes and two smali dipole magnets. Bearn particles w~~e identifled by 
, .' 

-.. 
two Cerenkov counters which will be discussed in the next se,ction. 

'" 

- ------,--- - .......... --------------- . ( 
t ,., 

.. ,~ , 
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A plan view of the beam tagging system showing the rel~tlve locations 

of the elements is given in Figure 7. The first beam station, BY1, which 
~ ....... 

consisted of three planes~of proportional chambers and a hodoscope followed 

the first Cerenkov' counter, CS1. A second beam station, BY2, w~s placed 
-~'..\ 

3.95 meters downstream of the second Cerenkoy counter, CS2. A third beqm 

'c~amber station, BY3, followed 3.43 m ùpstream of the experimental target. 

The pair of magnets between CS2 and the second beam station gave each beam 

particle a vertical momentum increment of 0.319 GeV/c, allowing a beam 

particle with a momentum of 125~ÇeV/c to be measured to Rn accuracy of 

1 GeV/c. 

Each beam station had three planes of proportional wire chambers, with 

," ~" the wires oriented along the U, V and Y directions. The Y coordinate was 

taken in the vertical direction with the U and V directions defined by 

clocl<wise rotations about the Z axis (Mam direction) of 240 and 120 degrees~ __ 

from Y respectively. Each station had an asseciated scintillator hpdoscope 

which measured the Y coordinate. 

AlI beam cham ber sense wire planes cons~sted of 128 wlres of 12.5 ~ 

diameter spaced mm apart. Cathode planes were made using 25.4 ~ thick 

pluminum foil. The chambers were operated using a ga~'mixture of ~5 percent 

isobutane, 5 ~ercent methylal, 0.5 percent freon with the balance being 
, , . 

argon. A discrete component ampliffer followed "by a high speed )!:CL 

comparator provided a diffè~ntial t~me over threshold output[61J. 

Each hodoscope consisted of a 15.24 cm diameter disk of 0.6 cm thick' 

NEll0 plastic scintillator[62J segmented horizontally into eight parts. 

Each segment was optically coupled to a 12 stage Amperex 56AVP 
" 

".-"-," -----. __ .... _----------~~-- --------________________________________ A 
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Figure 7 - Bearn ragging System 

Individual beam particles were tagged by 
. scintillation counter hodoscopes, and 

di'scussed in the text. 

a system of 
proportional 

\ 

" 1 
r 

counters, 
hambers, as 
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photomultiplier[63J with a reslstive voltage dlvlder base. Zener.diodes 

were used to clamp 'the final two dynode vol tages. PhotanultiPli~r outputs 
" . " 

were cllpped uSing a 3 ns stub of 50 Q çoaxial cable terminated in 25 Q to 

allow the highest possible countlng ratës~ The widths of the'hodoscope 

segments were chosen to roughly equalize the individual counting rates. 

The proportional chambers gave an accurate measurement of the position 

of the beam particle tràjectory but were sensitive {or a period of 60 ns, 

which included beam particles in three separate accelerator RF buckets. The 

beam hodoscope elements were designed to 'have a resolviiig-"t1ciJe of 10 ns, and 

were capable of distinguishing between beam particles in successive RF 

buCl<e.ts. Discrlminator signals fran the beam ho'doscopes were recorded wi th 

each event 50 that tracks not associated with t~e beam particle causing the 

trigger could be rejected by the offline analysis. 

3.4 Cerenkov Counters 

The type of each incident beam particle was established by two 
l;l 

differential gas Cerenkov counters. Both counters were filled with a 

mixture of 80 percent helium and 20 pe~cent nitrogen. The fraction of beam 

particles counted by the .flrst Cerenkov counter as a function of gas 

pressure ls shown in Figure 8. Between pressures of 3 and 6 PSIA the 

counter ls below, the antiproton Cerenkov threshold and counts only, pions, 
, 

which constitute 80 percent of the beam. Between 10 and 12 PSIA', Cerenl<ov 

light from the pions is at the wrong angle to hit the photomultiplier and 

the counter is only sensItive to antiprotons, the remainlng 20 percent of 

the beam. rre first counter, CS1, was sét to count antiprotons at 10.5 PSIA 

while the second (CS2) was set at 3.5"PSIA to identify pions." 

• ta, ;j ---------- -
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Figure 8 - CS1 CerenkQy Counter Pressure Curve 

The vertical aX1S shows the fract'ion of the beam particles' detected by the 
first Cerenkov counter. Between gas pressures of 3 and 6 p81a the counter is 
below the antipr.oton Cerenkov threshold, and counts only pions., Above' 
10 psia the counter i8 not sensitive ta light in the pion Cerenkov cone and 
the counter detects only antiprotons. 

, _. _ __ _ _ ______ . __ 1. 
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Carenkov light produced in the 22 m long counters was reflected by a 

33 cm diameter .plastic mirror anto an RCA 31000M[64] photomultiplier tube 
~ 

through a 7.62 cm diameter quartz window. The mirrors were made of 

aluminized 
.. 

l ucite wi th a 4.572 m radius of curvature and a 2.~86 m focal 

length • Annul/ar masks on' the photomul-tiplier windows restricted the 

sensitivity of the counters ta a cone of light with half angle between 

4.4 mr and 7.9 mr in the case of CSl and 5.7 mr ta 7.6 ml' in the case of 

CS2. 

The counters were designed to be able to distinguish between beam 

particles in successive RF buckets. Transistorized bases[65] permItted 

counting rates in excess of 3.0 x 107 particles/second. Photanultl pl ier 

slgnals were clipped by a 3 ns stub of 50 U cable terminated in 25 o. Th,e 
- • ..JI> ,~ 

25 n termination dampéd' th~size of the pulse reflected by the stub and /iave 
/ 

the counters an output.pulse of less'than 6 ns duration with no rin'1ng or 
;... ~ , / -

l' '. 
overshoot. SignaIs were amplified by Lecroy VV100B 10 x amp}lfiers[66] 

l ,,' -
prior to discrimination ta reduce th~ average anode currents in the tubes. 

The average number of photoelectrons pel' particle ranged from 7-JO and the 

discr1minators were set to trigger at 2 on more. 

Cerenkov counter efficiency was monitored during the data taking by 

comparing the number of beam particles caunted by the Cerenkov count~r.s to 

the number of beam particles counted by the beam telescope, using 

. CERENTO~ .. [(CS1·BEAM) + (CS2·BEAM) - (CS1.CS2.B&AM)]/BEAM; 

where 

(CSl '8EAM) is the number of coincidences between signaIs from the firat 

Cerenkov caunter (CS1) and the beam telescope (BEAM), that i5, the 

number of , , 
caunter, 

beam partiales counted by the antiproton Cerenkov 

-



. . 

.' 

(CS2-BEAM) is the number of beam partiales counted by the pion. Cerenkov 
.. 

count,er, 
. 

(CS1-CS2-BEAM) is the nùmber ~ ~articles counted by bath C~renkov 

e6unters, and 

BEAM is the number of beam particles counted by tqe bearn telescope as 

discussed in the next section_ 

CERENTOT was always 0.995, lndicatlng that the ineffieieney of the counters 

was "less than 1 percent. Because sorne RF buckets contained more than, one 

partiele, and the anti~roton oounter operated far above the threshold for 
1 

pibns,. the large angu1ar dispersion of the beam caused a 
~ 

10 percent ... 
contamination of 'the antiproton signal by pions_ Rejecting bearn particles 

'-
which counted in both CS1 and CS2 reduced this contamination to 0.1 percent. 

The discriminated output signaIs frem the two e.ounters were used in the 

fast trigger logie ta define PBAR and PION signaIs, which ~ndicated that a 

single"antip~oton or that a single pion had traversed the be~ telescope. 

-These signaIs are disc'ussed further'in the next section. The pulse heights 

of both counters were measured'and recorded for- each event, 50 that, the 

counter performance coulg be studied offline. 

,3.5 Bearn Tagging Logic" 

.. 
Standar,d NIM['67J logie modulee were used to form a BEAM signal frem the 

dlscrlminated outputs hf the beam hodoseope counters. Th~ BEA~ Sl~n~was 
combined with signals·from the Cerenkov eounters to indicate the presence of 

;-

a beam particle, to the fast trigger logic. A si'mplif led schema tic diagram 

of the Qe~ logie is\shown in Figure 9. The logical OR of tne signaIs from 
\ 

the counters in the first beam hoqoscope, BY1-1 through BY1-8, was used tù 

'.k 
- - ----_._--------~----.-.- ----
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PRESCAlE 

CS1 

-/l> 

CS2 

HALO 

BY1-1 

BY1-8 ! . 

8Y2-1 

BY2-8 

BYJ-1 

BYJ-8 

Figure 9 - Bearn Logie 

PhQtomultipler signaIs from' the beam hodoscope elements and the Cerenkov 
counters were comblned to form a ~-/p signa!.indicat~ng that a single 'plon 
or antiproton had travelled through the beam teles~ope~ 

j 
,,'--ri'''''''-_ _ ,<f(HI·~;1,",,1l)""4&"" .. , ___ -----------
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define a signal, BY1, which indicated thçt a beam particle had passed 
, 

through the first beam statlon. SignaIs from the counters in the second and 
, i 

third beam hOdosc~'pes were similarly used to, def ine the si gnals BY2 and Bn 0-

The discrlminated signaIs from aIl hodoscope elements were recorded for l each ' 
( 

event. 

To ~ndicate when more than one beam partiele had travelled through the 

beam telescope at the same tim~, (he linear sums of the logical signaIs from 

the counters in each of the beam ~tations were rediscriminated to define the 

signaIs BY1~2, BY~ and BY3~2 if two or more of the counters in the 

respective hodoscopes had been hit. These signaIs were combined to give a 

veto signal, 2BY~2, if at least 2 out of 3 of the beam hodoscopes had !IIore' 

than 2 elements hit. 

o 

A BEAM signal was defined as the coincidence between the BY1 , BY2 and 

BY3 signaIs from the beam hodoscopes, the anticoincidence of the 2BY~2 veto 

signal, and the anticoincidence of a HALO signal formed from the outputs of 

the halo counters as deseribed in the next section, that ls, 

BEAM z BY1 • BY2 • BY3 • 2BY~2 • HALO. 

The beam signal was .TRUE. if at least one counter was hit in éach of the 

three beam stations, at least two of the three beam, stations had only one 

counter hit, and none o( the possible ccmbinations of halo eounters were 

hit. This signal indicated to the fast logie that one, and only one, beam 

'partiele had passed through the beam telescope, and that there were no ,halo 

partieles present. ~ ,. 

The logical signals PBAR and PION were defined if there ~ere both a 

beam partiele and a signal from the corresponding Cerenkov counter as 

PBAR = CS1 • ~~M • (CS 1 .CS,2) , ~I 
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and 

PION .. CS2 • BEAM • (CS1 .CS2), 
. 

where CS1 and CS2 were the discriminated "signaIs from the Cerenkov counters 

described in the last section. 

-' 

:J'he PBAR and PION signaIs were prescaled separ:ately and then combined 

to give a ~-/p signal which indica~ed the presence of a single ident~fie~ 

beam particle to the fast ,log1c. The antiproton prescaler was alway.s set to 

count for each event but the pion prescaler was set to count once for every 

1 to·4 events depending on overall trigg~r rate and beam conditions. 

3.6 Veto Counters 

.. 

around the beam 'eould combine wi th debrls frem 

interactions of the beam in the targe't and the dump to mimic the-.:s.ignature 
, 

of a high mass muon pair. To ,reduce the effects of beam halo on tîe trigger 

rate, vertical (VX) and horizontal (VY) counters posi~ioned arounjV the beam 

, axis as shown in Figure 10, . were used to de'fine a HALO signal WhlCh 

inhlbited the apparatus during the presence of beam halo. 

The counters were constructed of cm thick NE114 plastic 

scintillator[62J and instrumented with Amp~ex 2212B photomultipliers[63J . 
. , . 

DiscFiminated signaIs from an inner array of eight 73.66'cm x 12.7, cm and 

twelve 147.3 cm x 25.4 cm eounters in the VX array were combined to form a 
. 

VX signal as shown in Figure 11. A VY signal was formed wi th the OR of the 

discriminated signaIs frem the eight 101.6 cm x 12.7 cm and eight 

152.4 cm x 25.4 cm counters in the VY array. A VI signal formed frem the 

AND of the VX and the VY l signaIs ,indicated that a parti.cle had passed 

I-----~-------------::--~---------~--- -- l 
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Figure 1G.- Veto Counters \ 
Ar~ays of scintillation counters around the beam indlcated the presence of 
hqlo partic1es to the fast 10gic. 'Signa1s from the counters were combined tb 
form a HALO slgmtl used as a veto in the trigger. 'f:- \ 
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Figure 11 - Veto Counter Logic 

This simplified schematic shows the combinat ions of veto counters used to 
~ forro . the HALO ·signal. A HALO signal was formed if a particle passed through 

both tÎ1e VX array ot' counters and' the, VY bank of counters,' if a particle 
~ passed ,through both VE arrays, or if a parti cIe passed through both VW 

arrays. 

",.-, 

--------.~.--------~,~, .. ~.------------------~----------~ 

' ... 
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through both of the inner arrays of h{llo counters. Central counters in both 

the VX 

" 
and VY arrays were retracted from the beam axi s to l eave a 25.4 cm 

s'quare beam hol e . c 
An array of three 147.3 cm x 25.4 cm counters, VEU, covered ttle .east , 

~J.de of the apparatus at the sarne location along the beam axis as the VX 

counters. The logical ~ of the signaIs from these counters was combined 

wi th the logical OR of signaIs from an identical array of counters, VED, 

3.1 m downstrearn but at the sarne position relative to the beam axis. A VW 

signal was formed from the outputs of two identical arrays, VWU and VWD, on 

the west side of the apparatus. 

A HALO signal was def ined as the logical OR of the VI, VE and VW 
\ 

signaIs indicating that a particle hact pass'ed through botn of the innner 

-iarrays or ei th~r pair of the outer arrays on opposi te sides of the 

apparatus. The HALO signal was used to veto the BEJ\M sigpal so that beam 

particles accompanied by a halo muon were ignored by the apparatus. 

Typically 4 percent of the beam particles were vetoed, but -the trigger rat,e 

was reduced by a factor of 4, depending on the beam ~u~e. 

3.7 Target 

Data was'taken wlth three different nuclear targets, tung~ten. coppel" 

and beryJ.lium, t.o investigate the A dependence of the cross section. 

Ini tially all targets were chosen to be 1.0 absorption lengths t'br incident' ... 
antiprotons, and were machined as 15.24 cm diameter cylinders. A 1.5 

interaction length tungsten target was used durlng the 1982 run. A 0.4 

interaction length. tungsten target was also used for a fraction of the 1982 

-
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run to est;,imate the effects of reinteract-ion. The physical lengths and 

densi ties of all the targets used are. listed in Table 2. The 1.0 
/ 

~nteraction length targets were each divided into two segments and separated 

in such a way as to minimlze any differ:.'ence in acceptance between the 

-----và-r!~:. nuclear ~ements. CounterS were placed between the segments to 

idenA{fY~~;Ch segment the interactiQn took place as an aid to the 

reconstruction programmes. The three segmented nuclear targets were mounted 

on a remote manipulator and interchanged regularly' during the run to 

minimlze any possible systematic effects. 

The bulk of the data was taken wi th the tungsten target. however. to 

maximize the overall event rate. 

e 
3.8 Tar~et Count,ers 

The target counters consisted of 15.24 cm diameter disks of 0.635 cm 

thick plastic scintillator coupled to Amperex 56AVP photomultipliers[63] 

with 60 cm long 'luette l1ght guides. As with' the beam and CerenkOv 

counters. the signaIs from' the\ targe t" co'unter photomultipliers were clipped 
" 

and damped in an attempt to achieve the highest possible counting r~e 

consistent w,i th the conflicting requirements of high gain and wide dynamic 

range. The counters were mounted at the base of the target manipulator wi th 

the l1ght guide holding the scintil1ator in the beam l1.ne so as not' ta 

Interfere wi th the movement of the targets. One counter. T6. ~as mounted 

between the two segments and a second. T7, was mounted in the gap between 

the downstream ta!,get segment and the face of the absorber. Signal 

ampli tudes from the, target counters were recorded by Lecroy 2249A 12 channel 
, 

AOC ~,s[66] for use by the reconstruction programmes. 

. , 

-
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Table 2 - Target Densi ties and Lengths 

." 
---------------------------------------------~----------------~-----------

BE 1 Cl] 1 w 1 THICK W 1 THIN W 

Densi ty (gm/ cm 3 ) 

-----------~--------{---------------------------------------------------

1 .18600K+Ol 1 .89600E+Ol 1,· 18~6oE+02 1 .18500E+02 1 .18500E+02 
---------------------------~--------------------------------------------
Target Length (cm) 

1 .~1240E+02 1 .15020E+02 1 .98090E+Ol 1 .14710E+02 l, .40870E+Ol 

Absorptlon Length (cm) , 0 

---------------------------------------------------r--------------------
Pbar 
Pion 1 

.~o420E+02 ,- .14970E+02 1 .98245E+Ol 1 .98245E+Ol 1 .98245E+Ol 

.58125E+02 • 19259E+02 .11925E+02 .11925E+02 .1 T925E+02 

Targ~t Length (Absorption Lengths) , , 
~------------------------r---------------------------------------------
Pbar 1 .10203E+Ol_!_.1-0033E+Ol ! .99842E+,OO !.14973E:QLI .41600E+OO 
Pion .70951E+OO -.77988E+OO .82253E+OO .12335E+Ol 1.34271E+DO 

Effective Length (cm) 
!---------f------------------------j"'"----------------------~----------------

P,bar "1 .25849E+02 1 .94813E+01 1 .62046E+Ol 1 .76264E+01 1 .33435E+Ol 
Pi 011 .29534E+02 .lOlj30E+02 .66864E+Ol .84519E+Ol .34603EtDl 

---------------------------~---------------------------~------------------ . , . 
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3.9 Bearn Dump 

Hadrons from interactions irt the tanget and beam particles tha t did not 

interact were absorbed by _a beam dump downstream of the target. A coppel' 

~ core of twelve 12.7 cm thick slabs covered the full' acceptance of the 

spectrometer, giving a total thickness of 8 absorption lengths for 125 Get//c 

pions. Coppel" was chosen for i ts relatively high dens~ ty and acceptable 

ratio of radiation length to absorption length. Steel shielding on ei ther 

side of the coppel" absorber minimized leakage from the sides .and helped to 

attenuate off axis beam halo. 

3.10 Absorber Cham ber 

Two plan proportional wires were located approxlmately two thirds 

of the way the dump to aid in the vertex reconstruction. The 

chamber 1 cluded 3 signal planes (X. U and V), 4 cathode planes,' and 

2 ground planS$ sharing the same gas enclosure. Only the U and the V planes 

could be lnstrumented because of space constralnts. Signal planes consisted 

of 480 tungsten wires of 15 Il diameter, spaced so that adjacent wires were 

separated by 1.5 mm, in the X direction. Cat!:l~e planes were wound of 63 li 

diameter tungsten wire on a'O.S mm spacing. The wires ln the U and V planes , 

*ere rotated from the vertical (Y axiS) by ± 16.1 degrees. The readout 

tÙectronics· were identlcal to those .used wi th the beam telescope. and the 

ç:harnber used the sarne gas mi xture . 

. ' 

-_.--- .'---. _ ... _._~_. -_. ._.~,--~--- \, 
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3.11 Absorber Courtter 

A foür element scintillation counter immediately downstream of the dump " 

det.ected muons produced at angles greater than 70, ml" wi th respect ,to the 

nominal beam direction. Because the mass of a muon pair depends linearly on 

the opening angle in the laboratory frame, ,t;"hi s ?ounter provided a hIgh mass 

bias when used in one of the fast tri'ggers. Four quadrants (ABUL, ABUR. 

ABDL and ABDR) made of ,0.9525 cm thick PILOT A plastIc scintillatar[68J 

covered the full' acceptance of the spectrometer except far a 0.305 m 

diameter hole centred on the beam axis. Figure 12 shows the caunter and the 

shape of two of the four identical quadrants. Adjacent quadrants extended 

beyand the centre line by 12.1 cm,' in X and by 1.62 cm in Y ta caver the full 

acdeptance of the corresponding rear muon counter quadrant. 

" 

Each quadrant was coupled to an 'Amperex 56AVP photomultipl.ier[63] 

connected to a resiative divlder base. As with the beam hadoscopes, the 

last two dynade stages were clamped wi th zener diades ~nd the output signaIs 0 

~ 

were CliPP~d w~tub of RG174 5~ Q coaxial ~able termlnated with a 

resistor. The photanultipl1ers wer~' shlelded fi"é:m the fringe field of 
'4' 

25 rl 

,the analysis magnet by 1 cm wall thickness steel pipe, and enclosed in a 
" 

1 cm thick steel box. Discriminated ~ignà!ts from the four quadrants were 
1 

used in one of the fast triggers and refo1ded, for use in the analysis. 

3.12 Drift Chambers 

Muon ·tr~ectories in the speotraneter were meaaured by 18 planes of 

wlre drift chambers. The design and operation of drift chambers have beeh 

. 
.l'!t;rJ 

-
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Figure 12 - Absorber Counter 
, 

The absorber counter was used to detect",muons produced at 
the beam. Two of the four identical elements of the counter 
outl1ne. Only the actual 5clntlllator 15 shown. 

, 

, 

large angles to 
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reviewed' extensively[69][70][71] and wlll not be diSC!lssect in detail hère. 

The nine planes in front of the analysis magnet were grouped into' three 

chambers of three planes "èach 1 as were the nine planes following the magn~t. 

Wire spacings, diameters and orientations 'are listed in Table 3 ~and Table 4. 

The details of each c tùun ber varied because they wel"e constructed at 

differe,nt institutions. 

.' 

The firt$t chamber consisted of three signal plane,s wound on 

glass fibre-epo~y frames and sharing common ca thocles. The ca{hode planes 

were also wound on glass-epoxy frames. The outermost cathodes were shielded 
l 

by ground planes ,.Of similar construption. nie glass-Joxy frames were 

bol ted to an aluminum support frame and sealed ..li th a noncorrosive si 11con 

rubber. The cathodes were run at negati ve high voltage and the anode wires 

were di rect coupled to the amplif iers. " ' 

The second and third chambers shal'ed a ,common gas enclosure. The 

signal wires for these chambers were supported by -precision inserts set in a 
• \ <' • ! 

J ig bo~ed aluminum frame. The cathodes, of stretched aluminum foil, Wl;!re 
~ , 

glued ta an aluminum frame and ~ere l'un at ~round potential. Anode wires 

were capaci tively coupled to the amplifiera. The pbysical construction of 

the four th chamber was identicai to that of the second and third chambers. 

" The final two chambers were similal' to the f iret chamber in that wound 
~ 

signal planes and cathodes were us!'l.(1. Each plane was wound on a separate 

self supportlng glass-epoxy frame. The cat,hade planes wel'e l'un at negaU ve 
• h 

high voltage and the signal wires were aga111 connected directly to the 

ampl Hiers. The frame.s pf each chamber were contained in a single gas 

G "enclosure wi th mylar windows. 
," 

'1 ' 

- -', -----~----------------~ • .. 
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( 

Table 3 - Drift Chamber Parameters l 

· ____________ ~ ___________ ~ ___ ~~~l---------------------------------~~--------
Chamber Cell Signal ]/cathOde Drift ~ffective Cathode 1 

S1ze Wire Plane v Wire. Aperture potential 
(cm) D1ameter Diameter Diameter (cm) 

(cm) ( cm ) ( cm ) 

---------------------------------------~--------------------------------

DCl 0.6 

DC2 1.27 

DC3 1.27 

DC4 1.905 

DC5 1.905 

DC6 1.905 

0 

2.0E-3 6. 35E-3 
Tungsten Cu-Be 

2.5 4E-:3 
Tungstep 

2.54E-3 
Tungsten 

2.54E-3 
Tùngsten 

2.54E-3 
Tungsten 

2.54E-3 
Tungsten 

0.1016 
Pi tch 

2.54E-3 
Al Foil 

2.54E-3 
Al Foil 

2.54E-3 
Al Foil 

6.35E-3 
Cu-Be 
0.1778 
Pitch 

6.35E-3 
Cu-Be 
0.1778 
Pitch 

6.35E-3 
Cu-Be 

0.0127 
Cu-Be 

0.0127 
Cu-Be 

0.0127' 
Cu-Be' 

6.35E-3 
Cl,1-Be 

6.35E-3 
Cu-Be 

50xl00 -H.V. 

50x100 Ground· 

50Jrl00 Ground 

100x200 Ground 

167x335 -H.V. 

167x335 -H.V. 

---------------------------------------------------------------------------
~ 

~ 

+'4~ ....... ., .. " .. 

...... ". 

1_ 
~ 
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• Table 4 - Dr i ft Chamber Parameters II 

------------------------------------------------------------------. 
Chamber Plane Type Angle Number CeU Z' 

(Degrees) of Size Position 
çells ( cm) (cm) 

--------- ------- ------ ----------- -------- ------- ----------

DCl 1 V -16.7 192 0.6 -163.70 
2- X 0.0 192 0.6 -164.25 

3 U 16.7 192 0.6 -164.93 

, ~ ., 
DC2 4 V -16.7 93 1.27 -152.81 

5 X 0.0 92 1 .27 -151.50 
6 U 16.7 92 1.27 -150.17 

D.C3 7 V ~ -16.7 92 1.27 -138.84 
8 X 0.0 93 1 .27 .,. -137 :55 
9 u 16.7 93 1.27 -136.'27 

DCl! 10 V -16.7 1230 1 .905 161.43 
11 X 0.0 124 1 .905 163.37 
12 U 16.7 124 1 .905 165.32 

.~-

De5 13 V -16.7 192 1 .905 285.09 
14 X 0.0 176 1 .905 286.97 
15 U 16.7 192 1 .905,. 288.90 

Dc6 16 V- -16.7 r92 1 .905 412.11 
17 X 0.0 176 1 .905 414.02 
18 U 

\ 16.7 ln 1 .905 415.92' 

------------------------------------------------------------------
" 

---"-'7 -
- . , 



-. 
-50-

AlI chambers used a gas mixture of 50 percent argon and 50 percent 

" 
ethanè to achieve a Ilow saturation voltage ln the l'ear chambers, while 

providing a high drift velocity (50 ~/ns)[72] and minimal dead time in the 

front chambers. Flow rates were set to flush the individual chamber volumes 

once every two days. 

The signal wires were connected to Lecroy MVL100 monol i thic 

amplifier-discriminator chips[66] consisting of a 100 x g~in amplifier 

followed by a voltage programmable ECL comparator. The control voltage was 

set to give discriminator threshplds between 80 mV and 130 mV at the signal ( :" 

wires, depending on the c.hambel'. The differential ECL -DutputS of the 

MVL100's were connected to Lecroy 2770A drift chamber di,gitizers[66] and 

l'ead out via CAMAC[73]. Each digitlzer contained 96 time to digital. 

converters (TDC's) w.i th a full scale time range of approxlmately 256 ns for 
,'-

256 counts. To correct for a ch~lJnel to èhannel variation of 10 percent and 

ensure an accurft;)measurement of the Airift time, the TDC's were calibtated 

at thé beginning of each data tape. 

The calibration systan 'applled a series :f ~ )t pulses te the field 

shaplng wires of the chambers under computer control. These pulses induced 

signaIs on the sense wires, causing the dispri~inators to trigger and 

sending start pulses ta the' TDC's. A common stop pulse was sent to 'the ' 

TDC's artel" a computer aontrolled delay. A series of 600 cal1bratlon events 

was written automatièally at the beginning of each data tape. Ten pulses at 
'." 

10 different delay times were sent to each of the six chamberS in turn. 

Prior to the ,analysis of th,e ~ata tapes[, the calibration events were read 
., 

and s'traight Unes were fi t to the number of counts vs delar curves to 

obt"ain a set of calibration constants for each dig1tizlng channel on each 

, 

--------........ _~- ...... -- -...--._--.! 1""L_'~ ___ ~· 
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.. _-----



-51- ~" 
\ , 

'. 
tape. After· calibration the TDC'a had a time resolution of better th an 

1 
"',r 1 na. 

, 

1 

. ' 

A stand alone version of the calibration system 'was used to monitor the 
~ 

drift charpber eleatronics and diagnose malfunction1ng channels throughout 

the data taking. 

3.13 An'aiysis Magnet 

The spectrometer magnet was a-large window frame dlpole wi th saddle 

c01l.s containing 240 turns. The 'magnet aperture measured 90 cm vertically 

-and 180 cm horizontally with a 75 cm long ironyoke. At the nominal setting 

of 2400 arnperes, the main component. of the field gave a horizontal momentum 
~ 

change to the particles of 830 MeVle:. The fleld was mapped by measuring the 

current Induced in 3 orthogonal coils as they moved through the)!léignetic 

-
field un der computer control. NMR measurements of the field at the centre 

of the magnet were used for a.Oaol ute cal i bration. The magnet -curren t was 

monitored continuously by a precision shunt, in addition. to the standard 
1 • 

power supply cu'rrent transducer. The field was moni tored uSing a Hall probe 

fixed to the lower pole face of the magnet. The agreement between, the 
~ 

current shunt and the Hall probe was always bett.er than 0.1 percent. Using 
" 

the measured fB'dl of the magne~", the ljI mass was reproduced to better than 1 

percent accuracy. The polari ty of the field was reversed 'periodically 

during the course of the 1981 run to check for systematic effects associated 
; 

wi th properi tes of the beam halo. 

/ , 

1 
i 

·4 . 
1 
1 
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3.14 Charged Particle HOdoscope 

\ " 1" 

Two scintillation counter hodoscopes, )CPX and CPY. located immediately 

behlnd the final drift ch~b~r measur1d the X' and Y post tions of" ch,arged 
1 

tracks respect i vely • j 
The CPX hodoscope cQnsisted of two rows 

~;:. ... 

of counters made of 

1 cm thick x 4 cm wide x lm long NE110 plastic sein t illator [62], and 
, < , 

arranged as shawn in Figure 13. The counters were coupled t1 EHI 9807B. and 

9814B photomultiplier tubes[74J with transistorized baSeS[65!- A simpllfied 

schematic diagram of the CPX electronic logic iS'shown in Figure 14. The 

o " 

output signal from each photomul ti plier on the top row of 92 counters was 

summed wi th the signal from the corresponding eounter in the lower trow 

before discriminatlOn. Logical signaIs from the combined CPX counters were 

summed .and redlscrlminated to suppl Y a CPX~2 slgnal to the fast trigger 

10g1e when more than two' of the count'ers were hit. The' di scr1minated 

signaIs from aIl of the CPX counters were recorded for each event. 

The CPY hodàscope eonsi sted of 48 1 cm thi9k x 8 cm wi de )( 2m long 

NE110 plasti.c sclntlllation[62J countérs coupled to Amperex 56AVP[63J 

pho.tomul tiplier tubes wi th transïstorized bases[65J. The counj:;ers wet'e 
? 

arranged in two vertical columns of 24 counters each extending from X .. 0.0 

to X - ±2.0 m. Logical signais fran the CPY counters were used by 
/ 

the 

trigger processor. As with the CPX counters ~ di scri~inated signais from the 

CPY countèrs were recorded for each event. 

Central counters in both. hodoscopes were retracted to leave a 32 cm 

square beam hale. 

.'. 
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CPX 93 y CPX 184 

'. x--1 Il Il 
1 METRE 

Cpy 1 Cpy 25 

Cpy 24 Cpy' 48 

Figure 13 - Charged Particle Hodoscope 
?' 

~, 

/ 
/ 

/ 

" 

/ 

The Charged Partlcle HodosCopes J, CPX and 'CPY, measured the X and Y positions. 
of charged tracks as di scussed in the text. The coun ters are shown . look ing 
along the beam direction and the scale ls indicated. 
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CPX 1 

,i-

~PX 93 
J" Î ' • 

• 
• 
• 
• • CPx a • -

~~ 
, 

• CPX 100 • 
0 • 
• • ~ 

• • CPX~ 

• • 
• • CPX 89 • 

• CPX 181 • 
• • 
• , 

~ • 
• 
• CPX 92 

, ' 

J CPX 114 ... 

Figure 1~ - Charged Particle Hodoscope Logic . ) 
(

This simplified schematic diagram shows the electronic logic used to define 
the CPXi::2 signal fjOm the outputs of the CPX counters. Photomultiplier 
signals trom the u pel" row of counter:s were summed with signaIs from the 
corresponding coun s in the l'ower row prior ta discrimination. The linear 
sum of the discriminated signals was rediscriminated to define the CPXil:2 
signal. 

" 

, 0 
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'" 
3.15 Muon Hodoscopes 

/ 

Muons were identified by requiring them te traverse a telescope of 

three scintillation counter hodoscopes interlepved with walls of steel and 

. concrete. The arrangement of the counters in the first plane and a plan 

view of the three planes is shown in Figure 15. 

/ 

The fi!'st muon hododscppe, Ill, consisted of two rows of 30 

1 cm thick x 20.3 cm wide _x t.45 m long counters made of NE114 plastic 
, -j p 

scintillator[62] located behind . a 1.106 m thick steel wall. The four .. 
'1 

';., 
-central counters in t+te...... f irs t plane were retracted to leave a 20.32 cm 

" 
square beam hole. A second hodoscope, 112, wi th two rows each consisting of 

• 
31 cm thick x 23 cm wide x 1.57 m l~ng c04pters followed a 61 cm thick 

steel wall. ·A thi.rd hodoscope " j.l3, with 62 

1 cm thick x 26.7 cm wide x 1.75 m long coun,rs arrânged in two rows or' 3J 

counters each, followed a 90 cm thick concrete wall. Counters in the first 

pl~ne were spaced 20 :57 4 cm centre to centre 50 that there was no overlap 

between adjacent counters, and the array was positioned ~ymmetrlcar'tY about 

the beam axi s . Counters ')n the second and third planes -rwére spac;ed 

22.225 cm ~nd 24.57 cm apart respectively. 

,J 
AH of the muon counters were coupled tcf" Ampere~ 2212B 

photomultlpliers[63J with transistoriz&d bases[65]. Discriminated signals~ 

from counters in the upper ~ow of the flrst wall were combined with the 

logical OR of pairs of counters in the upper rows of the second and third 

planes to define muon triple :~cidence signaIs 

TCl • j.I1-1·· (j.I2-l + j.l2-2) • (\.13-1 + ]..13-2). 

TC2 • j.I1-2 

TC 1-TC30 as f ollows : f 

/ 

" 
____ ...0:.. __ -.. __ ,...,. _. ___ -: ____ -,.-
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Figure 15 - ~~on Triple Coincidence Cou~ters 

, This figure shows the first plane of muon hodoscope counters and the 
~ relative locations of counters in the three planes. AlI planes were centred 

on t'he nominal beam axis. The central counters in the first plane were 
withdrawn to create a beam hole. The centre Ilne of·a typicaI muon triple 
colncidence channel la indicated by the dashed line. 

{ 
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and 

a8 shown in Figure 16. The signaIs TC31-TC60 were defined for the lower row 

of counters as follows: 

TC31 .. ~1-32 • (~2-32 + ~2-33) • (\13-32 + 113-33) , 

and 

TC60-= ~1-61 • (Jl2-61 + 1.12-62) • (1.13-61 + 113-62). 
, 

T9 auppresa coincidences caused by halo muons, the countera of each triple 

coineidence channel were centred to line up along the path taken by an 

infinite momentum muon produced'1n the target. The wldths of the counters 

in the second and third planes were chosen to give good acceptanee down to 

muon momenta of 6 GeV/c when all"owances were made for multiple scattering. 

1 

Logic signals fram aIl of the counters were recorded and read out via 
.; 

CAMAC[73J for' eac'h event. The time elapsed between the event tr1gger and 

1 
the signals fram the first plane of muon counters was measured and recorded 

us'ing Lecroy 2249A 8 channel TDC 's[66J 50 that baekgound due to beam halo or 

hadronic decays could be studied off11ne. 

3.16 Fast Logie 

Standard NIM[67] 10gie modules werered ta forro three fast' trigger - -, 

signaIs if appropriate combinatio~,gplcounters had qutputs consistent with 
(J- -., 

the Signature of a high mass muon pair, a single beam partiele h1tting the 

___ , ___ 'II'I'"'_~~_ .... _"....,.......---.~ .. ",_ ... ~ ....... ~....,.""'~l""P_""i!it""Gs __ ~------
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,.3-31 

Figure 16 - Muon Triple Coincidence Logic 

This simplified schematic diagram shows th~ electronic lOglC used to detine 
the muon triple coincidence signaIs TC1-TC30 from the photomultipler outputs 
of counters in the top ~ows of the three muon hodoscopes as discussed in the 
text. Identical logic Rwas used to define the signaIs TC31-TC60 from the 
outputs of counters in the lower rows. 

> , ? 

\' 
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target and two muons traversing! the apparatus.·, A simpllfied schema tic 

of the fast,trigger logic Is shown in Figure 17. In the absence of 
1 

diagram 
1 

any transverse momentum. muons fr~ a high mass pair would enter the 

apparatus in different geOmetrictl quadrants. rhe accidental coincidence 

bet~een a beam halo muon and a muon'produced by hadronic decay would not be 

"so constrained. The four fold symmetry of the apparatus about the beam axis 

was exploited in the definition of the trigger signals to bias against muon 

pairs produced by auah accidentaI coincidences. 
i"'l­, 

A muon was asaumed to have traversed the apparatus if one of the muon 

triple coincidences produced a signal. The 60 TC channels were combined 

together 15 at a time to form 4 quadrant signaIs as follows: 

1: 

and 

IJQUADl = TCl + Te2 + ••• + TC15, 

jlQUAD2 ~ TC16 + TC17 + ••• + TC30. 

jlQUAD3 = TC31 + TC32 + + TC45. 

)lQUAD3 ,. TC46 + TC47 + ••• + TC60. 

A QUAD signal was defined as 

QUAD '" (~QUADl • jlQUAD2) + ()lQUADl • )lQUAD3) + 

(jlQUAD 1 • IlQUAD4) + (IlQUAD2 • jJQUAD3) + 

(IlQUAD2 • IlQUAD4) + (IlQUAD3 • jlQUAD4). 

\ 

indicating that two muons had passed through different quadrant~ of the 

apparatus. The timing of the QUAD signal was set by the leading edge of the 

~-/p signal from the beam tagg1ng 10g10. 

The lowes~evel 
TRIGO :-0P) . 

.... 

fast trigger waB def1ned as 

QUAD • 

'"_. __ •• H. ______ ~_ 

------------
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~~ • 
'tC-ft> 

CPXa2 

'TC 1 

TC1' 

TC1S 

TC30 

TC3l 

TC45 

TC46 

TC60 

A80R 

ABOI. 

AlUR 

ABUL 

" 

Figure 17 - Trigger Logia 

This simplifed, schematic diagram shows the electronic logie uSèd to define 
the three' fast trigger signaIs. These signaIs were separately' presoaled and 
then oombined with P'lON and PBAR signaIs from the beam logio ta give a.inal 
trigger signal~ 

\ 
. ' 
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ncorporating the requirement that at least two charged particles had passed 

through the CPX hodoscope. the CPX~2 signal was u.sed ta def lne the fast 

trigger TRIGl as > 

TRI01 '"' '(1T- /i) .• QUAD • CPX~2. 

typical beam conditions, the CPX~2 requiremen~ reduced the trigger rate 

factor ,of 2. The most restrictive of the fast triggers was biased 

a ainst low mass pairs by \ requiring at leas t ,ne of the Ijluons to hi t an 

abs'Qrber counter quadr'ant and was def ined as 

\TRIG2 = (,t /i) • QUAD • CPX~2 • ABSQ. 

The signal ABSQ was in turn defined as 

AB~Q = (ABUL • ~QUAD1) + (ABUR • ~QUAD2) + 

(ABDL • ~QUAD3) + (ABDR • ~QUAD~). 

-' 

The TRIG2 ate was typically a factor of 5 lower than the TRIGO'rate. 

The thr e fast triggera were prescaled separately and then canbined 

wl th PION a d PBAR slgnals from the beam 10g1c to provide a final event 

trigger signal or the computer controlled readout. .Most of the antiproton . 
data- wàS wi th TRIG1 in arder ta avoid the lo.rrematic biases of the' 

absorber counter. The bulk of the pion data was taken with TRIG2 ta keep 

the overall rate as low as possible. Sufficient data was taken with 

TRIGO to check the\efficiency of the CPX and absorber counters. 

runs requiring onIY two of three counters ln the muon triple coincidences 

were taken to check the muon counter efficiencies. 

3.17~~~i~ger Processor 

l' l ~ .. 

Events satisfying the fast trigger logic were examined by a digital 
\ 

trigger processor; ~n real time. The processor has been described in sorne 

\ 

\ 
_____ p_-....--___ "" -'-"~-,""''''-~--'''_-_~_''''f~~ ... .,t!--_."""",. ____ _ -
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detail elsewhere[75], and therefore only the algorithm used and lts 

implementation will be outlined here. 

Wlres hit ln the X planes of the chambers downstream of the magnet, CPX 

counter outputs, CPY counter outputs, and muon triple coincldenoe channel 

outputs were stored by a fast ECL encoder gated by the trigger logic. A 

hard wired trigger processor employing the Fermilab ECL-CAMAC system of 

modules[76][77] calculated the lnvariant mass of aIl possible muon palrs and 

reJected events which reconstructed to a mass of less than 2.0 GeV/c 2 •. 

The processor examined ali comblnatlons of drift -ènamber hlts and 

~ counter outputs to find candidate tracks in the X projection. The momenta 

and openlng angles in this projection were calculated assuming that the 

tracks originated in the target. The CPY counter information was used te 

gï-ve an upper bound on the opening angle in the Y projection. The invarl.ant 

mass was calculated for !3ach pair of tracka using the approximation 

M2 .. P1 Pj sij 

where Pi and Pj ar~ the momenta of the i th and J th tracks respecti vely, and 

8ij is the angle between the tracks in radians. Events with any combination 

giving a mass above 2.0 GeV/c 2 were read out via CAMAC[73] and recorded on 

magnetic tape. Events with no candidates reconstructing ,to at least the 

minimum mass were cleared and reset without being read. 

The proc~ssor made extensive use of precalculated tables stored in fast 

memories to simplify the logic and improve the performance. Typically about 

5 ~s were required to evaluate an évent, and events 'complicated enough to 

require more than 100 microseconds to eval~ate' were accepted 

uncondl tionally • " 

• l ..1 ________ !.. \_--. __________ ~ __ __.~_~"........- -
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t:. 
During the development,of the processor,~a diagnostic and simulation 

programme was written using the interactJve language F~RTH[78J. Test evants 

" 
'from the simulation programme and data tapes allowed the processor to be 

tested in stages by comparing internal values to results calculated by the 

simulator. 

A fraction of the triggers obtained during any given l'un were ~ecorded 

unconditionally, 50 that' the trigger processor performance and efficiency 

could be checked. The usefulness of the trigger pracessor can be seen 

immediately from Figure 18, which shows the large number of low mass events 

that were rejected. Its ytficiency can be seen from Figure 19, by comparing 

the number of events reJected by the processor ta the results of a full 

reconstruction. The processor reduced the overal~ trigger rate by a ' factor --
of, 5-10, depending on the beam tune, with an efficiency of better than 99 

percent. 

3.18 Data Acquisition 

The experiment was controlled and mQ,ni tored' using a POP 11/lJ5 

camputer[791 running' under the RSX11/M operatlng system. Data recordlng 

') 
modules were connected to the computer using 3 parallel CAMAC[73], branches. 

Two 800 BPI magnetic tape drives were used to record the events for offline 

reconstruction. 

One CAMAC branch was used to service the trigger processor'described in 
o 

the last section. 4 'seoond branch contained the following: 

• 

, --, -'-. ----,,-------------~~-~ ........ -
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RECONSTRUCTED EVENTS 

EVENTS ACCEPTED BY 
TRIGGER PROCESSOR 

1 

1 

4. 

MASS (GeV/e~ 

Figure 18 - Trigger Processor Performance 

The dashed 1ine shows the roass spectruro of muon pairs reconstructed of(line . ~ 
from events where the processor information was not us~tl in th~ trigger. The 
solid '1in~ shows the roass spectrum of the events accepted by the trigger 
processor. The large nurob~rs of low roass events reject~ ~y the trigger 
processor resulted in a substantial~reduction of the trigger rate . 

- 1 
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~ .)2 
LI. 
0 
Q: 

~ FJ EVENTS, MISSED BY 

i 1RIOGER PROCESSOR 

2" 

12 

MASS (GeV/e~ 

Figure 19 - Trigger Processor Efficiency 

This histogram shows the mass spectrum of muon pairs reconstructed offline 
from evants where the processor information was nct used in the trigger. The 
hatched areas show events that woula have been reJected by the trlgger 
processor. Thé measured efficiency of the processor was 0.99. 
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1-. scalers used to moni tor counting rates at various stages of the 

fast' trigger log1e and to record beam flux totals; 

~? ,/ 

2~ analog to digi taIt converters (ADC'5) used" to 
,,~ 

moni tor the 

performance of various counters throughout tpe e~periment; 

3. tirne to digital converters (TDC 's) used to moni tor the Cerenkov 

counters and the first plane of ~uon counters; and 

4. coincidence registers which were used.to record the' etate of aIl 
. 

the counters in the experiment at the time of the trigger. 

A' third branch was used to read out the wiree hi t in the 

proportional and dri ft chamb'er sye t em,s. 

The ~utput of the trigger processor was used ta interrupt the computer, 

which then read out the three CAMAC branches using a Fermnab supp} ied dataI 

acquist~on package[80][81]. The events were tral).sferred directly irito a 

256 Kbyte bulk memory[82] during the ,spill, and transferred to magnetic tape 

at th~ end of each sp111. The~ information recorded for each event Included. 

the follawing: 

1. the date and time of the spill; 

2. a J.ist of aU proporÙonal cham ber wires hit; 
" 

3. a l1st of aU drift chamber wire.s hit and the drift timesj 

, 
4. a complete l!st of all counters hi t, in coincidence with the fast 

\ 
\ 

J 

-
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( 
, '\ 

trigger; and. 
\ " 

5. ADC and TOC information fol" moni~oring purposes. 
, > 

In addition at the end of each spill. a Hst of scaler surns was 

wri tten to 'the tape. Thi~ Iist inéluded the folfowing: 
l ' • 

.. 

'. 1. antiproton and. pion flux totals; 

• 
2. primary beam intensitiesj , 

",' C \ 
'.. ..-.. /,;:: 

" . 
3. counting rates in the Cerenkov counters and th.e beam telescopej 

~ 

1 

L 
4. counting rates of the absorber count.ers and se,lected muon counters; 

and 

~5. counting rates êt various stages in the beam logie and the fast 

trigger 10g1e. 

The reconstrueti,Pn of the muon: pail" kinematic variables fran the 

infor~atlon ~n the data tapes will be diseussed in the next ahapter. 
, , 

3.·19 Online Analysis 
" 

. , 
, '\ 

Ouring the data taking the speetrameter performance was moni tored 
-\ 

online by several analysis progr,ÇIDlmes based on SUPERGRAM[83] [84J, a 
, 

histogrammlng package written at the Universlty of Michigan. 8yeffieiently 
( 

using di5~ storage, SUPERGRAM was capable of aeeessing over 105 bins of 

1 
; 

, . 

il 
1 

>,j 

• S 

. ,/ 
/ 

/ 
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j 

1 

" 

? \. 
j 

J 
• 

information whl1e regulring on1y . :::-, 
-t ç~ 

60x 103 words of .programme 
l, 

memo?, spa-ce. 

The onl'ine analysis perfor,\d the 

r 

i' 
fo11owing functions: 

1. kept track of scaler surns to give up to date beam totals, and ta 

monitor the performance 6f the beam tagging system and the trigger; 

2. histogram~ed wire and tlme dl~trlbutlons for the drift chamber,s and 
~...5 

~nal chambers to aid ln the dlagno~is of malfunctioning 

channels ancf ta moni tOI" chamber eff iclencies% ' . ~\ 

'3. histogrammed TDC, ADC and latch information ta moni tOI" caunt.er and 

4. 

trigger performance;. 

'\ 

controlled th-e data acquisi tl~' system, beglnning and ending l'uns i 
C 

and " 

5. plotted his~ograms under console commando 
~ 

The onli,Jle analysis was typically able to process 10"percent of the 

events in the time between successive beam spills, giving prompt information 

about problems wi th the apparatus as they arose. A version of the on1ine 

., 

~ 

• 

. , 

analysis which read events from data tapes allowed efficient; development and~} '" 
\ 

\ 
testing of the online software. 

3.20 Data Sample 
'1' 

The experiment coÙected data for a total of, 13 -weeks 
<. \ 

June of 1981 and . January. and March 'of 1982. collecting 

"6 

---'--~t~,~--------~--~------~----__ ~·~~.~e?~ _________ ~ __ _ 

1 

l ., 

between April and 

1500 dat~ tapes. 

.-
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Most of the data was taken using a tungsten target in orded ta achleve the 

highest possible event rate. Ten percent of the runnlng t~me was spent 

usffig a beryllium target. and 6 percent usiRg a copper target, 50 that the A 
~ 

dependence of tl;}e cross section for 1jJ productioh by antiprotons and pions 

could be investigated. Of the 84 percent of the data taken with tungsten 
~'l , 

targets, 28 percent wag taken wi th the 1.0 interaction length target during 
~' 

the 1981 l'un. Far" ,the 1982 run, the length of the target was increased to 

1.. 5 interaction lengths and 46 percent of the runnlng time was spent uslng l' 

th~s cOnfig,uration. In the final 'weeks of the 1982 run, the remaining 10 

percent of the total running time was spent using a 0.4 interaction length 
f-

tungsten target so that correc,t ions fcOr reinteract10n of secondary, partiel es 
, 

could be 1nvestigated. 

Durlng t~ course of the data taklng, the performance of the 

Î?pectrometer was moni tOFed online 
1 

su1;>sample of, the data tapes -tias also 

as described in a previous section. A 
~ 

analysed .offline as. the experlment 

proceeded to ~ensure .that the apparatus was workin~ correct}y", Arter the 

completion of the data takin~, events on th~ complete set of data tapes were 

analysed and reconstructed as d"èscribed in the next chapter. 

.. 

" 

--'~\--------~~----------~-y--~~--~----~----~~--------------------~. 
j 
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CHAPTgR 4 

- Reconstructi on 

The information fran the drift chambers was used to l"econstruct the 

trajectories of chal"ged particles which had travelled through the apparatus. 
1 

Track segments. ~n the rear chambers were l1nke.9----Wi-th--.s-egments in the 

chambers in front of ~e magnet. The momentum of each partiel e was 

·calculated from the bend in the tra,j ectory caused by the analys!s magnet. 

Ta eliminate. tracks 1eft in the 
l 

chambers by. the 
-.. -~ 

interactions, the tracks w'ere requir.ed to intersect 

debri s from other 

hodoscope counters that had been hi t in coincidence wi th the trlgger. The 
, 

four momenta of the muons were ·ccmbined wi th informatidn from the beam 

telescope ta calculate the kinematic variables of the muon pair. Many of 

the d~'talls of the calibration procedure, time to dist·ance conver'sion, track 

reconstruction, and trac'k finding efficiency have been disaussed a,t length 
" 

in ano~her thesis[85J and will not be repeated h",e. 
~ \ 

1 

1 

i ' 
• ,. 
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ReCO~tiOn of the events fr.an the data tapes took place in three 

stages. ln ~ first stage of the ahalysis, each event was required to have 

two tracks in the chambers which pointed to muon triple coincidence channels 

that had been hi t in coincidence wi th the trigger. The two tracks were 

required to give an invariant mass of at least 2 GeV/c 2
• 
~ 
If an event 

sàt·isfied thése critera the origlnal event record was written to a $econdary 

fne known as a condensed file. A da,ta tap.e .. with 1.4 x 105 triggers cauld 

be reduced ta a file of 200 condensed events in 1500 CPU seconds on the 

Fermilab Cyber 175 computer[86]. The condensed files from each run were 

collected on tape and subject to a second stage of analysis. 

/ 
~ . 

In the second stage, the events on the condensed data tapes were 

subject to the full analysis using both the drift chamber and beam telescope 

information. The track parameters from thi s stage of the analys1s were 

wri tten to a data summary tape wi thout the original event reC!.ord. Each 

event required four times as much ,CPU time at this stag~ as had been 
D 

required for the previous condensation. The summary tapes al~owed '~\"nts to 

be studi ad in detail wi thout repeating the reconstruction each time. 

In the final stage, the reconstructed tracks were r'équired to pass 

tnrough fiducial regions corresponding t6, ,the physical apertures of the 
/ 

appara tus. Additional requirements were made on events wi th a high ener'gy 
~ . 

negative muon to reduce the cbntamination from beam halo. Events meeting 
<; .. J 

all of these conditions were Üsted on a di sk file wi th their reconstructed 
" 

kinematic variables, centre of masoS energy/ and trigger level requirement. 

The entire chain of analysis prpgrammes was check~~ using Monte Carlo 
\ 

events written in the original data event format wi th background hit;:; 

ircorporated from actual experil!lental data events. \\ 
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4.1 Drift Chamber Calibration 

(, 
The tirst step in the drift ohamber:- track reconstruction invol ved the 

calibration of the time -tp 'digital converters (TDC'S) and the conversion of 
"-
~~ 

the drift time ta drift distance. To a good approximation. the -drift 

veloci ty of electrons in the 50 percent cargon and 50 percent ethane .. mixture 

used in this experiment 15 50 }Jlns at atmospheric pressure independent of 

the electrlc f ield[72]. Because the drift pa ths are not al ways linear~\nd 

the drift velocity Is not exactly constant across the cell. a better 

estlmate of the time to distanc.e conversion i s obtalned by integratlng the 

time spectrum[87J as shawn in Flgure 20. If the chamber ls illuminated ~y a 

unlform fiux of N particles aeross a drift cell of width ÂX. the time 
, 

spee~rum will be gi ven by , 

dM dN dx 
dt .. Qx ëJt 

where 

dM • 
dt is the number of particlêshaving a drift time t. ) 

dN N 
dx .. rx i5 ~ constant flux. and 
dx 
dt is the drift velocity which may be a function of x. 

b

BeY lntegrating both sides. the time ~o distanc~ conversion relatfonship 

expressed as 

x(t) -ir"f1X J ~dt. 

can 

An ini tial 'analysi~ a suhset of the data tapes was made assuming a 

constant drift veloei ty across the ce11. The tlme spectra df drift chamber 

hits used for the tracks reconstructed in this analysis were integrated to , 
give a time to distance conversion relationship for each drift chamber 

plane. The relatlonshlps were stored as tables on a disk flle. 
~' 

As di scussed ln the last chapter, each data taPEil began wi th a series of 

l 
l' 



r 

,) 

( 

i 
§ 
~ 
a: 
~ 

i 

-! 
w 

1 
i 

\~ 

è, 

100 

10 

eo 

40 

20 

°0 

2. 

1.' 

1.2 

0.1 

0.4 

o. 
0 

, . 
-73-

40 eo 120 180 

CORREèTED DRin TI~E (ns) 

CORRECTtO ORIn TIME (ns) 

l' 
Figure 20 '- Time to Dl stance Conversion 

210 

The top histogram shows the number of tl'acks plotted against the 
, dl' 1ft t ime for the X plane of dl' 1ft chamber DC4. The lower figur e 

integrat"Eld time distribution normalized' to giv~ the time to 
conversion as discussed in the tex~. ' 

/ 

\ 

corrected 
shows the 
distance 

Il 
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six hundred calibration to the analysie, the calibration 

events were read and straight 1 iJ;les were fit ta the number of counts vs' 

delay curve for each TDC. As the TDC information was read for each event, 

the calibr'ation constants for each channel were used to convert the counts 

to drift Ume. The drift time was used ta look up'" the distance the track 

had passed from the sense wire. 

'. 
1. ':; 4.2 Drift Chamber Reconstruction' 

The .drift chamber track reconstruction proceeded fran the rear of the 

spectrometer ta the front'. The chÇil1lbers downstream of the magnet typically 

Md haH,as Many wir~ hit ~er plane for a given event, and' this made track 
, ,~ 

f inding simpler. Track segments in the rear were projected through the 

mag~nd useq to help find the cor.esponding hi ts in the front chambers. 
i 

The track momentum was calculated from the bend of the track in the analysi~ 

magnet'and comblned with the direction of the upstream track segment to give 

the four momentum of the muon' in the laboratory frame. The charge of each 
-~;\ 

\ 

particle was determined from the direction of the magnetic deflection. ' 

The information t'rom each of the drift chambers in the rear was s tudied , 
" 

in turn and a11 possible combinat ions of hi ts were examined to find 
1 

,~, / .' that coinc\ded wi th X wire hit intersections of U and V wire hits an as 

shown . schematically in Figure 21- The combination was deemed to be a rough 
" 

triplet if 

IX - oos9 U+V
1 -:r ::;l O.8âX 

where 

X, U and V are the coordinates of the wlres as measured fran the Z axis 

as shawn ln the figure, 

i, 

l 
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~. 

Figure 21 - Drift Chambel" Triplets 

The intersections of hi t wires in the X, U, and V planes of, a chamber were 
us~d to define a drift cham,ber triplet as dlscussed in the text. The X,U and 
V coordinates were measured from the centre of tl)e chamber as Indlcated by 
the arrows. 

-------------~------ -------------------~--------------~ ... 
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~X ls the chamber wlre spacing, and 

9 .. tan- 10.3 ls the stereo angle fran the vertical of the U and V 

planes in the drift chambers. 

At this stage only the wire coordinates· were used; no information about the 

drift time was included. Up ta 40 rough triplets were allowed in each 

chamber. 

·The next s tep was te combine the rough triple ts in the three chambers 
) , 

downstreaIil of the magnet to find all possible track segments. Three 

triplets, one each in chambers DC4, DC5 and DC6, were deerned a rough track 

segmsmt (no drtft time information used) if 
/ 

and 

where 

,., 
Xi and Yi are the coordinates of the triplet in chamber DCi, and 

/ 
- --~X and 9 are the wire spacing and stereo angle as discussed above. 

, 
After aIl track segments wi th three rough triplets were found, the programme 

<y r 
returned to find "any track segments that ceuld be constructed uSing two 

rÇ>ugh triplets and a pair of wires in the remaining cham ber . Thus a track 

segment required that at least 8 of the 9, possible hits be found berore it 

could he reconstructed. Again up ta 40 rough track segments were allowéd. 

At this point, the time information was incl.uded to refine the rough 

triplets. The drift time wàs calculated from the digi ti zer (Jounts using the 
~ 

Calibration constants discussed ln the last section, and was used ln turn to 

calculate the distanc_e the track had passed from the sense wlre. The slopes 

of the rough tracks were used to proj ect the hi ts in the U and V planes onte 

-------------- . 
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the corresponding X plane. When the time information was included. each set 

of three hit wlres could be used to construct 23 possible fine tripl~ts 

because of the.left-right ambigui ty inherent in the drift time. The x: and Y 

posi tions Of, each ,pasSiJüe fine triplet were calculated as 

xrriplet = (V+X+U)/3 

and 

YTriplet =' (V':'U)/(2tane) 
, 

wher;-e X. U and·V are the caordi nates of the drift chambe!" hits proj eet ed 

anto the appropriate X plane wi th the time information' included. , The SUffi of 

the 'squared residual distances. RZ. of the X. U and V hits fran the position 

of the fine triplet 1 tha t is .. 

HZ _ (X-lL )Z+(U-IL )z+(V-V )Z 
-:rriplet -rriplet Triplet 

was required to be less than 0.016 cm z where the U and V positions of the 

tri'plet wre given by the following expressions: 

Urr-iplet = 'Xrriplet +YTriplet.~an6); and 
T-..."'·", .. "" 

VTriplet .. (XrriPle~-YTriPlettan6). 
, 

Again 'e i8 the stereo angle of the U and V planes. The residual8 of the 

fine triplets in the rear ohambers typically had an RMS value of 0.25 mm. 

The fine triplets were in turn used to define fine tracks in the rear. 

# 

The remaining track segments in the rear were then projected through 

the magnet to the plane of the third drift chamber. The Y c09rdinates of 

rOllgh triplets in the chamber wer'e compé1-red to the Y coordinate of each 

proj eoted track in turn and, fine triplets were constructed _ if a match was 

round. Rough track segments in the front were constructed by l1nking the 
'lj 

( fine triplets in the third chamber wi th the intercept at the magnet bend 
\' 

plane of the track segment ~n' the rear. The candidate track segments in the 

f,ront were prQj,ected to .the first and second chambers which were ,.then 

-
,,~ . 

'-
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examined for tr1plets or doublets of w1res. 
~ 

Real'" track segments wh1ch cou1d 
\ 

not he matched w1th triplets in the th1rd chambel'" were checked age,inst 
'1 

triplets in the first and second chambers. AH tracks required at least one 

trip~et and two doublet~ be found in the frqnt chambers before lt could be 
, , 

reconstructed. The residuals 'of the fine triplets in the front - chambers 
" , 

typically had an RMS value b€itween '0.30 and 0.35 mm. 

The horizontal moro'enturo component of each track was then C\alCUlated by 

filting a circulal'" arc of radiu~ 

~ = LErf/ (sinSIN-sin90UT) , 

as shown in Figure 22, between the X pr'ojectlons of the front and rear track v 

.~ 

segments and ~sing[13] 

Px-z '" O.3Hp/c. 

The quantiti~s appearlng in these equations are defined-as follows: , 
SIN 15 the angle between the the X-Z projection of the tl"'ack upatre~ 

,~ 

of the magnet and the Z axis; 

Sour is the angle between the the X-Z proj ection of the track 
\" 

downstream of the magnet and ~e Z axis; 

LEff is_,the effectl ve length of the field; 

PX- Z ia the component of momentum in the X-Z plane measured in MeV/c; 

,H 18 the magnetic field in Kgaussi and 

P is the radiùs of curyature of the track 
~~ 

in centimetres. 

Corrections were applied for the energy 10ss of the muons 11<\ the coppèr 

absorber[88], and the four momen~um components c;>f each muon were calculated 

trom PX-Z and the direction of the upstream track segment as 

Px • PX-Zsin6 IN' 

\ 
Pz • PX-Zcos6IN' and 

(>' 

" 

-
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Figure 22 

The momenta of the tracks were 
as discussed in the text. 

- Mome~culatlon 

calcula~ed Uïng a ~qua're 

-' 

\ 

field approximation 

/ 

/ 
~! 
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E '" (p 2 + P 2 + P 2 + M 2) 1/2 
• X Y, Z ~ 

where ~. 1S the Y slope of the upstream track segment. The charge of each 

muon was determined fran the direction of the deflection in the magnetic 

field. 

4.3 Bearn Chf\\bÇlr Reconstructlon 

The large momentum spread and spatial di vergence of the beam' made -1 t 

,neces'sary to me,asure the position, .and moment~m cf each individual beam 

partiele. Information from the beam chambers and the beam hodoscope c~unter . . 
elements was used to reconstruct the beam, particle traJeetorïes. The 

partiele momenta were calculated fraIÎ the bend in thé ,traj ector'ies ca'osed by 
, ( 

the magnets in the beam spectrometer. 

Wires hi t in the nine planes' of beam proportiQnal champ rs were , 

examined te f ind triplets in each of t,he. three beam stations as sbown 

schematically in Figure 23. Correl,at'ed triplets 1,n th~ thr:ee stations were 
~ 

ma tched in the non-behd or X coordinate to f ind tracks. The momenta of the 
1 , 

tracks were calculated uS1ng a singte bend plane approximation for the pair 
1, • '. 

or dipole magnets in the beam spectrometer. ,Candidate tracks outs1de of the 

acceptance of the beam telescope or of' the mOmentum bi te of the ~beam were" 

rejected. 

As discussed in the last chaptèr the beam counter hodoscopes were 

designed to have a sensitive time shtlrter than the separatlon between 

successsi ve RF btickets. Residual tracks in the chambers due to partlcl es 

not ln coincidence wi th the trigger were el1minated by requiring the 

trajectories to point at beam hodoscope elements which had recorded a count. 

, -

l 
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" Figure 23 - Beam Chamber Triplets 

Beam 'chamber triplets were defined by th~ intersections ot' hi t' wfres in the 
Y, U, and V planes. The Y. U, and V coordlnates were measured froID the, 

" centre of the chamber as indicated by the arrows. 
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The beam mamentum spec~rum 

mamen tum sprea~ of thé beam 'was 
'1\, 

spatial s,read of 10 cm FWHM in 
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ànd prof île are. shown in· Figure 24: The 
'.;:'"t .~ • 

15 G~V/c ~F~ the. ta~get the beam had à. ~ 

X and 6 cm FWHM in Y. The beam i s not 

centred about Y .. 0 at the target because of the upward bend caused by the 

momentum tagging magnets. The taggr~ system allowed the momentum to be 

measured to 1 GeV/c and the pOSittO.t to 0.5 cm FWH!:1'at the target p.osition. T, 

4.4 Verte~ and Halo Requirèment~ 

... 
Pairs of reconstructed tracks were projected upstrean through the beam 

dump to determine whèther the collision had occured in the t,arget or the 

dump. The point at' which the d,istance between the tracks was a minimum was 

used as a qrst estimate of the production vertex. Information fr~' the 

drift chamber,s, beam Chambers, and the absorber chamber was used ta make a 

better est.ima'te of the vertex uslng the algori thm discussed in Appendix II. 

A histogram' of the Z position of the rfilconstructed vertices for pion indt.lced 

events i~ the 1982 sample ls shawn in Figure 25, alld the position of the 

target and the upstream end of the dump are indicated. The vertex 

" reconstructed in this way allowed events produced in the dump to he clearly 

separated from avents originating in the target. 

Requirements were placed on the distance between the tracks at the 

reconstructed vet'tex" and on the posl tion of the' vertex ta ensure that the 

two muons did originât.e at a common point \ànd we~e not the result of. an, 
~. • e 

accidentaI 0 coincidence hetween a halo particle and a muon from the decay of 

a hadron. The reconstructed vertex was required ta be wi thin 9.144 cm in X 

and 10.16 cm in Y of the nominal beam spot at the target, that ls, X '" 0.0 

qnd y .• 5.08 cm. The Z position of the reconstructed vertex was required ta' 

I-... ----....... ~------...... ----...... ..,..j--..... "":s; ...... '"-....... --..,.....-·-- - -- ,-
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Figure 2~ - Bearn Momenturn Spectrum and Profile 
,>r-

The top histogram shows the reconstructed beam momentum for events from the 
1981 run. The second histogram shows the X di stri bution of the beam tracks 
at the target. The Y distribution of the traoks at the target i s shown in 
the final histogram. The Y distribution of the be~ is' not oentred at 0 
because of the upward bend caused by the momentum tagglng magnets.· 
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z Of RECO~TRlICTED VERTEX (cm) 

Figure 25 - Reconstructed Vertex 

The reconseructed Z vertex position 1S shown for the tungsten target used 
during the 1982 l'un. The positions of the tal'get and the copper beam dump 
are indlcate.d\ in the top half of the figure, and tne dashed l in es show the 
positia(ls of the' vertex cuts. The reconstructed vertex was used to assign 
the events ta ei ther the dump or the target. The kinematic variables for 
évents assigned ta the target we~ rec~lculated assumîng that they had 
originated at the centre of the target. 
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be ~etween -444.3 cm ayd ':358. 11l cm, when the single target 'was flsed,' and' 
, , 

betweén -l495.5'cm and -358.14 cm when a split target was used. The di stance 

of· closest approach of the two tracks wa,s required to be less than 7.62 cm 
. , 

in X;'10.16 cm in Y, and 2.54 cm in Z. When thes,e vertex requirements were D 

tested ln the Monte Carlo simulation, they resul ted in a 10138 of leas than 

percent of the eventa wi th no bias in any of the kinematic variables • . ~ 

To el-iminate any reaidual contamination by beam halo, special 

requirements were imposed on e'vents wi th a hlgh momentum negatively charged 

m~~1J to ensure that both muons came fraI} a common vertex. Events wi th a 

efther charge wi th a momentum of greater than 85 GeV/c were not , 

in the final data aample. Events wi th a negative' muon wi th a 

of greater th an 20 GeV/c were excluded from th~ final data sample 

if' the separ.ation of the tracks at the target was greater than 5.08" cm and 
~ .. 

if the distance of ei ther tç~k from the rec~rstructed beam track was 

greater than 5.08 cm. 

The special vertex requirements imposed on events wi th a high momentum , 
negatlve muon were stutlied üSlng the Monte Carlo simulation'and by applying ~ 

them to events wi th a high momentum posl ti ve muon and round to resul t in a 

negl1gi ble loss. The reJection ~f events Yii th a muon having a momerittllll of 

greater than 85 GeV/c resulted in the 101313 of a few percent of the 

oppoaitely charged high maas êvents. but eliminated > a large fraétion",of the 

negatlve-negatlve events survlving the other requirements. This requlrement 

had no effect on the kinematic distributions wi th the exception of the high 

xF reglon. Figures showing the effects of this requiranent are presented 

together wi tl) the track f inding eff iclency in a later section. A correction 

" for these effects was included in the calculation of the acceptance. as 

,~,~cussed in the next chapter. . . , 
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( ~,5 Aperture and Trigger Requirements' 

The reconstructeç! muon tracks were required to pass through fiducial 

regions corresponding to the defimng apertures of the apparatus,. In . 
addi tion, the track'S were required to point at counters that had been hi t in 

~ coincidence Wl th' the trigger. The muon palr was also required ta completely 

satisfy the trigger condi tions that had been imposed during the data taking, 

r 
These requirement,s elimlnated most of the events 'whlch had satisfied 

the trigg,er because of an accidentaI coincideoce between a l1adron decay or , 
-i 

punch th'rough and a bearn halo particle, and guaranteed that oounter 

ineff iciencies could be accurately calculated, Because the resol v lng time 

of the counters was much smaller than the sensi tive time of the drift 

chambers, it was po~sible to eliniinate tracks f~om interactions of beam 

particles in previous RF buckets. The aperture and trigger r'equirements 

also ensured that the acceptance of the apparatus could be accurately 

modelled by making the sarne requirements in the Monte Carlo. 

The X and Y coordinates of the reconstructed tracks were 'calclÏlated at 

for various values of Z as listed ir Table 51, These correspond to the 

following physioal locations: H 

• 
) 

1. the edges of' the active area: of the third drift ohamber, 

" 2. the aperture def ined by the downstream end of the magnet yake. 
,. 

3. the downstream edges of the magnet coUs. 
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Table 5 - Flducial Regions 

This table summarizes the fiducial requirements placed on the reconstr,ucted 
tracks s discussed in the text. The tracks were. required to fall wi th(ln'-, +DX 
and ±D~ of the nominal beam centre point at XO and YO at each of the 
chambers. At chambers DC3 and DC6, additional requlrements were also made in 
U, and V. At the absorber counter one of the tracks was required ta fall 
outside a circle of radius DR if slgnals from the counter were used in the 
trigger for the event. The tracks were also required ta fàll outside the 
beam hales in the CPH and muon counter ..Jl0doscopes. The Y coordinate of the 

" bE:)am centre depended on Z because -0(- the upward slope of the beam caused by 
magnets in the .beam spectrome~.el'>. " \~ 

1 

------------------------------------------------------------------------------

1 

zo 
(cm) 1 

XO 1 YO 
(cm) (cm) 

Aperture DX 
(cm) / 

DY / DR -/ 
(cm) (cm) 

DU 
(cm) 

DV 
(cm) 

----------------------------------------------------------------------------
,";; 

Absr Cntr -174.24 0.0 5.23 25.4 55.88 15.24 
.\~ 

-... 
, 

DC3 -137.52'0.0 5.95 24.63 . 55.95 

Mgnt Yoke 76.2 0.0 6.17 91.44 45.72 

Mgnt Coi i 135.3 0.0 611"17 91 .44 

DC4 163.40 0.0 6.746 49.53 

... 
DC6 414.05 0.0 7.404 161.17 1l4.25 . 174.25 

CPH Hale 441.07 0.0 7.404. 15.24' 15.24 

Muon Cntr 925.20 0.0 8.658 20.32 20.32 

-i' .... ~\. 
J", " 

-'1 

, . , 

1 

il' , 
1j 
1 
~ 

: 
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,. 
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4. the edges of the 

chambers • 

c' 

5. the ,edges J' the 

-8~-

active areas of 

f~. 

Il 

theo 

• < .-

four th . and 

beam hole ln the CPX and CPY counters l, 
" 

6,. the edges of the beam holé in the f1rs't 'muon hodoscope • .. 

. , 

si,xth drif III 
a nid 

1 

At the drift chambers and magnet apertures the track coordtnates 
\ ~ 

were examined and the event was reject,ed if they: passed outsige "'of a 

be~ dentre at';.~ 
\ c 

',-
rectangular region of size ±DX and ±DY' centred on the nominal 

At the CPX, CPY. and muon hpdoscope 
à 

XO and 10, also listed ln Table 5 •• 

holes the tracks were rej ected if they passed i~siqe of a rect;.angfil(3.r regi~n 

of size ±OX and ±OY centred at XO and YO. Because the active areas of thE!' 
'-' 

chambers were not square. the tracks were' also required to fall wi thin a 

region ±DU and ±OV of the nominal beam centre spot at the third and sixth 

drift chambers. where U and V are deflned as 

u .. X + Ytana. 

v • X - Ytana. and 

8 " tan-1 (0.3) 13 the stereo angle of the U an,d."" planes of the "drift 
~",,}:~.. ; 

chambers. 

->-

Both reconstructed muon tracks wer:e required to point ta CPX. CPY and 

muon triple coincidence channels which had been hi t in coincidence wi th the 

trigger. Half a counter spacing was allowed for resolut1on at the CPX ,an.d.,.., 
61 • , . < '"" 

counters and a 12.7 cm margin 'for multiple scatterlng was allQYled 
• 

the CPY 

wi th the muon counters. The two tracks were required to pOi,nt ta muon 

triple coincidEmce channels in different quadrants of the hodascopes. Each 

muon was requir~d ta point to a different CPX counter wi th a recorded hi t ta 

guarantee that the Cpn2 requirement of the hardware trigger was satisf1ed. 

. ' 
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.11 ~ addi tion at least onE!. of the muons was required to pass outside of a 

circul~r region 

1 

1 

corresponding to the absorber counter hole if the trigger 
"'r, 

f
i, 

or a gl ven event had required the c~unter. The absorber counter quadrants 
Il,, 

traversed by the reconstruçted tr~cks were compared to the list of acti ve . 

counters ~nd ï l"east o~e Qf the quadrants hit was reqUired" to hil-ve'-recorded 

a count~, -

4.6 Rec~.tPuotlon Efflclenoy • 

'. 

1 

~\ \> 

" It Js difficul t to make reconstruction· programmes one hundred 
(/ 

percent 

.-. eff i eient • Missing hits due to chamber Inefficlencies, electronics dead 

time and extra trac1<s from halo partieles or other interactions can confuse 

even the 
~ . 

Diost carefully written programmes, Our reconstruct ion eff i ciene y 
tJ 

was investigated by generating Monte Carlo events with simulated backgrounds 
. 

and Inefficieneles and ..t;constructing them wi th the analysis programmes. 

Background hi ts in the chambers were simulated by uswg the drift 
o 

chamber information' from events on 

~"'signal only as the trigger. Muon 

a' special data tape taken' using the BEAM 

pairs generat;.ed by the 'Mbnte Carlo 

simulation were propagated through the apparatus using i ts measured 

paramet~rs and added to the background drift chamber hi ts. The drift 

chambers were assumed to be '99.5 percent efficient, a number consistent wi~h . 
tests uSing cosmic ra~s' and low iritensi ty bealn runs. The dead t1me of the .. 
drift chambar electronics was 1ncluded by disabling drlft chamber w1res 

which hi t ln a second beam event, These simulated data events were 
- 0 

the sarne programmes as the data events., and the reconstruction 

as calculated by comparing the number of events generated to the. 

anal y:;'Ii s • 

" \ ! 
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finding efficien.cy·waS typicall 9 'percent overall for high 
.. 

produced by antiprotons in The eff iciency 

a function of the va 1 io 13 kinem-atic va"'iables in 

--._-
Figure 26 Note that the efficlen y 1 s relati vely constant 

for most of range of the kinematic variables but falls ta 80 percent for_ 
, j . \ 

tl')e highest ~F bin used. Also shown on the ,figures as SOli~ squares are the 
, , , 

efficiencies ,when the requirement that the.individual muon momenta be léss 
1 • 

than 85 GeV/c , is included. This requirement has little effect on the 
Il 

, 
kinematic distributions wi t~ the _exception of the high x F reglon. 

~ 

Decreasing the efficiency per plane to 99.0 percent typiçally decr~a:6ed 
'-. 

track f inding efficlency by percent. Reduclng the e1ectroni cs dead 

tlme fram 350 ns ,to 300 ns increased the overall track f lnding .efflcien'Cy by 
, , 

1.2 percen-t. A calculation of the efficlency using backgrOUnd hi ts fran 

real reconstructed di muon data events agreed to wi thi~ 2 percent wi th the 

calcu1ation using background hi ts from b~ trl ggers. ' 

Comparabl,e results were obtained by independent estlmates of the track 

finding efficency based on' the scanning of subsets of the data sample by 

~ 

l'land and macl1.ine 1 and by measuring the dnft chamber "electroni cs dead time. 
(" 

These estimates are discussed extensi vely by Kraushaar[8?]. A 20 percent 
~ 

residual uncertainty ln the track finding ineffic ency translates lnto, a 2 

percent uncertalnty ln the f 1na1 oross section • 
. ~ 
'the electronics dead time and the efficiency of 

ncludlng uncertainties in 

drift chambers 1 the 

f.lnal uncertainty in the total cross sections is est mated to be less than 4 

percent. The maximum correction to any 

the maximum uncertainty in any of the different 

estimated to be 1·~5S than 8 percent: 

percent 1 so that 
l-

cross sections lS 

~: 
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Figure' 26 - Trac.k Findi~g Efficiency vs Mas5 and x

F 
. \ 

The open squar..es show the track f lOdlng eff iCiency as functions of mass and, 
xE fol" the 1982 running period. The salid squares show the combined effects 
or track f inding eff iciency and the kinematic requirements imposed on the 
reconstruc.ted events. The requirement that both muons have a momentum of 
less than 85 -GeV/c results in the 10ss of half the events in the highest x

F bins", 
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F:igure 21 - Track Finding Efficlency vs, PT 2 and cose 

The open squares shOw the track findlng efficiency as functlons of PT 2 and 
éose for the 1982 running, period. The saUd squares show the comblned 
effects of track finding efficiency and the kinematic requirements imposed -.' 
on the reconstructed events, There 13 no strong dependence of the 
reconstruction efficiency on any or these' kinematic variables. 
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The acceptance of the spectrometer was calculatéd by generating ev~nts 

wi tjl the simulation programmE1, and determining what fraè'U6n" of them 

successfully traversed the en tlre ~peotraneter. The details of the 

simulation programme will be di scused in ~he next chapter., The 

reconstructlOn efficiency was incorporated by requiring the Monte Carlo 

events, inoluding bacKground and electroni \ dead 

be reconstructed with the same series of anal~is_ 

experimental data. 

4.7 Kinematlc Reconstruction and Data Sample 

1 
time as decribed here, to 

programmes as the real 

---
The mass resolution of the spectrom~ter was lïmi ted by the uncertainty 

ln the opening angle of the muon pair caused by multiple scattering of the 

muons in the copper absorber. In the f l nal stage of the analysl s, 

information from the beam chambers and the absorber wire chamber was use'd to 
j 

det ermine the opentng angle of the muon pair and thereby gi ve the bes t 

resolution for the spectrometer. The four momenta of the muons were then 

~ 

recaloulated using this procedure and used to calculate the kinematic 

variables of the muon pair. 

The muon pair:s oould be assumed to have been created by the, in teract ion 
" 

of a beam particle ln the target. Monte Carlo slmulations showed that the 

measurement of the opening angle could be ~.Droved 
""'~tî 

by assuming that the 

muons had originated at the centre of the target rather than just using the 

drift chamber tracks ta determine the Z posi tian of the vertex. The beam 

track was used to provide the X and Y coor,dinate posi tions of the production 
, 

vertex. Thé absorber chamber gave information about the positions of the 

tracks before they had been fully scattered, afld could be used to give the 

-, 

/ 
1 
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best determinatlOn of the 
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openipg' angle. To do thlS, the drift 

1 
1 

charnber 

track~ in the front of t~ magnet were proJected back to tM ~entre plane 1f 

the ~bsorber chamber. A radial area of 1.016 cm around the tracks was 

searched for hl ts. The X and Y posi tions of the tracl<' in the absor er 

\ cham ber were taken to be the crossing point of the U and V wires closest tp 

the track. Line segments 1inklng the absorber chambe!;" coordinates wi th the 1 • 

centre of 'the target segment ln WhlCh the event was produced were use ta 

gi ve tq,e f 1na1 values of the productIon angles of the muons. 

The effects of dlfferent reconstruction procedures on the wldth f the 
-! 

peak we~e -examined. USIng only the tracks 'ln the front dri ft chambers ta 

calcu1ate the productlOn angles of the muons gave a ljJ peak wi th a 'd dth of 

270 MeV /c 2
• Uswg li ne segments linking the drIft chambà l.n the 

front chambers to the centre of the target segment gave a of 

190 MeV /c 2
, Incorporating the absorb~r chamber information reduced he width 

of the peak ta 185 MeV/c 2
• 

The four manent: of the muons wero> recalculated using the bi.t values 

for the direction_ of each muon. The beam-target centre ~f mass was" 

calcu1ated from the measured four momentum of the beam partic~e, assuming 

that the target partlcle was a nucleon at rest in the labl frame. 

were Lorentz transformed to the centre of mass frame a~d used t/o 
, 

The muons 

cal culate 

the 1nvariant mass, xF ' PT' and rest frame parameters 0i the paIr as 

descri bed above in Chapter 2. The indi v ldual muons and the ber 'and target 

parti cles wêr13 transformed from the centre of mass frame to he res t frame 
, , \ 

of the muon pair and the angular variables, e and ~,were cal ulated using , 
\ 

the Gottfreid-Jackson conventlOn for the Z axis. 
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Although aà.ta "las ~aken using copper and berylliUm targets so that the 

A dependence of the crpss section"for 1jJ production could b~ investlgated. 

this analysis is based on the tungsten data only., The breakdo"ln of the 
.,~. 

final data aample bybeam typé and ti>igger condition ia glven ln Table 6. 

~ ,.~ 

The mass spectra for muon pairs produced by antipr~tons and pions in all the 

tungsten targets 'are shawn :-in Figure 28 and Figure 29 res.pecti vely. No. 

correction for the "acceptance of the spectrometer has~been applied at this 

'stage. The ôpen sQuares are the sum of events with ~ither two positively or 

two negati vely charged muons. Tpe 1/1 peak obs~'t'~ed at the qorrect mass of-

3.1GeV/c 2 has a "lldth consistent witlf the calculated resolution of the 

spectrometer. 

The next chapter descrlbes thé Monte Carlo computer programm~. "lt~ to 

;:.,<, calculate the acceptance. The f1tting lof the kinematic distributions, the 

corrections applied to the data~and"th~ re~ts are discussed in s~9~~quent 
l} u • .. _ts;""",~I.,r,,,' '1 

cnapters. K "_-;-- ••••• ))1. 
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Table 6 - Breakdown af Events by Target Conf iguration 

This table summarizes the number of reeanstrueted high mass muon pairs with 
M between 4 and 9 GeV le 2 and xF ~ O. Oppasi tely charged ano~ like éharged 
pairs are l~sted in separate eolumns. 

/ 

.-JI' 

-------------------------------------------------------
J Antiprotons Pions 

-----------------------------------------------------
Target 1 Trigger 1 +- 1 ++/-- +- , i ++/--

-----------------------------------------------------

BE 

cu 

THICK W 

THIN W 

TRIGl c' 

TRIG2 

TRIGl 
TR"IG2 

TRIGl 
TRIG2' 

TRIÇll 
TRIG2 

TRIGl 
TRIG2 

10 
3 

20 

106 

250 
'17 

14 

5 

56 

70 

367 

102 
578 

54 

2 

1 
9 

-----------------------------------------------------
TOTAL W 

l" 387 1 5 1 1101 l ' l2 

-------------------------------------------------------

.' .... 

----_ .. _---:-------, _. _ ......... , -_ ....... ~---
1 
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Figure 28 - Uncorrected Antiproton Produced Mass Spectrum 

The solid squares show'the number of oppositely charged muon pairs produced 
in antiproton-tungsten collisions as a function of masse JFe.open squares 
show th.e sum of pairs of positively charged muons anc(.P?irs àf negativel'y--­
charged mtlons.· 
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Figure 29 - Uncorrected Pion Proouced -Mass Spectrum 

The solid squares show the number of .oppositely charged muon pairs produceQ 
in pion-tungsten collisions as a function of mruts. The ODen squares show the"'­
sum, of pairs of posiUvely ch.arged muons and pairs of negatively charged 
muons. 
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A' CHAPTER 5 

Monte Carl'o • 

Q 

The largest correction that had to be made to the data was· for the 

limited acceptance of~ the speotrometer itself. A FORTRAN Monte Carlo 
~ . 

programme was wri tten for the Fermilab Cyber 115 computer[86J to "model the 

apparatus and oalculate the a~ceptance. 

The programme sought to simulate the appàratus as closelyas possible. 
• l- . 

Events were generated randomly throughout phase space using the mea~ured 
q~ 

beéi\ll energy spectra and prof iles, and thl ,resulting pairs of muons were 
, Co 

propagated through the spectrometer taking into account multiple scattering, , , 

• ù. 

energy 1088, and the Fermi motion of the target nucleon. The'L track ~"-
J 

poa~tlons at the chambers were digitized, the counters hit were recorded. 

and the re8ults were written to a disk file in the sarne format as the data 

events. BaCkground hits were Included as de~ribed in the last chapter to 
, 

allow for electronics dead time and give t~e sarne pattern recognition 

,\ 

- ..... -----......... -......,.-------·--... +*--l'!'i,4*iC!I;t __ .. _~,~ __ • __ - . 
_1 
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e'fficiency as for the data e'vents. The events W'ere sUbject to th~ sanie set 
,t 

of analysis programmes and the.same trigger and a~rture rëquirements as the 
,,1 

data events. Both ,the geryerated and reconstructed kinematie variables of 

each Mont~ Carlo ~vent were stored on the disk file. 

'fJ This chapter describ~s the de~ails of the simulat~on pro~ramme itself 
/ 

and the mechanics 

generated summarized 

spectrometer and it 

as described in the 

associated with rewelghting events. The list-of events 

aH of ~ information about the acceptance) of the 

could re read and rew~ighted by the fitting programlJle:'i 

next ,chapter, wi thout repeating the entire Monte Carlo 
.. 

calculation. 

'\ 
This Monte Carlo was compared to an- independently written 

programme[89]:". Eaçh programme generated 1.0 )( 105 antiproton,produced muon' 

pairs. using the kinematic dIstributions give~ below • Tl'le- programmes were 
. 

found to agree on both the absolute valu~s'and shapés of the acceptance as a 

function of the klnematlc variables to within statlstical errors. 

5.1 Beam Particle 

The four,vector of the bèam particle~was se~ected frem files of beam 

momenta taken fram the data summary tape~ to give th~ correct beam profile 

and momentum distribution in the Monte Carlo. The files contairted 

approximately gObO and 15000 events for the 1981' and 1982 data runs 

respectively. 

1 
1 

1 

1------.,-.... , ,,~. ---..,..,..~~,--J"'~--... ;_, ""'ME!!"·""';""; 44II1II, .... _ ..... "'III?.>;i"O".."",...,...,.. --~:--- -:-;---- ~ 
......"._ ... _ • ___ ~~ .. __ .. c~ 
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5.2 Target Parti cle-
, 
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, , 

~-
/~~f?Ur vector of the targe1 nucleon was generated according to a 

• simple Fermi gas model[90] to take into account the motion of the nucleons 

inside the heavy target. The target nucleon was giv~n ,an isotropie angular 

distribution in.the laboratory f~e with momentum distributed bet~een 0 and 

the Fermi momentum as follows: .. 
dN - .. dp 

The Fermi momentum for the various targets was taken as[91][92][93] 

,., PF er1'mi (8e) • 0.203 GeV 1 c. 

PFermi (Cu),,':' 0.250 ~eV/c, and 

o • 265 GeV 1 c • 
,-

The affect of including high momentum tails[94] in the Fermi distribution 

was investigated in the simulation and found not to be slgnifl~ant • 

. . 
5.3 Event Generation 

'$ 

~For ,each muon pair ln the èontinuum region, the five kinematic 

variables and a random azimuthal angle about the beam direction were 

generated"according to the following ur.:mormalized distributions in the 

beam-target centre of mass system: 

---.. -----.,.,,- - ......... ---~-- .... ~,'~"" ... ---- ... ~-~- .............. ,-~,.....,.---.. _.-i ----- . -~---_._-_._--
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dN 
d~ .. 1. 

The parameters used in the 'distributfons 

analysls of the data[95] and are as follo.wS: 
,~ 

XFo .. 0.0, 

PT ~ - 3.1. 

Qp • -1 0 • 2, and 
T 

À • 1.0 

for antiproton~prUd~ced pairs; and 

0.37. 

PTO • 3.1 

Qp' .. -9. 3 rand 
T 

À .. 1'.0 

for pion produced pairs. 

,;ro mlnlmize computer time. the mass 

t ' . , 

and 

, . 

were taken fram a preliminary 

" .. ;' .~ 

\ 

.. 

of the muon pair were 

.' , calculated by integrating the probabili ty distributions and inverting the 

equations to find M and PT in terms of the cumulative probabilities 
" 

as 

"described by James in 'his review of "Monte Carlo techniques[96]. For 

\ 
example, the mass distribution normalized to unit probability between 

'-1 

and M ls given by max 

•• -_ ..... ~---~----t ...... _. - .. ,-..... " ..... - ....... ..-------

D 
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, - '-1 
dp· QMoeXP(ClM(Mm'in-M)odM. [l-exp(aM(Mmi'n-Mmax) ] _. 

'-:.':. \ 

Defining the ~umulati ve\ probabili ty distl'i'butfon 

, y(~) _ta J:max dP. ' \ 

,and inverting ~bnobtain M in terms of' y, we find 

M • Mmin - ~Mln[l - yoexp(aM(Mmin-Mmax)]' 

The random number generator, RANF[97J, was used to a value 'of y 

uniformly distributed between 0 and 1, and th~ mass,was then calculated·trcrn . ::., 

the .. equation above. The xF dlstribution \~as obtalned by sca lng a norrnally 

dlstributéd random number generated br, the CERN programme 
~~.~ .. 

NORRANÇ98][99]. - Because the inversion of the cumulativ~ proba ility of the 

cose distribution involves the soiutlon of a cublc equation, th 
; , 

tèchnique of generating a random value for C,ose betweerL:tLhut us 

ifa S~CO~dom numbe~ 
lnstead. 

between 0 and 1 Jas 
, , 

less than 

standard 

LL on1-y-

was 

The kinematic quan~i tUs were used to ca~culat~ the fÇlur ~ctors of the 
:. 

two muons in the 'beam-target centre of mass frame. The CERN library routine 

LORENC[100] was used'to transform the beam 

labo,ratory frame to the beam,-target centre 

and targe t ~r momen t<fa fr om 

of mass frame The values of 
• 

the 

PT' and the azimuthal angle of the pair about the beam dlr,ection were used 

to calculate the motion of the muon pair in the centre of maas frame. The 

beam and target particles were transforrned to the muon pair l'est frame and 

~ed to calculate the X 1 Y and Z {axes of the Gottfreid-Jackson frame. A 
,,"( . 

unit vector along the Z ax~s was scaled tô_g!ve a muon energy of M/2 in the 

l'est frame ff the pair. The vecto'r wa~ rotated by an _ angl e' of a about the Y 

axis 
and tr by an angle of cp about the Z axis to give the three momentum 

vector of the P9siti '{e muon in the l'es t fr ame of the' pair. 'The three 

momentu~' of-- the negative muon 
'.. 

waa taken as equal and opposite. ::rhe muon 

. ---
l~"'" 4 1 ~j ~ 

,-

. , 



(' 

j 
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, l , -

~,;.., ~ 

four vectors 

and then to th 
1 

were used to 
~ 

dey el opmen t • 

5.4 Target and 
~ . . 

·r 
back to the beam-target centre of 

O"'t,.. 

laboratory frame. Whenever.. possible library 
'C 

pui'ate the vectors ta simpl if Y the code and speed 

\ 

i 
1 , 

\, 

systan 

togramme . 

Tge X apd Y of the productl~n vertex were taken from the 
... 

file of reconstructed beam momenta' in order ta reproduce the measured bearn 

profil? and include any correlatlons between the spatial and momentum 

distributions. The Z c ordinàte of the production vertex was generàted 

according to, an exponentiall decaying distr! butIon using the saJ!Ie techni que 
~ ... ,' 

use,ct to generate the mass. Th decay length used in the exponential was the 
, 

"~ absorption length of the target material 
1,-

for the specifie beam particle 

type. The absorption lengths were taken from experimental measurements ,ty 

Carroll[101'] and are listéd in Table 2. The four vectors discussed in the " 
"-, 

last . section were used to give the initial directions and momenta for the 

two muons. 

The muons were propagated through the rem,Ünder of the target using the ..". 
II \ 

Gauesian multiple scattering distr$bution discOssed in Appendix II. In the . '\\ 
. .... .-/./. ' 

~ -- \ limit of small scatter1~g~angles, negligible energy loss, and many 
l' 

n 

individual scatters, the probability projected on the Y-Z plane that ~ 

particle travelling along the Z axis.. and enter1ng a scatter~r at y'Z.;O 
\ 

will emerge a distance Y fram the Z axis with an a gle By with respect to 

the z axis, i5 gi-ven by 

P(Y,OYIZ) ,2/3 exp(- 4 (ay - 3ay~ + 31/J:l) ) -. a:l :l ayRMSz li' YRMS Z 

p; _ l 
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"where 1jI ls the dlmensionless ratl0 
-q, 

1jI. Y/Z"and 
'. 

the projected RMS sc.atterlng angle ia given by[13], 

6
yRMS 

• 0.015 .;.Z 
-,Bp Trad' 

and 

B ls the veloclty of the particle in units of c, 

.).~p ia the momenturn of ttre'~aCk in GeV/c, . , ~ .~, 
• '. - "1 

Z is the length ot the sèà-t~ef'ér, and . ( --- . 

,1 

',10" 

r 
Zrad is the radiatio'n __ l-~!lgth[ 13] for the particular target material. 

) 

A slmIlar expresaion also holds for the X-Z plane. 

. 
The muon momenta in the laboratory frame were also corr~Gted for ener~y 

\ 

loss in the target 'using tables[1 02][ 103] calculated from )~ne-BEtthe-Blooh 
~ 1/ -=­

/ ionization formula with corrections for density effect, bremsstrahlung, and 
\, 

interactions. The tables of ènergy 108S for; t~ng~ten, coppel', 

Iron and concrete were parameterized for kinetic energies between 
c' 

1 0 HeV/c and 125 GeV/c, and these are shown in Figure 30. The 
~ 

pa ameterization for Iron was cornpared wi th o~her references ion the 

llt rature[104][88] and found 
.' 

to agree to better than 1 percent for muon 

ener~es ln the range of interest. 
\ 

\ 
\ 

The muons we~è ~~pa~ated thrOUgh, the beam durnp ~aking into 

scattering and energy Yoss as in the target. Thè track coordinates 

the absorber chamber were recorded for use in the·re~nstruction. 

. \ , 

/ 

.\ 
,1 l' , . ? . 

1---------------\--------- ----'--_ .... , ________ ~ , 
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Figure 30 - Energy Loss for Muons 
1 

The energy 10ss for muons in the various materJals used in the spectrometer 
is shawn as a function of the kinetic energy of -the muon. 
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5.5 Spectrometer 

Muons emerging from the dump were required to pass through regions, 

corresponding to the physical apertures of the front chambers. The 

trajectories of both muons were examined to determine whether either muon 

had passed through an absorber counter quadrant. If both muons passed 

with1n aIl of the physical apertures upstream of the magnet, the particles 

were propagated through the magnetlc field uSlng a square fleld of effective 

length 2.03 ~ and central field value 13.6 Kgauss. The tracks were a1so 

required to pa~s through apertures corresponding to the physical dimensions 

of the magnet field. reglon. Downstream of the magnet, the tracks were 

checked to make sure that they passed through the~ drift chambers and CPX and 

CPY hodoscope countèr arrays. 

5.6 Muon Hodoscopes and Trigger 

Muons tracks passing through aIl the apertures of the spectrameter were' 

propagated through the muon fi1ter walls takîng into account energy 10s8 and 

mult~ple scattering as had been do ne ln the target and beam dump. Tracks 

were required ta hit apertures carresponding to the muon hodoscope counter 

arrays. Counters hit by the tracks were combined to form trIple coincidence 

channels identical to the corresponding hardware channels. The information 

from these trIple cOlncidences was th~n combined wlth the absorber counter 

information ,to decide whether the event should be rejected,o accepted by the 

level 1 trigger, or accepted by the l~J.ll 2 trigger. 

-' . 

, 
< i 

. , , 
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, 
5.7 Trigger Processor 

The trigger processor~lgarithm was applied"to aIl e ents accepted by 

the software simulation of the apparatus. The track !nates in the arear 

drlft chambers were dlgitized and used to calculate projected slape. 

dX/dZ. downstream of the magnet,. The track pOSl tians the CPY hodoscope 

were used to give the slope dY/dZ, The downstream track was projected ta 

the magnet bend plané arrd used to determine th~ muon m mentum assuming that 
1 .~ 

" 
the production vertex was at the centre of the target. The mass of the muon 

pair was calculated using the approximation 

M2 
'" PIP2 e2 

r ô <:i> 

Where Pl and P2 are the individual muon momenta and' is the bpening angle 

1 
between,them in the laboratory frame. Only events rec nstructing to a mass 

of greate~ than 2.0 GeV/c 2 were accepted. 

,. 

5.8 Reconstruction J 

T~ take lnto account any dependence of the recon truction efficiency on 

the kinematic variables of the muon pairs, all of the Monte Carlo event~ 

were reconstructed by the analysis programmes used for the reat data as 

described in the last chapter. Events accepted by tJe software model of the 

spectrometer were dlgitized and recorded on a disk füe in ~~e origInal data 

forma t . Dr if t c ham be~,,~. hlt. from even t. tri ggeref by be am par t w 1 e. ~e,. e 

used to simulate backgroünd hitsJin the chamb~rs. E ents from the sarne beam 

runs were, also used to calculate the inefficiency 0 the chambers resulting 

from the dead time ln the el'ectronics. An efficien y per plane of 99.5 
. 

percent was used for the drift chambers and the e ectronics dead tirne was 

" 

L 

" 
1 
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taken to be 300 ns. 'The Monte Carlo events were processed by the complete .. 
s'et of analys.1 s programmes, and a l ist of gener.ated and reconstructed 

. 
ÙneJ!éftia variables was stored on tap.i! for use by the fitting pr~gramme. 

5.9 Reweighting Events 

, 

. ' 

The calculation of the aoo'ëptano~ usfng the simulation programme can be 
,< 

• viewed as the approximation of an in~egral by Monte Carlo methods. Th,e 

reweighting of Monte Carlo events is then equivalent ta using .the specif~c 

teohnique of importance sampling. Economic considerations requir-e the 

reweighting of events. The justifications for Monte Carlo evaluation of 

integrals, compari'sôns wi th other methods of numerical integrat ion, 

importéi..(Ice sampling, and the attendant errors are disoussed .by James[96], in 
,; 

his review of Monte Carlo methods, and in a book by pchreider[ 1 05] • 

\ 

As discussed -previously,. the Monte Carlo events were generate~ assuming 

that the muon pairs were diatrlbuted in phase space accprding t6a 
, 

~multidimensional di s~ri but1:on .. G(X) , where , 
4} 

'4-
X .. (M ,xF ,PT' ) -. .. .,. 

-
is the set of kinematl~ variéÎbles, and can be considered to includé other , . 

paràmeters such - as the azimuthal é!:ngle about the be'am, multiple scatt~ring . 
, . 

angles, and nucleon mom~.nta due to Fermi motion. For a gi ven even.t . X, .. the 

acceptance is ei ther '1 or 0; the event is ei ther accepted or i t i5 rejected. 
,;.. 

o 

\I\e èalculation of the overall acceptance of the apparatus i6 equi valent 

. ~J~ :v~~:';ti~n of an Integral, that is, 

~ 
to 

l ': jA(X)G(X')~X, 
~ 

where G{X) ia normalize~ sllch that 

F- f -
")G(X)dX • 1. 

> 1 

1 • 

, t 

, ., 

00 

1 
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The eval~ion is: accanpl1shed by making the approximation 

( - '. 1 N ' 
JG(X)A(X)dX ~ N Li_1A(Xi~' 

• , 
where the 'X 

i ar'e' N points randOOlly distributed according to the . 

m~ltidimenSi:onai .,distr1buti'On' GeX).' 

As ,will become clear in the next chapter, it is nec~ssary to. be a,ble to, 

-.~üuate the acceptance . for other 'rAultidiménsional distributions 8uch as 
'. :w ..... 

F(xr:-~.i&-possible to repeat the- simulation wi th the new 
fo v ------ ...... ~ t 

dl s tri but ions, 
• * 

but the generp.qon Çiod tracki,ng of ,the e;vents i s an expensi ve process 

requiring substantial >·amounts of computer" time. A more ecortanicaJ, 

alt.fmnative la tOI ,'run the simulation orice using an' inttc3;i d~stributlon • . " 
, , > 

GOé), and record a list of 'the kinemat1.c variables for each event and 
0, , 

whether or 'not the everit was accepted. , The acc~ptancé 'can then' be evaluated 

for any other distribution, F(X)., norma1i'Zed such that-

JF(X)dX "" 1 
:~ .. ~ . 0 

L 
( , 

o by asslgnir:g' .each .. evenc a weight of F'(X i )/G~Xi~' This giV~S for the new , . 
di&tribution ~ 

,1' .. JF(X)A(X)~X'; .J-,L~~l~(XdF(~i)/~(Xi) 
. where the Xi are th'e srune N'points, randanly .distri l;luted a-ccording to the 

.1' multidimensional distributidn G(X) .' 

, 5.10 
t 

Acceptance. '4' 

.< -I~, 

. ' .. 
'o. ~ 

.w ......... ~ , 
" Tite data mu~t be corrected for tl1e accep~ance of the spectrane~er , 'but : . , 

the' acoeptance in tu:n depends q~ the' kinematic di:stribùqons o~ the' dat.? 
,~; 

t • l ~ 

Tille final acceptance of, the,. spect-rane,~er was calculated USiong the . resul ts 

from. fi ts descl'1 bed in ~he neJCt chapter. The· acceptance for high Maas muon , 
, "-

pairs produced by antiprôtons as a furiction Of the kinematic 
, 1 • 

variables is , 
,\ 

, â 
i 
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Figure 31 ,- Acceptance vs Mass and xl" for Antiprotons 

The upper figure sho~s the acceptance of the spectrometer for hlgh mass muon 
pairs produced in antiproton-tungsten collisions' as a l'function of the 
invariant mass of ,the pair. The lower figure shows the acceptance a5 a 
function of the longitudinal momentum of the pair. expressed in terms, of the 
dimensionless variable xl". 
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Figure 32 - Acceptan.ce ,vs PT 2 , cosS and <1> for Antiprotons 

The upper figure shows the acceptance of the spectrometer for high mass muon 
pairs produced in antiproton-t\,mgsten tungsten nucleus coUisions as a 
function of the transverse' momen tum of the pair. The central and lower 
f igures ~how the acceptance as a funct ion of the decay parameters cose and cp 
respect i vely. 
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shown in Figure 31 and Figure 32 and ti')e acceptance 'for pion produced pair~ 

is shown in Figure 33 and Figure 34. Note that the overall acceptance is 
,0 ' 

typically '20 perc~nt 'for both antiproton and pion produced pairs. The 

acceptance çioes not vary rapidly fol" most of the range of the kinematie 

variables tiut does fall sharply at high values of eos 26 and for negative 

l f ~ -va ues 0 XF • In ,both of thèse cases, one of the muons of the pair did not 

~ave enough energf in the laboratory frame to traverse the entil"e apparatus, 

sinee a muon required an inital momentum of 6 GeV le to penetrate to the 

final muon COUl1'ter h(>doscope. . '", 
The acceptance for p~on prodùced pairs 'àlso 

.Y'< 

falla off at very high xF because these events were reql1.ired to satisfy more' 
l ' 

stringent trigger requirements during most of the data taking. 

. , 

1 .-
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Figure 33 - Accep~ance vs Mass and xF for PlOns 

The upper f Igure shows' the acceptance of the spectrometer for high mass. muon 
pairs produced in P!fop.-tungsten nucleus collis10ns as a funotion of the 
invariant mass of the peir. The lower figure shows the acceptance as a 
function of the longl tudinal momentum of the pair, expressed ln terms of the 
dimensionless variable xF • 
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Figure 34 - Aoceptance vs p" 2 cose and <p for Pions 
4 T 

The upper f 19ure shows the acceptance of the speotrometer for high mas s.' muor'! 
pairs prôduced ln pion-tungsten nucleus collisions as a function of the 
transverse momentum of the pair. The central and lower figures shoW the 
acoeptance as a funot ion of the decay parameters cosS ~nd <p respecti vel~ • 
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CHAPTER 6 

Analysls 

, . 

Ideally the cross section pel" nucleon can be obtained by di viding the . 
number of events obse~ed by the number of beam particles and normallzing to .... ' 

the effective number offf nucleons pel" gm 2 in the target. In practice, the 

apparatus 15 n,_ one hundred percent efficient and has limi..ted acoeptance. 

An accidentaI ooi ldence betweer: a, halo partiele and a muon fran hadron 

decay can mlmi a muon. pair. In thiêk targets, seeondary hadrons can , 
c, 

Interact and produce real muon pairs. Corrections must-be applied for aIl 

of these effects. 

The reoonstruction of the, kinematic variables of the muon pair events 
> -

was discussed in. chapter 4. A lis't of the variables for each reconstructed 

event was~stored on a disk file by the analysis programmes. The generat,ion 

of a similar 11 s~t of Monte Carlo events, summarizing the complete knowledge 

of the acceptance of the apparatus, was 'dlscusséd in the last chapter. The 

\ 

----~-........... --..--.-... .... ~~--, ... ---·-· ___ "" ..... u ..... ____ ~_ 
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\ ""-

maximum l1kelihood method was used to' .fi t the unbinned data events ta 

empirical parameterizatlons' of the klnematic distributions,' and the 

acceptance of the spectrc:meter- was recalculated at eaoh step of the, fi t by 

reweighting the list of Monte Carlo events. The contaminat!:,on of the da~a 

sample by accidental coincidences bet..,een uncorrelated muons was evaluat ct . . 
by examining the number of posi tively and negatively charged muon pairs. A 

correction for this backgr3und was made by subtracting the number of l ike 

charged pairs from the number of opposi tely charged pairs on a bin by. b·ln 
~ ~ 1 \ 

basi~. The contaminatioh of the data sample by muon pairs produced by 

re~nteractlng secondary' particles was determined byo examining 'the 1j! "cross 

section as a functlon of the length of the target. A correction for 
. ' 

• contamination of the hlgh mass region by muon pairs produced in the decay ,of 
. ; 

~h~' 1jI' resonance. was also app~ ~ed to-the--t--e\,al 

were made to the beam flux to take into account 

crosS section. Corrections' 

any confusion caused by 

multiple beam Qarticles in the sarne RF beam bucket. 

These corrections and any resulting' systematic uncertainties are 

ctiscussed ln this chapter. The fInal cross sections and klnematlc 

qistributions are presented in the next chapter. 
\ 
\ 
1 

\ 
6~ 1 Fitting and Acceptance 

A common approach to multidimensional fi t tiRg in particle physics i s 

the~f1tting of the data in projectlon[106j. The eKperimental apparatus as a 

rule has limlted aco~ptance in some regions of phase space. The' parent 
.... ' 

dlJ~~tributions of the data point! can only be determ1ned as' weIl as the 
, 

acceptancoe ta known, but the acceptance in turn depends on the parent 

distributions of the data. Th,!3 data points are binned separately in each of 

_ ~lO.l:'I~"., .... }or",'" __ >n~" ~'.., f,,"'" &.-........ _ ... _ .. 4 "'" ____ ---
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the variables J tha t is J proje'cte\1 onto the axes of the multidimensional 
- \ . 

space to' obtain a 'oumber o.t one or two dimenslonal distributions. The 

acceptance 15 càlculated t'or each of the projections usi-ng som" initial . ". "'- .. ~ 
guess fo~ the pareAt distributions: The one d~mensional projections are , 

then corrected tor . acceptanoe and fi t to th'~ sarne parameterl zations USing' 
-

between used to 

results 'of '~e fi tare used to recalculate 

repeated unt l there is no difference 

calculate the a ceptance and the paraneters 

the leqst ,squares m"ethod. The 

. the- aqceptance and the process i s 

obtained from the fit. 

In principle J 1 t 13 po lble to bin the~data points multidimensionally 

and fit them using the le" t squal"es method J but the number of bins that 

must be used grows rapidly when ~. e n,umber of dimensions ex'ceects two or • 

three~1 The least squares meth d does n,o~ handJ:e bins wi th 0 or 1 event ,. 

gracefully; this i s a problem that 0 curs when a small number ~f events are 

.-"lI,,,ed lq a larg~ nUlllber of dimens~~. ~inning events also resul ts in a 

10ss of. intormation. Since the maxill1Um l kel ihood method can work wi th the 

unbinned data. all of- the information ls uSed. If. the data fs not binlied, 
,-, 

no prob1ems 'can ari se because bins contain sma~l numbers of events. In the 
i~ \ 

asymptotic Hmi t, as the number of data points to be 'fi b approaches 
• 1 

inf inHy, parame ter estimates fran the maximum l ikelihood ,methocl are 

unblased and, nor;a:;.\y distributed wi th minimum variance, or, in other ,worda, 

\ 

aaymptotically no ot\~r method can do bette!". 
\ 1 

~ . . 
The maximu l ikelihood method '15' not w1thout disadvantagj3.s .. --In--gen'eral 

--------~--
the maximum l1k lihood 'method 1a,more expensive (uses more comput'er time) 

than other methoda.. The asymptotic properties dq nob r;eceasarll~ hold for 

fintte numbers of eve ts. As Èadie[107J has pointed out, the fact that aH 

,..' 

.-

.,iI' 
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of the information ls used does not imply that i t is necessarily used in the 

best way. On the whole"!- however, the maxlmum li kelihood method still 

provides the best 'way to extract information frem a limi ted number of 

events. One advantage over the usual approach of fi tting in projection that 

should not be underes timated is the presence of _y obj ecti ~e convergence 

criteria. Comput""lng stops when tbe likelihood/ funétion has been maxilllized . ~ 

and not when the experimenter feels that nothing Is to be gained by further 

iteration. 

-To fit the data poi n ts. us ingû the mÇlxlmum l ikellhood method, the 

indi vidual kin'ematlc distributions were parameteri zed uslng simple 
• 1 -

functional forms which were multiplied together to obtain a multidimenaional 

distri but 1 On-'. The multidimensional distribution was used to gi ve the 

probability of observing a set of da ta events as a function of the ,. 

parameters. All' of the dis ibutions were fi t simùltaneously by finSiing the 
. . 

set of parameters whicti "ma mized the probabllity .r. . of observ lng the 

experimental data p~ints. The ceptance was recalculated at ~ach step of 

the fit by rewei,ghtll~.g the.jlist of M nte Carlo events, as dlscussed 'in ·the 

last cpapter. The ,maximum likelihoo method la treated in aome detail in 

the books by Ead1e[ 107), and by Frodesen[ 1 ] and wl11 only be outlined 

here. 

The mas:! distribution was parameterized wi th a ral~ing exponential 

which was normal1zed to uni ty between Mmin and Mmax ' that is, 

P{M) • QMexp(-aMM). [exp(-aMMmin)-exp(-aM~ax)]"l 

A Johnson bounded empirical dietribution[109], a transformation of a 

Gauselan designed to fall off to zert> at the kinematic limite of ±1 , was 

used for the XF distri bution:. 

P (, ,2 1 2 dz 
XF) • l'if exp (-~ ) ox.::-. 

F 

ai; 

, J 

!(" l' , 

" 



( 

c 

<. 

.\ 

i 

-120-

> 
where 

XF+ 1 xFo+ 1 
z '"' -o-[ln(,-:-x) -- In(1-x~ )] 

x F F 0 

When normallzed 'to uni ty between xF i and 1, this distribution becomes _ m n 

( 
2 1 ,- -1 

P xFlxFo,ox ) = 2/"if exp(-7z2). Cox (j-erf(zmin»)(xF+ 1 ) (1-xF»] 
F F - . 

A Gaussian, normallzed to unit y 
/~~ 

between 0 and 00, was chosen" for the PT 2 

/ 

distribution: 
. -

1 2 1 (PT ) P (PT 21 PT 0) .. - 1- exp (- ~ -- 2). 
• PT 0 1T • t: PT 0 ' 

In: terms of- PT this becomes; 

PT 2 1 PT 
P(PTlpTo) - 2(p-) ln exp(- 7(p)2). 

TO TO 
The cose distribution was taken to be 

P(cose l}·) = 2L1!XI3J [1+Àcos 2 eJ. 

The ~ distribution was assumed to be constant, that is, 

• 
as was the distribution of the" events in the aZimuth~~ ary,gle about the beam 

direction. 

To the exte.rt that these distrl butions are flexible enough to represent 

the underlying parent dis_tributions, the l~kelihôod or probabili ty that the 

i th event will have the kinelIlatic variables 

15 

where 

X.­
l 

1/ 

p(xtlr)A~Xi)cfP(Xlr)A(X)dX]-l, 

~ 

P(Xilr) - P(MiIClM} p(XFiIXFo,Ox ) P(PTd'op) p(coset!À) 
. F T 

15 the probabllity that an event will be produced with kinematic variables 

Xi' The elements of r, 

r - (cxM,XFo,ox ,op ,À), 
F T , 

are the parameters of the kinematic distributions and A(X1 ) 18 the 

--~_._---~--------------------------- - ---- ._- -
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acceptance of the spectrometer for the event Xi' By àefini tion the 

acceptan-ce is 1 for an event that has been accepted. 

'r t follows that - the l1kel ihood of observing a set of N events X .. (X o ' 

Fittlng the N data points to~the multidimensional distribution p(Xlr) with 

the maxim1..(m likelihood method involves findlng the set of parameters r, joIhich 

give the maximum, value of the likelihood function, that i5, the highest 

probability that N actual data points wouid be observed. In practice, 

because the logarithm of the iikelihood ls better behaved, the negative 

logari thm of the likelihood function i s minimized. rather than the 

,.~ikel1hood itself maximized . .. ~ ", . ~, 

The Integral in the denaninator of the likel1hood function was 
.;.~, -

evaluated using the list of Monte Carlo events. As ~iJC ussed in the 1 as t 

'chapter, the simulation programme had been used to generate muon pairs and 

follow them through the apparatus. The events were generated randanly 

throughout phase space accord1ng to a multldimensional distribution, G(X), 

and listed on a d1sl< file. The integral in the denaninator of the 

likel1hood function can then be evaLuated as 

JpCX.I'r)A(X)dX '" i L P(X i 1 r)A(X i )ÎG(X i ), 

wnere 

N 15 the number of events generated, 
, 

P(X 1 r) 18 the mui tidimensional distri bution - being f ft to the data 

points. 

A(X) is the acceptance for an event wi th kinematic variables~' X, that 

18, 1 if the event i s accepted and 0 if i t i s not, and 

, '. 
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" 
G(X) 15 the multidimensional distribution l'ised to generate the Monte 

1 

Càrlo events. 

1 

A FORTRAN subroutine was wri tten whioh evaluated the negative 10gari;thÎn 
/ 

of thelikelihood for a givenset of 'parameters r. Positively andnegaltively 

charged muon- pairs" were handled by di viding their likel1hood out of the .. 
l1kelihood funct 10n. The CERN library r.outine MINUIT [110J [111 J was used to 

search for the mi nimum of the func,tion. Each time the function was called 
'~'-

by MINUIT. the l1kel ihood of each data event w~ reValuated ,wi th the new 

parameters, and the we1ghts for each Monte Carlo event- were recalculated. A 

full fit of the_:J.87 antiproton continuum events using 105 Monte Carlo events 

took 200 seconds of central processor time on' the Fermilab Cyber 115 

computer[86] . 
'~, 

"rhe paralpeters obtained from the simultaneous fi ts of these forms to ''"1' 

the unblnned data are given in Table 7 along wi"th the errbrs and correlation 

" coefflcients calcul=ated by MINI.HT. The co se distribution was assumed to 

pehave as 

~ 

~ 1 

for these f Hs. Table 8 gives the results a~~uminF the cose distr:'i~ution 

'" behaves as 
.-

and allowing the- fitting program to determine the best value for À. Thè 

resultlng value of À = 1.06 ± 0.28 for t'\1e pions i,s in good agreement wl th 

the value of À = expected fran the DreIl-Yan model. ' Thé agreement 
/ 

" /\ 
obta1ned for the anti protons 15 less satisfactory. put it can be seen tha t 

the mass, XF • and PT distf'ibutions are not sensitive ta the »-alue of À. Both 

the antiproton and the pion cosS distri butions will be dlscussed further in 

,/ 

! 
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1 

Table 1 - Kinematico Distri bution parametfers l 
..... " -+. 

.h 

1 

This table' and the next present Cthe resolts of fits to the data ùsing 
.. 'different assulIJptt,ons abôut the cosS distri\)ution. The pararneter sets ln 

th~s table assume that the' decay distri bution behaves as 1 +cos 2 S. , The 
- acceptance, A, for J each of the f!ts, 'and the gradient of the acceptance at 

the minimum of the negative log-likelihood function are,also gi~en. 
------------------------------------------------------------~--------------

Antiproton' l 

Parameter 
-----------

ALPHAM 
IFO 
XFSIGMJ.\ ',' 

PTO 

A 

Pion l 

Value 
--------

1.292 
0.0 
0.603 
1.1 

Errol'" 
-------
0.065 
Fixed 
0.019 
0.021 

Correlation Grad(A) 

0.019 
0.013 0.007 

6.326E-3 

1.541E-1 
-4.066E-3 

-----------------~-----------~-.-----------~----------..,0." ~ 

---------------------------~---------------------------------------------
Paramet~r Value Errol' Correlation 

o Grad(A) 
----~----~- -------- ------- -------------------------------- -----------

ALPHAM 
XFO 
XFq-IGMA 
PTO 

A 

1.078 
-0.027 

1.039 
1.155 

0.2,29 

. 0.037 
0.079 
0.074 
0.018 

0.003 

-0.031;; 
0.067 -0.928 

.0.014 -0.003 

, :t 

0·907 

1 • 375E-:~ 
2.837E-2 
3.884E-3 
4.190E-3 

------------------------------------------------------------------------_.-. , ' 

.' 
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/ 
..c 

Table 8 - Kinematiç Distribution Rarameters II 

-
This table presents 0 the result,a of the fits to the data assuming that the 
case distribution behaves as 1+Ào08 2 e, and allowing the fi tting pr'ogramme to 
find the best value for À. The acceptance, A, for each of ~he .fits, and the 
gradient of the acceptance at the minimum of the, negative log-likeIiDood 
function are also given. 
-----------------------------------------------------------------------~~--

Antiproton II .. 
Parame~r Value Errol" Correlation l'CratltA) 

----------- -------- ------- -------------------------------- --------..---
ALPHAM 1.300 . 0.068 6.074E-3 
XFO 0.0 Fixed 
XFSIGMA 0.606 0.0"9 0.026 1.662E-l 
PTO " 1.117 0.029 0.032 0.028 -1.193E- 2, 
LAMBDA 0.308 o.~ -0.075 -0.112 -0.227 -4.223E-l 

A 0.242 0.0 

---------------------~----- --------------------------------------------
Pion II 

Parameter Value Errol" Correlation Grad(A) 
-----------, -------- ------- -------------------------------- ----------

ALPHAM 1.017 0.037 1.4g4E-3 
XFO -0.028 0.078 -0.016 2.846E-2 
XFSIOMA 1.029 0.073 0.059 -0.924 4.177E-3 
pro 1.155 0.018 0.030 1 0.018 -0.005 4.582E-3 
LAMBDA 1.058 0.284 -0.102 -0.127 0.070 -0.163 -2.764E-2 

) 0.227 0.011 
--------------------------------------------------------------------------r 

... 

, . - . . .. 

,-----_.~_.~,------ '----------~-------
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the next. chapter." 

The masoS distributions for antiproton and pion' produced muon pai-r" 

events with xF>O are shown in Figure 35 and Figure 36 respectively and 

compared wi~h the exponentl~ls used' tô calculate ,the acceptance. In 

Figure 37 and Figure 38 the xF diStributions for, antiproton and pio~ 

produced events in the mass range A, ~ M ~ 9 GeV/c~ are'shown with the curves 
!' 

-useq in the acceptance calculaçions • '. The PT' cose, -and ~ distributions 
• 

presented and discussed in the next chapter. 

The kinematic distributions extracted frcm the data are in good 

agreement in all cases with the functional forms assumed. For any variable, 

the distributiohs extracted from the data should not bé sensitive to ,the 

parameterization of that variable. The acceptance correction for 'the mass 
", 

1 h' 

plot will depend on the parameterizations chosen for the xF ' PT' cose, and ~ 

distributions, but should not depend on the parameterization chosen for the 

mass distribution. The agreement, between the xF' PT' cose and ~,."CIependences 

extracted and the distributions used ta calculate the acceptanqe leads ta 

conf~dence in the accuracy of the mass distribution. In the sarne way the 

agreement in terms of the ,other four variables leads to conf idence in the xF \. 

distribution, and 50 on for the other parameters. 

cl 

Since the acceptance and the kinematic distributions are interrelated, 

it ia necessary ta determine the uncertainty in t~e acoeptance due ta the 

uncertainty in the parameters obtained -fran the likelihood fi t. Eadie( 1 07J 

dlscus~es vai'lous methode of estimating error. interv-als for the parameters 

fran a maximum 1~kel1h90d fit, but some discussion- ls necessary here. 

\ ' 



,- ~ 

1 
" 

'"-,~ 

~ 

-

, 

/. 

-----

( 

.f) 

-126-

_10 

~ "-
~ 

~ 
1> W~J.i'JJ.- X 

125 GeV/c 
:2 

j 
'It> , 

MASS (o.v/c') , ' 

Figure 35 - Antiproton Mass Distribution 
", 

The points 'show the mass distribution of the antlproton produced data. 
Corrections have been applied for acceptance and reconstr~ction eff1c1ency.' 
The errors shown are statistical only,. The curve shows the ~xponential fit 
using the parame ter value of nM - 1.30 from Table 7. ~. 
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Figure 36 - Pion Mass Distribution 

The points show the mass distribution of the pion produced data. Corrections 
have been applied for acceptance and reconstruction efficiency. The errora 
shown are s~atistical only. The curve shows the exponential fit using the 
parameter value of-~M_a 1.078 from Table 7. 
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P W~J.'·#- X 

125 GeV/c 

1~2L-~~----~------~----~~----~~--~~ Do 0.2 . 0.4 .0.1 O.. , . 
"l', 

Figure 37 

The points show the x di tribution of the ant oton produced data. 
Corrections have been app! ied for acceptance and peco s ru tion eff iciency. 
The errors shown are statistical only. Th~ curve shows the ohnson empirical 
distribution used ta parameterize the data. The values obtained 
from the fit are given in Table 7. 
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tt-W ~ JJ.~J.I.- X 

125 GeV/c 

1cr2~ __ ~ ____ ~~ ____ ~~ ____ ~~ _____ ~~ ____ ~ 
0. o." 0.6 , 0.8 1. 

Figure 38 - Pion xF Distribution 

The points show ~he xF distribution ot: the pion produced data. Corrections 
have been appl,ied for acceptance and reconstruction eff iciency. The errora 

~~~~~ib:~~on at~!~~ti~~l p~~;~~te;~:e ~:ev~at:~o;~e ~=;ame~~~n~~~ues e~~~~~~:~ 
from the fit are given in Table 7. 
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At the minimum, the negative. IOg-llkelihoJd function 
. 

is roughly 

parabol1c. ALI the flrst derivatives vanish and a Taylor series expansion, 

begins wi th ,the quadratic terms. A change in the negative 10g-11k~11hood of .. 
1/2 corresponds ,to a change in prObabllity of 68.3 percent, in much the sarne 

way as a change in X2 of 1 does in the usual least squares fit. If we 

denote the yalue of the negatlve log-llkelih90d at the minimum by Lo. the 

locus of,points where the negative log-likelihood function has the value 

, -ln(L) = -ln(L o ) ~ ~ 

defines a hyper-eillpsoidai surface in the multidimenslonal parameter space, 

~ometimes called the error elÙpsold. This can best be vi suallsed by 

consldering thEt
1 

case of two parameters, a and a, wi th a minim1)11l in the 

negative, negatlve !og-likelihood function at aD and aD, as lllustrated in 

Figure 39 where the the parameter axes and' the error ellipsoid are sketched. 
\ 

Errol" bounds ,,'for a parameter can be evaluated by. projecting the ellipsoid 

onto the parameter axes. 

The sarne technique can be used to calculate bounda on the error in 

, 'âcceptance • The gradient of the acceptance at trie minimum can 

. defin~ an acceptance axis. The error ellipsoid can be pr?jected 

'axis te ebtain~the values of a and a for which 'the acceptance i5 
,-., . 

within the ellipsoid. The acceptance can th en be evalua 
1 

to obtain bounds on the acceptance. The usuai inter 

thls 

points 

ascribes a 

68.3 percent probabillty that the acceptance lle-s- wi tJrrn-trnrse bounc!s';-

The acceptanc.e of the 5pectrqneter for each of the fi ts was gi ven in 

Tables 7 and 8 together with the gradient'of the acceptance at the mlnimum 

of the negative log-likelihood function, and the calculated bounds for the 

acceptance. If the cose distribution 15 1+cos2 e, the probable error made in 

" 

'---.... ,, .... ;"""""-_. ---'-''''''''---'-flt!"'', '"""----- ~-- 7'----------- " 
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Figure 39 - Error Ellipsoid 
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The surfaces of constant likelihood oan be used to give error bo~nds on the 
parameters by projec.ting the error ellipsoid onto the' parameter axes as 
discussed in the text. The ellipsoid can also be projected enta the gradient 
of the acceptance to give bounda for the error in the acceptance calculation 
as explalned in the t~xt. 1 
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calculatlng the acceptance Is 2 percent for the antiproton producea data and 
., 

o 

1.2 perdent for the pion produced data, based on the pa rélll e ter sets of 
. ) -

Table 7. Allowing the fit ta determine the value of À, that'is, using the 

paramete.r sets of Ta~le 8, the probable error made in calculating the 

acceptance 18 9.1 percent and 5 percent respectively for.~he antiproton and 

the pion, produced data. 

6.2 Reconstruction, Counter, and Trigger Effici~ncies 

As dlscussed ln the last chapter, the correction for track finding 

efflciency was Included in the calculation of the aoceptance by requiring 

. the Monte Carlo events to be reconstructed by the analysis programmes. The 
~ 

uncertainty in the total cross secti9n due to uncertainties in the track 

findlng efficiency oorrection was calcu~ated to be less than 4 percent. The 
" 

in any of the differential crosp ~ections, due to 

uncertalnties in the correction for track flnding ~fflciency, is calculated 

maximum error 

to be less than 8 percent. The c,ross section was also corrected for the 
, -

measured counter and trigger efficiencies. 

When the absorber counter was useq in the trigger, a subsample of 

&vents whlch dld not require the counter was reoorded so that the erflciency 

of the} counter cou:td be studied. Reconstruoted mU0!lr.tracks .. were projected 

" back to the counter and the latch information for these events was examined 
'j . ' 

ta see'if the counter had been hit in coincldence wtth the trigger. The 

overall erticienc~ was caloulated ln thls way to be 

e(ABSR1982 ) • 0.9100 ± 0.0012, 

for the 1982 run, and 
" 

e:{ABSR19S1 ) .• 0.969 :t 0.004, 

_ ......... _-- ----....... _-- --.,....-_. __ ."..,_. -_ .. _.~--,---~-- ---~ - --- ---------- ------ .. 
~/ J 
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for the 1981 rune 

Events from special runs with the respeotive hodosoope signals removed 

from the trisser were used to oaloulate the CPX and ~PY effioienoies. The 

efflo1enoles were found to be as follows for the various runs: 

€( CPY 1982) a 0.9900 ± 0.0016, 

€(CPX1981 ) - 0.9877 ± 0.005~_ and 

.;.-..: 
€(CPY198~) .'0.9869 ± 0.0058. 

The efficlencles of the muon oounter arrays were studled ~n a special 

run using coincidences between only two out of the taree planes in the 
f .' 

trigger. The efficiencles of the three muon planes were caloulated· to be ~ 
€(~1) ·'Q.9810 ± 0.0013. 

€(~2) • 0.9980 ± 0.0004, and .... 

'; 

1 
€(~3~ • 0.9970 ± 0.0005. 

,Combinlns these numbers yields overall trigger effioiencies for the various 
, 1 

'runs as f,ollows: 

t(TRI~11982~ - 0.905 ± 0.004 ± 0.012, 

t(TRIG21982) - 0.883 ± 0.004 ± 0.013. 

dTRIG1 1981 ) • 0.905 ± 0.011 ± 0._027, and 

~ €(TRIG21981 ) - 0.877 ± 0.012 ± 0.031. 

"I:he f.irst erraI'" quoted .for each efflolency. is the result )of adding the 

Indivldual'êrrors ln Quadrature. The second erraI'" la th'e reau+t of assuming 

\ 

l 
-{ 
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i 
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J 
tha t the 'lndl v1dual errora add 11nearly. 

During the data tak1ng, a,subsample of events was~ recorded for 'whlch 
1 

information' was available but not included ln the 
J 

state 

;The tr~gger processor effic1ency was cal pula1ed by cOI)lparing 

Of'~\he trigger processor to the results of a full reconstruction of 

the event. The trigger procesaor efficiency was calculated to be 

e:(TP) • 0.990 :J: 0.010. 

6.3 Resonance Contaminat1on and Re1nteraction 

l-
I 

The Monte Carlo prograullpe was uaed to de termine the fraction of _ muon l , 

pairs produc~d in -the decay of ljI and 1jI' particles which -;'econstruc:ted to / 1 
g1ve,a Maas of M il: 4.0'GeV/c 2

• Us1ng the measured value of the ljI ~' 
\ 

section, the contam,inatiçm of the high maas region by pairs from res-onace' 

decay was calculated to be 2.4 ± O.2.,percent for both the, 1981 
.. }"t 

and 1982, -­running periods. A correction was appl ied to the total cross section to 

take this contamination into account. 

" ,-

The correction to the total cross section 'for events produced by 

secondary interactions in the target was determined by comparlng the cross 

sections for ljI's produced by pions from the different length tungsten 

targets. If", tertiary interactions are ignored and' the absorption oross 

section i s assumed to be independent of energy, the measured croa~ sect"i'on 

ahould depend on the length of the target as 

°Measured - 0Direct + 0Relnteraction[1 - &I(exp(~) - 1)J. 
Abs Abs 

where-- / 
L la the physical lrngth, 

, 

l, 
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'. 
LAbs is the absorption length of the target material, 

1 

00irect is the cross section that would be measured usins an 

infinitesimally thin target, and ' 

. 
0Reinteraction is a constant that depends on 'the detalls of the 

, ' reinteraction but is indep~ndent of the target,length. 

Measured cross sections for different l;ngtn targets can therefore . be used 

to obtain these parameters. 'l'hls equation Is dlscussed further in Appendix 

III. ,/./' 
/ 

The relative production r..ates for 1jI's t'rom the front half of the 1981 

target, the 1982 thick .tungsten target. and the 1982 thin tungsten -t:l.Ulgs ten 
/~ 

~r target w~re foul1;~ to be 2. 728±0 .082. 2.715±O.057,and 2.831±0.042 

and 0 are PlO~ ln Figure 40. Fi tting these values with the 

0Reinteraction g 0.356 ± 0.202, 

50 that the correction for any ~ength 

\ . 

of 

~-

target 

~/.---

----

can 

<.-

) 
be det.ermi~ 

/ 
(' 

The Monte Carlo programme CASIM[ 112] was usecrto extrapolate t'rem 

/ 

pion 

produced 1jI events t'à the high mass region. ,CASIM uses the Hagedorn-Ranft 

&hermodynamic model to generate.a spectrum of secondary particles. The 

o measured t dependence of the Drell-Yan cross section[ 18J was used to 
1 

generate high mass muon paIr events from the spectrum of secondarles. The 

pairs were propagated through the spectrameter with the simulation program 

and used to determine the reinteraction rate for the antiproton beam and the 

high mass region relative to pion produced 1jI's. The correction factors for 

the cross section with,various target and beam combinations are given in 

Table 9.-

, . 

--------------------------, 



. , 

" 

/ ~ 

. ' 

~) \' 

je 

-136-
Cl , j 

. 
Table 9 - Reinter.action·Correctio~ 

The~e factors have been applied tO,the various subsets.of data to correct 
for relnteractlon. The estlmated errors on the corrections are given below 
the numbers. • . .' .. ---------_._--------------------------------------------------------------

BE 1 cu J w 1 
----------------------------------------------------------~-------------

PSI ,RE~NTERACTION CORRECTION, ;:' _______ L ______________________________________________________ ;1 ________ _ 

PBAR .954110E+O'O .95502E;A'OO .95519E+OO .93899E+OO. f97'922E+'OQ , 
.25233E-Ol ~24893E-Ol .24795E-Ol .33760E-Ol .1,]1l99E-Ol 

PION .95799E+OO .95442E+OO ,95231E+QO .93385E+OO .97832E+OO 
.23211~E-Ol .25223E-O) .26392E-Ol :36603E-01 ~1 1996E-01 

------,------------------------------------------7-----------------------
CONTINUUM REINTERACTION CORRECTION / 

-;;~;----:~~i~~~~~~---:~~~~i~:g~---:~~i~~:g~-i-~~~~~~~~:~~---:ii~~~:~~-
PION .97479E+OO .97265E+OO .~7138E+ÔO" .9~031E}~OO .~8699E+OO 

, • 13949-E-Ol .151311E-Ol .15835F;-Gl .21962E-Ol .71974E-02 .... ___ -'-__ ~ _________________ ~ ________ 'i.. ______________________________________ '_ 
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.~ __ ~~ __ ~t~~ __ ~~_'_~~\~~ __ ~~ __ ~~ __ ~~~~~ 
2.4 0. 0.2 o... o.a' o.a 1. 1." - . 

TARGET ;LENGTH (ABSORPTION LENGTHS) 
.. 

Figure '40 ~~ Cross Section vs Target Length 

. The relative rates for ljI ppoduction by pions i3 shawn 
_ tal'get"i lehgth. The cur_ve §hows the parameterization of 

a function of target length discussed in" the text. 
extrapolated te a targ.e~t Of. infini tesimal- t1lickness 
section for direct production of ~'s. 

''1' • 

" . 

-, 
,~ 

~ , 

.; 1 $ 

< 

" a,s a function of 
the cposs sect ion as 
The curve can, De 
to obtain the cross 

~'" ~ -

~' 

.'" 

, '. 



1 • ,..,--

-138-

The size of t~e corrections,' are less than 5 percent for the 

antiproton data and less th an li' percent for the pion 
;, 

hlgh 

data~ 

.mass 

The 

uncertalnties in the' corrections lead to a 2 percent uncertainty ln the • 

cross sections. 

6 • .!l.Beam Flux 
~~ -

The number of .beam~partlCIes hittln~g the target was' counted directly by 

the Cerenkov counters nd' beam hodoscopes. Corrections were made to, the 

. nüx totals to take into account the probabi11ty tha't two .beam particles 

travell inS through the beam telescope at the 'Same time, that is, in the SaIne 

RF bucket, would not De vetoed by the 28Yi::2 logic. Since no confusion could 

arise if both par.ticles were pions or if both partlcle,s were antiprotons, 

the flux to'tals 1:Tere increased to take these cases into account. 8'ecause 
. 

even a' small contamination" of pions could pias the ar;ttiproton kinematic 
. . /" 

distri butions, aIl events for' whlch. both Cer:enkov counters had recorded a . ,"., ~ 

beam parti'cle were eliminated t'rom the data sample .. The flux totals were 

correspondlngly decreased to tak. this case ,Ir .ccount. 

~I q 

The beam flux'~t.:ot;als were taken ta be 

PBAR.rOT~L • (PBAR + 2PBAR·VP·HP - (PI • l'BAR) } (BEAf\IVE/BEAM) , 

for antiprotons, and 

PITOTAL - (PI + 2PI 'VP ·HP - (PI ·PBAR) )(PlpRESCALED/pr~.~~EAM[,IVE/BE.AM) 

for pions, where the various terms are deflnèd as follows: 

PBAR ia the total nwnber of C'oincldences between a sl,.snal in the 

antlproton"C'erenkov counter, CS1, and the 8EAM signal, indicating 
'-

the nlJlllber' of antiprotons which had tr'avelled through th~:. beam 

telesoope; 



J 

, , 

PI 18' the total number ôf coincidenoes between a signf-l in 

Cerenkov counter, CS2, and the BEAM signal, indicating 

.of pions which had travelled-" 
~~~/ 

, 

1 

2PBAR·V:P·HP and 2PI·VP·HP the es tim?-ted 0 number of pairs of 

antiprotons (2PBAR) or pions (2PI) that had travelled through 

, '. 
, be~ telescope at the sarne time but were not detected ,by the 2BY 

veto or rejected by the HALO veto logio; the probablli ty that 

bearn particle- would surv! ve the 2BY~2 veto (VP) or the HALO 

(HP) are discussed below; 

(PI ·P8AR) is the total number of colncidènces between the PI, and PBAR , 

signals ind!cating the number of times that bath a pion and 

antiproton had traversed the bearn telescope at the sarne time; 

f (BEA~IVE/BEAM) i5 the live time <Jf the experiment, that is, the 

J fraction of BEA~ signals eountèd whlle the ex,periment was not bU5y 

reading ,out a previous. event; the 11 va time was calculàt.ed on a 

splll by splll basis and was typically between 80 and 95 percent 

dependi ng on the runni og candi tions; and 

(PlpRESCALEO/PI) ls the fraction of pions .th-at passed the plon pres~ale 
. . \ 

10g1e; this f\action was typically between 1/4 And 1 depending on 

the sett-.1ng of the pion prescal:e:o~ This uni t was set at the 
, -~ 

beglnning of each run ta maintaln a reasonable bal'anoe between the 

overall trigger rate and the experimental dead Ume and depended 

on the beam sp1l1 structure and Intensi ty. 

The probability (or formation efficieney, FE) ,that two beam parUcles 
\ 

traversing the beam telescope at the sarne tlme would gi ve a 2Bn2 signal was 

calculated by supérimposing beam tracks from tlie data tapes and determlning 

what fraction, of the tracks passed through the sarne cour,:lters ln at least two 

/ 

'," 
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,d 

of the beam stat10ns. The formation efficienoy was ealeulated to ~ 

FE • 0.851 

for the 2 out of 3 beam station veto condi tion. 

. beam partielè~wlll not be vetoed Is then 

VP • (l-FE). 

The proba:biÙ ty that two 
,-~ 

The number of times that two beam partioles travelled throu.sh the beam 

telescope can,lbe calculated fran~the nwnber of 2Bn2 signals counted as 

2BEAM .. (28Y~2)/FE. 

Poisson statistics w,ere used to determine 
1 

~~e number of times two , 
~~lprotons (2PBAR) or two pions (2PI) had travelled through the telescope 

from the number of times- two beam particles (2BEAM) had travelled tt:lrough 

the beam telescope and t'rom tlfe ratio of the number of antiprotons to pions 
j' 

in the beam. 
, .: 

The probab1l1 ty tfiéf't. a beam partiele would not he vetoed by a HALO 

signal wa.:; calculated as 

HP • BE~M/[3BY - (2BY~2)] 

where 3BY was the total number of colneidence signaIs from, the ~ beam 

stations. Hp was typically about 0.96 depending on the running cond~ tions . 

. The corrections were appl1ed to the beam flux totals on a spU1 by 

spill basis. 'the average oorrections to the totals were 0.6 percént' for 

antiprotons and 4 peroent for pions. Depending on the intensi ty, sp1l1 

structure, and formation efflciency, the correction to the pion total 

.-.r 
The f Ina1 fl ux tot al s for the 

:- 1 

var!ous reaohed 10, percen t for some l''uns. 

target configurations are givan in Table 10. The,uncertalnty in 'the or08
0
a 

sections due to uncertainties in the corrections to the beam totals i a lesa 

than 1.5 peroent. .. 

"--;-_._--~,~......-_-.--"'- - ... ....., -..... ..... T"""-__ ' ____ ._, ' ___ Qk_,_. igCs..,.,.tgI! ... , .... ;_".-.-...,.....-__ _ 
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i . 

Table 10 - Incident Beam Flùx by. Target Configuration , 

Thls table summarizes the numbers of beam particles hitting the various 
targets. The number of beam particles of each type hi tting, the target was 
counted directly by the Cerenkov cotinters and beam hodoscopes. AIl 
corrections discussed in the text have been applied. The errors in the flux 
totals are calculated to he less than 1.5 percent for both antiprotons and 
pions. 

------------------------------------------------~- . 
Target Trigger An t i protons Pions 

--------- --------- ------------- --------------
BE TRIGI .1578El1 

TRIG2 .2453El0 .8354El1 

CU TRIGI 
TRIG2 .1587El1 .lJ644Ell 

W TRIGI 
TRIG2 .1792El1 .201 4E 12 

THICK W TRIGI .1312E12 . 5862El1 
TRIG2 .1026E12 .2646E12 

THIN W TRIGI .1536Ell 
TRIG2 .7060El1 

;;&4 " --~~,-~~---~- ~~ --------,-
""' .. , ; 

J 
,/ 

--" . 

j . 
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6.5.Cross Sections 

Once the parameters \olere obtalned fran the maximum likelihood fit, the 

data events, were binned in terms of the kinematic variables. Like charge 

~ muon pairs were subtracted on a bin by bln ba-sis,~~ The acceptance fol" each" 

-;. 

bln was calculated using ~he technique dlscUBsed above, and th..e data points 

corrected for acceptance. The differentlal cross section for each. "bln in 
'q-

the kinem~tic variable x was then calculated using the formula 
~ "' .... _ _ -;'-

da ' 
dx ,. [A.R.NEventsJ/[llx.No·p·LEff·f;·E.NSeam] 

where ',' ., 

x i S one of the klnemati c vari able,s, M, xF • PT' cosa 01" 41. 

do dx is the dlfferential cro,Ss sectIon ln cm 2/nucleon assuming 

dependence of Al. -,0 

6x ls the wldth of the bln, 

A ls the atomlc number of the nuclear target. 

N 0 i s A vagadro' s number. 

P ,is the densi ty of the target ln gm/ cm 3
• 

LEf't' la the ef.fecti ve l ength of the target. ' 

R is'-the correotion -fol" relnteraction and resonanoe contaminatl.on, , 

~ i S the acceptance for the bin. 

E la correction for counter and trigger efflciency, 

NEvents 109 the number of da ta even ts 1 n the b in. and 

NBea(ll iS· the number of 1rEfam particles hittlng the target. 

Each' of the nuoleâr targets used was weighed and measured. The length. 

density, absorption length'and effective length of eaoh target are given ln , 

Table 2. The absorption length for eaoh target materlal was Interpo_~ated 

, 
\. -~ .. --~1-. -------. 

,; 
l 
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from absorption cross section data for tungsten, coppel' anq beryll1 um 

measured wi th antiprotons -and pionsÇ101] at beam e~ergieS of "( and 200 GeV. 

The effective length can be expressèd in terms of the physical -length of tbe 

target and the absorption length as 

'\ LEU - LAbs [l _#~xp(- ~)]" 
Abs 

where 

LAbs - 0Ab8PN o~ 18 the absorption lengtn of the target material in 

centimeters, 
, 

L Is the physical léngth of the target in centimeters, 

0AbS ls the absorptIon cross séotion, and .. 
p, No, and A are the target denslty ln gml cm l , Avagadro's number, and 

the atamic number of the target 'rnaterla1 r,espectiveIy. 
--'L 

Data froo targets of different lefigtbs was cO~bined by taking a weighted 

average of the effective lengths, using the 
j 

be é!IJl fl u x as the we1ghting 
i 

factor. l1ncertaintles in the absorption cross section lea,d to a 1.7 percent 

un,certalnty ln the effect! ve length, f and thus in the f 1nal cross sect i<>ns. 

The f lna1 cross sectlons ar,e presented ln t~e next chapter along wl th 

comparlsons to the Drell-Yan model and leadlng order QCD calculatlons. The 

stati stlcal uncertalnty in th'e total cross section' for antIproton produO-ed 

muon pair.s with masses between 4.0,and' 9.0 GeV/c l and xF ii: 0 ls ~ percent, 

based on the' 387 evants collected uslng the, tungsten' targets. The 
o 

statistloal uncertainty in the cross seotlon for ,pion produced pairs Is 3 

percent bas~d on a sample Of 1101 events • 

.v, . ', 
Systematlo uncertalntries ln the acceptance, reinteractlon correction, 

oounter eff lo1encies, and beam totais have been 
) ~ 

discussed ln prevlou$~" 

sections of thls chapter. These errors and their contributions to the 

'. 

_1 $ 

"1 

" 

" 
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Table 11 - Syatematic Errora 

This table gives a summary of the contributions to the systematic error in 
the me~sured cross section f,or antiproton produced muon pair.s. Each of the 
indi vldual component errors! has been dlscu5sed in the text. If the 
components are uncorrJllated and the errora add in quadrature, the overall 
systematic. error f5 5 percent. n,.-the c,omponenta "are completely correlated 
and the errors add linearly, the qverall sy:stematic error i s 12 percent. 

" 

__________ ....., ___________ l ___ ~ _______________ ~ ____________ ~------

Source 
) 

• 
-. 

Error 
(percent) 

---------"!J""'--------------------------------------------------

Coun,ter and Trigger Efficiency 

Trlgger Processor Efficie'ncy 

Reconstruction Effictency 

Resonance Cqntamina·~lon Correction 

Reinteraction Correction 

Effecp ve Length 

Acceptance 

e~ Normallzatlon 

.~ 

0.4 

1.0 

4.0 

0.2 
, 

2.0 

1.7 

1.2 

1.5 
. ______________ ~----------..r.----------------------------____ _ 

~ 

Total Systematlc Errol" 
--------------------------------------------------------------

~ , 

, ' 

l " 

----~-------..~--~ ... " ....... _u .... , '!"'c·".''''''''"_o ........ " ..... ---.~--~.,...-....-

~ . 
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uncertainty in the final oross sections are eUJnmarized in Table 11. The 
, 

overall systematlc error ln the total cross section 15 5 percent if the 
~ 

Indl vi dual components of the error are asaumed to be 

Alternatively, assuming that the errors are complately correlated gives a .­

bound 'Of 12 peroent. TheBe 'numbera', of c\OUl'se, depend on the assumptiona 

made in caloul-ating them. If the cose distri butlon la not ,1 +00s2e, and À 

d' 
must be determlned from the fi ts, the systematlc error la dominated by the 

, 
resulting unoertal n"ty in the accept~nce that the ùncertainty in À 

'~ 

Introduces, and the unoorrelated systematlc errors must be Increased to 8 , 
" and 11 percent respecti valy for the antiproton and the plon prod{!Ced data. 

" 

't 
1 
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CHAPTER 7 

Results 

Previous chapters have outl1ned the reconstruction cf the kinemat!c 

var! abl es of the muon> pai rs a~d the methods used t 0 extract the cross 

seotions. This chapter summarize~ the results. The total cross sectiol'ls 

for 4 ~ M ~ 9 GeV/c z are compared. to the Drell-Yan model and' a leading arder 

QCD calculation, The klnematic distributions are presented and compared to 

experlmenta and the 
-

DreIl-Yan model. In the f 1nal section the 

Drell-Yan model la Inverted to extract the "valence structure functlons of 

the antiproton and the pion fram the data. 

7. t Total Cross Sections 

The total croas seotion pel' nucléon for oontinuum muon· pair production 

( with 4 ~ M ~ 9 GeV/o z ' and KF ~ 0 Is 

0- • 
p 0.104 ± 0,005 '± 0;005 nb 

- - -,_. __ .---f._' --.-------~t_ç-------

, 
1 
l 



) 

, , 

, -, 
f 

for antiprotons an~ 

0lT- .. 0.107 ± 0.003 ± 0.005 nb 

-141-

for plans. The first error quoted Is statlstlcal and the second' error lB 
< • 

systematic. The total oross sections were obtain!3d by dlvldlng .' the nurp~er 

of data events in the appropriate M and xF ranges by the acceptance 

calculated uslng the Monte Carlo ~lmulation and normalizing to the num15er of 

beam particles incident on -the target, ~ discussed in the last chaQjter. 

The systematic error Includes uncert ~n the oorreétlons for counter 

and reconstruction efflclencles, relnteraction, contamination fran the 

resonance reglon, and the ~ncertainty in th el acceptance, and assumes that 

these are uncorrelated. ", 

The calculated value of the cross section ln the DreIl-Yan model using 

- /' 
structure functlons fr.om' a1leading order QCD analyBis of deep Inelastlc muon 

and neutri?\S~aÙering d~ta by Duke and Owens[113] ls a factor of 

Ki> - '2.45 
t i mes smaller than the experimen tal result. tncluding leading arder: QCD 

corrections[29] and uslng the sam~,tructure functions Sives a result 

.' 
0Experimental/oLO -, r~41 

times l3maller than the experlmentk1. result. The leading arder correotions 
~ 

are only weak functions of' mass and xF • Table 12 gives the ratlp of the muon 
, . 

pair cross section calculated using Or,st order QCD"to the cross section 

calculated uslng the Drell-Yal'l model for 4 :a M Si 9 GeV/c l >and x~ ~ O. At low 

values of the region "that domina tee the cross section, this ratio 
, ' 

changes by lese than 10 percent between masses of 4 and 9 GeV/c l • The change 

as a .function of \xF for any f lxed value of mass is less than 5 percent, and 
, 

the' largest changè, at high ;values of xF between masses of li and 9 GeV/c 2 18 

only 20 percent. 

'. >, 

1 

--"---"7'""'--~-"""""'------'----'---~'- ---,,-___ .... , _ .. ____ _ 
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Table 12 - Leading Order Corrections 

This table preseqts the ratio of the cross section for muon pair production 
in al\tJproton-~ngsten collisions calcuated using first ·oreter QCD to the " 
cross~ sec1<-1orr calculated using the parton model as a fun'ction of mass and _____ 1 

xF • The/table was calculated us ing a programme wri t ten bYl R .Wagner using 
equations from Appendix D of Reference 29. and Set 1 structure functions 
fr9m Reference 113. wi th a A of 200 MeV Ic 2

• The programme --used a 6 point 
Gaussian integration routine[114] from the CERN Program Library to çalculate 
the integrals numerlcally. Doubl ing the number of integration steps changed 
the K factor by less than 0.2 percent at any value of mass and xF i,n thi s 
table. 

____________________________________________ l. _________________________________ 

XFI 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
M , 

----------------------------------_..!_---- ----------------------------------
4.0 1 .725 1.727 1 .. 727 1.726 1. 72 1.716 1.707 1.695 1.679 1.654 
4.5 1 .734 1.735 1.736 1.735 1.7 1.729 1.722 1.714 1.703 1.687 
5.0 1 .744 1.746 1.747 1.747 1. 4§ 1.743 1.740 1.735 1.728 1.720 
5.5 1 .757 1.759 1.760 1.760 .760" 1.759 1.758 1.756 1.754 1.754 
6.0 1 .771 1.773 1.774 1.775 .776 1.777 1.777 1-.778 1 .781 1.788 
6.5 1 .787 1.789 1 .791 1 1.794 1.796 1.798 1.802 1.808 1.822 
7.0 , .805 1 .807 , .809 .81 1 1.813 1 .816 1 .. 820' 1.826 1.836 1.857 
7.5 1 .825 1.827 1.829 1 .831 l' .834 1.839 1.844 1.852 1.866 1.893 
8.0 1 .847 1.849 1.851 1.854 1.858 1.863 1.870 1.881 1.897 1.93.0 
8.5 1 .872 1.81 4 1.8 1.879 1.884 1.890 1.899 1.91 1 1 .931 1.970 
9.0 1 .899 1.901 1;903 1.907 1 .912 1.920 1.930 1.945 ,1,.968 2.013 ----.-----------:z::;:z---------------------------'----------------------.-----

r:) 1 ~ ... 

.. 

." 

.41);0 

~ 

l 
\ 
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Systematlc unoertainties in, -the ant-iproton K factor arise fran both the 

theoretical calculatiqn and the experi mental measur ement • - The 
\ 

experimentally measured crosa seotion has an associated statistioal 

unoertainty of 5 percent and a systematlc uncerta1nty of the same magnitude 

due to errora in the acceptance, counter efficiencies and beàm 
1 

normali zatlon. 

l t Is diff1cul t to make a rellable estlmate of the syst.ematlc errors 

aasoolated w1 th the calculated oross se-ot10n.. :A. ten percent uncertalnty in 

the normallzatlon' of the structure functlons will lead ta a 20 percent· 

uncertalnty ln the predicted DreIl-Yan oross section~- The normal1zatlon of ~ 

the deep inelastlc structure· function, F 2' seEms to varX' from experiment to 

experiment by, up to 20 percent. Duke and Q,wens normalized their ttructure 

function rits to EMC muon-hydrogen data[ 115] • Based on their 

dlscuss1ons[113] and comparlsons by experlmental groups[116][1,17], the 

normaliza~ions of COHS neutrlno-ironC118]. E~ muon-deuterium[119], EMC 
, 

m'uon-iron[120J. BFP muon-irone 116]. CCFRR neutrino-irone 1 17J and SLAC 

electron-hydrogen and electron-deuterlum[ 121] scattering data. wi th respect 

to EMC muon-hydrogen data are 1.1, ., .à,~ . 1'.03, "0.98, 0 .94, and 0.92 

respeotively. sa that there ls a substantlal unoertainty in the 'calculated 

cross section from thls source .alone. • 

Addi tlonal unoertainties ari se 'frcm other sources as weIl. Some of the 
/ 

difficultles associated wi th the extraction of ~tructure functions from the 
1 

data are disoussed by Devoto[122] and by Barker. Martin, and Shaw[123]. In 

both moment analyses and numerlcal \1 ' Integrations of the Altarelllf-Parlsi 

equations, scal1ng violations depend strongly on the behaviour of th~ 

structure, functlons in the high x region. This Is a region WhI~h 15 

r 

o 

If .. " 

, . 



( 

Go -

- . 

1 1" 

* i" 

1 • 

.~ 
" 

l', , 

-150-

-diff icult ta probe experlmentally, so toa t the resu~ts of the C 1 ts can be 

sensl the ta the funqtlonal rorm assumed. 

Problems also ar~se in the extraction of the non-,valence terms which 
, 

are couPled 0 'to an unknown gluon distrfbûtion[ 122][123]. The val ue of the,' 

QCD, maS5 scal e parameter 1 A, obtal ned fl'Ciro the (1 ta depends s trongly on the 

assumptions made about the gl'uon dlstributlon[ 113]. Duke and Owens[ 113] 

obtalned a value for fi 'of 0.2 in the fits discuased above uslng a l'elativ,e1y 

soft gluon' distribution. Assuming a'harder gluon dlstributioQ changed the 
'" 

'l val u~ obtai ned for A to 0.4. fit With structure functions fran the , 
. , 

assumed a-':' hard gluon. distribution, the DpeIl-Yan contribution to the muon 

pair cross sectlon.changéd by on1y one percent, and onJ.y very small c~anges. 
, 

in' the mass and xF dependence of the cross sections l'esulted. Flrst order , 
~orrection terms 1 however. are directly proportional to 

,,] 

as : 12'1t'/[25 In(Q2/A2.)] 

50 that. while the depende,~c7 of the èorrectlon terms on mass, and xF does 

not change, the correction" terms are a factor of 

ln(25/0.2 2 )/l!!.(25/0.4 2
) '" 1.27 

hlgher at Q2 '"' 25 GeV 2/c" if the,larger value of A ta used. 

7.2 Kinematic Dlstrl butions 

,\ 

\ 
\ 

\. 

Tlle antiproton pl"oduced maSs distribution ia compared to 7 the 

predictions of the Drell-Yan model in Figure 41. The component 

eont!"i butions ta the maas distribut ion are shown separately. The Drell-Yan 
, 

predi ct ions were calculated using the deep inelastic str\:.lcture 

1'unotions[113] disCussed pr~viously. and were'mul tiplied by a factor oC 

Kp .. 2.45 

,. 
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Figure 41 - Antiproton Mass Distribution Compared To Drell-Yan-Predictio,n 

,'. 
The poin~s sh_ the mas~ distribution of the antiproton produced. data. The 
soUd Une shows the shape of the cross section predicted by the DreIl-Yan 
model using structure functions from measurments of deep-inelastic 

' .. scatterîng for both the antiproton and the nucleon. The curve has been 
r.' 0 

multlpl.ied by a factor of 2.45 to reproduce the measured~total cross section 
for 4,.0 ~ M :ri 9.0 GeV/c z with xF ~ b. The other curves show the cornponents 
of ,ëhe predicted cross, 8ection as indicated. Note that the annihilation of 
valence antiquarks from the antipro~on wi th valence quarks from the nucleon 

,accounts for more that 90 percent of thé' total. \;)' 
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'.' The antiproton cross se'ction to ~eproduce the measured total cross section. 

i8 dominated over the entire mass region by the valence-valence tenns, 

The pion p~oduced mas8 spectrum is comp~red to the DreIl-Yan model in 
';. 10 r 

Figure 42. For this plot, the beam struoture function was extracted from 

our data' as discussed later in this chapter, whlle the nuc~eon struoture 

funotion was -taken from the deep inelastic scattering results[113]. The 

cu~ves were multipl1ed by a faotor of, '" 

so as to reproduce the measured 'c~ss section,. Again the 

distributions are shown separately. 

In Figure 43 and Figure 44 the 
" 

the DreIl-Yan predicÙons. Again 

\ 
\ 

XF 'dlstrlbutl~ns_ar~wn toS 

the calculatlons have been muit 

component 

pl ied by 

the empirical K factors n,ecessa~y to repr1fuce the experimentally easured 

cross sections. AS)f-i th the mass distributions the separation f the 

prediction5 into~the component curves shows'the extent to which bath the 
. ' . Q , 

antiproton and ,pion processes are dominated by valence-valence annihilati 

Oounting rule arguments[124][125] suggest that the xF distribution for,piên 

,o8houl~ be flatter than that for antiproton events, and this is confirmed by , 
the data. 

Ji 

The shapes of the antiproton mass and xF distributions are sensi~ivé 

tests of the DreIl-Yan model. Leading arder QCD corrections have little 

effect other than changing the normalization. The Drell-Yan model desçribes 

both of these distributions very weIl. 

The p" ..ftis~ribution5 for antiproton, and p~on produced 'events wi th 

r-.. 

i(, .... , 

" 
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Figure 42 - Pion Mass Spectrum Compared To DreIl-Yan Prediction 

The points show the mass distribution of the pion produced data. The solip 
line shows the shape of the cross section predicted by the DreIl-Yan model 
using structure functions from measurments of deep-inelastic scattering for 
the nucleon, and our fits for the pion structure function. The curve has 
been multiplied by a factor of 2.39 to reproduce the measured total cross 
section for 4.0 ~ M ~ 9.0 GeV/c 2 with xF ~ O. The other curves show the 

'components of the p~edicted cross section as indicated. 
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Figure 43 - Antiproton xF Distribution Corn red To DreIl-Yan Prediction 

{"'" 
The points sh0't)the )cF distrib4tLon of the _ntiproton produced çtata. The 
Bolid 11ne shows the shape of the cf0ss section redicted by the Dreil-Yan 
model using structure funct10ns from meas rments of deep-lneiastic 
scattering for both the aritiproton and the nucle n. The curve has been 
multiplied by a factor of 2.45 to reproduce the mea ured _total '~ss section 
for 4.0 ~ M ~ 9.0 GeVlc z with xF ~ O. The other show the components 
of thé predicted cross section as indicated. • 
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Figure 44 - Pion xF Distribution Compared To Drell-Yan predicti~ 

The points show the xF di~tri bution'· of the pion produced data. The soUd 
line shows the shape of the cross section pred1c~ed by the DreIl-Yan model 
using structure functions from measurments of deep-inelastic scattering for 
the nucleon, and our fits for the pion structure function. The curve has 
been multipl1ed by a factor of 2.39 to 'reproduce the measured total cross 
section for 4.0 ~ M ~ 9.0 GeV/c 2

. with xF ~ o. The other curves show the 
components of the "predicted cross section as indicated. 
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p W~ ","p,. X 

125 GeV/c 
<Pt'> 1.26 ± .O~ 

IO-·O~------~---~~---~~---~~---~~---~~~'~7~ , 2 ~ 4 6 1 

Ptt (GeV/C)t 

Figure 45 - Antiproto~ PT 2 DiS~ibU:iO~ 
The points show the differential cross ~ection, da/dp 2, fo~ the production 
of muon pairs in' antiproton-tungsten collisions. the curve shows the 
Gaussian fit to the data discussed in the last chapter using the parameter 
value of PTo.,.117 glven in Table 7. 
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i .. 
4 ~ M ::fi 9 GeV/c2. and xF ~ 0 are shown as a funatlon of PT 2 ~'fl Figure 45 and 

Figure 46 wJ.th the Gaussian distributions used ta caloulate the acceptance. 

In both oases the rits are very good, and the parameters of the Gaussians 

are approximately the sarne fol' the'two beam partiales. 

\ 
\ 
\ 

The co se distribution fol' antiproton evants wi th M between. 11 and 

9 GeV/c 2 and with XF ~ 0 is shawn in Figure 47 and the Pidp case 
.. \ \ 

dis.tribution is shawn iri Figure '48. The curves drawn on the figures ~re the 
i 
l 

1 +cos 2 e di stri butions assumed ta calcUlate the acceptance. The l \mi ted 

acceptance of the spectrometer at hl~h values of cos 2 8, and the 3mall data 
" 

~ 

sample make 1 t di'ft'icult. t~ determine the value of the À paràm.eter. The 

. va-lue of À ,. 1.06 ± 0.2'8 obtained t'rom the fit ta bhe pio~ produced data ia , 
consistent with the Orell-Yan model so'that we have assum'~d tHat À .. 1 for 

the antiproton produced data as weIl when fitting the other varfables. 
< 

Whlle the reaults fran fitting wi th MINUIT dlscussed in the last ahapter 

" suggest that the case distribution may be somewhat flatter than this, tl;!e 
1 

error i8 large and the data is -not inconsistent l!'i th the ass~med 

distribution. . 1 
of, 

The ~ distributions are shown in Figure 49 and Figure 50. ., These 

distributions were assumed to be uniform in oalculating the acceptance for 

the other variabl~s, as would be' expected fran the Orell-Yan model. Both 

the antiproton and the pion data may show a weak d~pendence on cos 2~', but 

this i8 not statistically", sign1ficant and will not affect the distributions 

integrated over this variable. 

The good agreement between the data and the parameterizations chosen to 

describe each of the kinematic distributions leads ta confidence in the 

aocuracy of the acceptanoe calculations fol" the remaining variables. 
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tt-W ~ "'''Jl- X 

125 GeV/c 
<pl> 1.28 ± .03 

O
·4L ___ ~~ __ -4 _____ ~ ____ ~ __ ~ ____ ~ __ ~~~ 

1 0 .s 4 -6 

Ptt (C.V/c)' 

~igure 46 - ,Pion PT 2 Distribution 
"~ 

The points show the differential cross section, do/dPT
2 , for the production 

of'muon pairs in plon-tungsten collisions. The curve shows the Gaussian fit 
to the ,data dlscussed in the last chapter using the parameter value of 
PTo·1 .15-5 glvel'). in Table 7. 
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Figure 47 - Antiproton cosS Distribution In The Gottfreid-Jackson Frame 

The points show the distribution. a-1do/dCosS. of muon pairs produced in 
antiproton-tungsten collisions. The curve shows the 1+cos1 6 distribution 
assumed when calùcul~tlng the acceptance and dlscussed in the last chapter: 
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Figure 48 - Pion cOS6 Distribution In The Gottfreid-Jackson Frame 
" " The points show the distribution, o-ldo/dcos6, of muon pairs pr~duced in 

pion-tungsten collisions. The curve shows the 1+c052~ribution .assumèa 
when caluculating the acceptance and discussed in the last chapte~ 0' 
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/ . 
Figure 49 - Antiproton q, Distribution In T1}e Gottfpeid-Jackson Frarne-

The points show the distribution, o-'do/dq" of muon pairs produced in 
antiproton-tungsten collisions. This distribution was a~su'lf1ed to be uniform 
when the acceptance of the spectameter was oalculated. 
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Figure 50 - Pion ~ Distribution In The Gottfreld-Jackson Frame 

The points show the distribution, 0-
1 do/'dq> , ~f muon pairs produced in 

pion-tungsten collisions. 1hi~ distribution was assümed to be uniform when 
the aooeptance of fhe spectometer was caloulated. 
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7.3 Compariaona Wl th Other Experimenta 

, , 
JFf' 

Compar"lsan of the data w1 th other' exper1menta is ,tof interest fran two 

points of .view. Soaling behaviour of' the oross sections provides 

oonflrmatlon of the polntllke'nature of the interacting' constituents while 

comparisons with the higher statistips pion data of other'experiments 

provides a valuable cross-check on the antiproton l'esults. 

Figure 51 shows the aoal1ng cross section, M'~, as a funct10n ot' It~ 
... ,. 

for antlp!oton produoed events wl th xF ~··O campa,red wi th ~imilar data using 

a 150 GeVlc be~ obtained by the NA3(126] experlment at CERN.' Beth .the 
, '. 

dependence on It and the magni tudes of~ the two data sets agree very well. 

Pion pr~iduoed events are "shawn in Figure 52, and compared with poin,ts 

four ?ther.experlments[127][128][43][44J. As Most f1xëd target experiments 

~have·~lmited acoeptance in the backward hemisphere, the extrapol~~ion of the 
\ 

croas section to all x
F 

Is subject to considerable syatE!llatic~errors .. We 
q 

have chosen to l'es trl ct our results to the region of xF '= 0, but the sarna 
( c 

werall trend of the data Is evident from the reaults of 'aU the 

experlments. Note that we have mult~plled the CIP. pointa for thls plot by a 

factor of 

- AO. 12 _ 1 87' w • 
1 
1 

J 

-
to reneet -our assumed A q~pendence, ra ther than the A ~ • ~:2 dependence used 

in the!r analysls(39). ! 

, 
Perhaps' a better test of scallng 113' the comparlson of the 
• 

sectlone, s3/2.do 
OH' for the reglon wl th xF ~ 0 as shown in Figure 53. 

pion data 18 compared with data from the CIP[128] and Omega[43] groups. 

cro~~ 

Our 

All 

of the Omega data and the bulk of the CIP data were taken with a tungsten 
\ ,: ç 
\ 
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Figure 51 - Antipr~ton Scaling Cross Section Compared With NA3 

r 

" 

J 

Our measurement of the cross section, M3 do/dM, for the production of'muon 
pairs with xF ~ 0 in antipr~ton-tungsten.cDllisions ls sho~n together ,with 
d~ta obtained by the NA3[10] collaboration using q 150 QeV/e beam lncident~ 
on a platinum target, as a t:uhction of; 1.. ,/ . 
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Figure 52 - Pion Scallng Cross Sectlon èomparlson 

Our measUrement of the cross section, M3do~dM, for the. pro,.pucqon ot ,muon 
pairs ln pi0!1-nucleus collisions is shown together wi th data obtained. ,br th,e 
NA3[1l6], CIP[128], Goliath[ljlj], and Omega[43] collaborations. While we have 

.restrlcted our measurement to the region wlth XF ~ 0, the sarne overall trend 
15 apparent ln aIl the data. 
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Figure 53 - Pion Mass Cross Sec'tion Comparison 

Our measurement of the scaling cross section, ~3/2.do/dM, with xF ;:: 0, for 
the p\oduction of muon pairs in pion-tungsten collisions is shown together 
wi th data obtained by the CIP[128] and Omega[43] collaborations as a 
funct10n of h. 
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target, 50 that we have presented these cross sections pel" tungsten nucleus 

avoid any controversy about A dependence. There is gO~ agreemerit 'over~ a 

rJ 
wide ange of ,incid,ent beam momenta. 

Acco ing to the Drell-lan mOdel; the xF dlstri bution ~hould also 

exhibit 8cal1ng behaviour if it' i8 integrated ovel" the same 't' l"egion. 

Figure. 54 shows the good agreement. in both shdpe' and magn! tude between our .. 
measuretnent of the. cross section s.~ for masses between 4.10 and 

F 
6.71 GeV/c 2 u61ng a 125 GeV/c pion beam incident on a tungsten target and 

similar data fol" maas'es between 5.5 and 9.0 tV/c2 as measured by the CIP 

experiment uslng a 225 GeV Ic beam[ 128] • Ag~in these· cross sections are 

gl ven pel" tungsten nucleus. y 
-'\._~..........---..--' 

7.4 Structure Functions 

( 

The distributions of the data points ln the X 1 -X 2 plane are shown in 

. Figure' 55 for antiproton produced events and ln Figure 56 for pion produced 

. e~nts. LiRes" of constant 11 and xF fol" a beam momentum of 125 GeV/c are 

a1so shown. The kinematlc eut at a mass of 4.0 GeV/c 2• which i8 required to 

eliminate the resonance reglon~ ~nd our limited aeceptanee for XF :iI .. p' make 

us insensi tlve to the behavlour of the beam structure fullctlons below 
. -" Î 

Xl .. 0.2. The klnematlc eut at 4.0 GeV/c 2 18 not 8ha'rp~y defined in thè 

X l -X 2 plane because of the flnite momentum bite of the be~ and events can 

appear be10w the l ine • 

The antiproton and pion structure functlons can be extracted frem the 

unbinned data uslng the fi ttlng procedure outlined ln the 1ast chapter. 

" antiproton valence structure functlons were parame'terized as 

1-

1 

" . 

---"'---"-7--.--------------.,------
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0.27 < .JT < 0.44 

• E537 125 GeV/e 
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Frgure 54 - Plon XF Distribution Compared Wi th CIP , 

Our measurement of the cross section, s.do/dxF , for 4.10 ~ M'S;6.71 GeV/~2 is 
compared to data obtained by the' CIP collaborat ion[ 128 ] in the same region 
of 11: for the product ion of muon pairs in pion-tungsten collisions. 
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Figure 55 - Distribution of Antiproton Produced Even~s In The Xl -X 2 Plane 

The points sho,,# the fractional. momenta of the quarks in the beam and target 
~iClèS. Xl and X2 • of each of the muon pair events produced by 

antiprotons. Thè lines show the contours of constant M and xF for a beam 
momentum of 125 GeV/c. 
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.Figure 56 - Distribution of Pion Produced E~ents In The\1-X 2 Plane 

.. 

. 
The points show the values of Xl and x2 of ea.ch of the muon pair even.ts 
produced by pions. The l1nes show the qontours of constant M and xF for ~a 

beam momen turn of 125 GeV / c • 
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and 

dy(X) - 0.57 (l-x) uv' 
wi th the requirement that 

(1 ,1_ 

J [uv ( x) + dv (x ) J ~x .. 3. 
o 

-171- , 

'.' 

sea tel"ll1s used were taken fran the analysis by Duke and Owens[ 113J • 

With these structure f4nctlons,-thè Drell-Yan model was used to predict ,the 
\ 

joint- M-xF probability distribution 

- (- 1 d2 0 
]~ M,xF la,a> - (f ëRax. .. 

• "~"q/, ~ F -
The 1o(1dth of ,the PT distri bution was allowe_d to -;ar~l-y-,-whi-le_ th!LC~ 
distribution in the Gottfreid-Jackson frame was. again·assumed to be 

The"'t:\ distribution was assumed to be unifol"ll1. The sea' quark s t ructure~ 

functions of the antiproton were taken to be the s~e as the proton sea 

antiquark structure functions, by par~icle-ant1partlcle symmetry.. T~e 

neutron structure functlons were obtalned t'rom, the proton struct\lr'e 

functions bY isospln rotation. 'The results obtalned under ~hese condi tion~ 

are given $,s Set 2 of Table 13. 

When these parameter values are used, the Drell-Yan model r requires a, K 

faotor of 

KP''' 1 .91 
-' 

to rept'oduce the experimental cross section. The kinematlc cuts at 

M .. 4.0 GeV/c 2 and xF .. -0.1 eliminate the reglon of the X 1-X 2 plane with 

Xl ~ 0.2, maklng it difficult to determine a reliablYi therefore the 

structure functions were refit wi th Cl fixed to O.5-as expected rran Regge 

the ory arguments[129]. The resul~s obtalned wi th thls constralnt are given 

as Set 1 of Table 13. The K factor for antiprotons wi th these 
.....; 

is ' 

.. 

assumptions 
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Table 13 - structure Fun,ct1on Parameters 
/ 

,Th1s table presents the r:-esul ts of f':itt1ng the an tiproton and pion valence 
structure funct10ns to the mathematical form x(l( l-x)a under various 
assumpt10ns about the sea ahd nucleon valence structure functions. The 
values of C4 and a obta1ned from the f1ts are shown together wi th the error 
bounds ;est1mated by MINUIT. The K factor obtained under each of' the 
assumptions is also given. 

----------------------------------------------------------
Antiproton strucèure Function Paramters 

Set Alpha " Error Beta Errol" '1( 

--------- --------- --------- --------- --------- ------
0.5 3.5155 0.2092 4.63' 

2 0.7784 0.2207 3.7238 0.2261 1. 91 
3 0.5 3.5232 0.2100 

, 2.45 

\ 4 0.8022 0.2703 3.7433 0.2946 2.45 
5 0.5 3.3799 ,0.1919 2.45 
6 0.9989 0.5602 3.8619 0.5890 2.45. 
7 0.5 3. 4143 0.1926 2.45 l, 

8 0.9419 0.5594 3.8416 0.5885 2.45 

P1pn Structure Funct10n Parameters 

Set Alpha Error Beta Error K 
~-------- --------- --------- --------- -----.--- ------

9 0.5 1 .2609 0.0796 2.39 
10 0.3915 0.2011 1. 1791 O.l:r~O 2.93 

-----------______ 1 ______ ------------------------------_____ ~ 

" , 

, , 

41 f- iQU *4# ':tJ 
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Kp - 4.63. 

and thi.S'illustrates the sensl tivi ty of the cross section to the assumed 
-

'-, 

behaviour of the structure runctions at low value~ of x. Approximately one 

half 
.( 

the integral, 

r1 
- - dx J [uv (x ) + dv (x )] x .. 3. 

o 
Is contributed by the region x :ii 0.2. The normalizatioll_o_f the DreIl-Yan 

cross section in turn depends quadl"atically on the normalization of the 

" structure functiona.- The choice of a different functional form to 

f'u~ctions , 
----:--;---

for example, a sum of terms of' the 
-) 

,; 

parameterize the structure 

f'orm x(J( 1-x)a, could drast1~ally altèr the nOl"malization of' the caleulated 

Drèll-Yan cross seotion while still conserving baryon number by integrating 

to give thl"ee valenoe q~arka. 

The relative contribution of the valence quarks ia also sensitive ta 

the method used ta normalize the structure functions. Uslng the Ôrell-Yan 

calculatians wi th deep inelastic structure f'unotians as a guide, the data 

was constrained sa tha~ the valence--.quarks cQn~ributed a constant fraction 

of' the total crosa sectiQn given by 

°vv .. 0.91 0Tota!' 

The !l'esults of these rlts with a fixed, (Set 3), and Cl fl"ee, (Set 4), are 

also given. in Table 13. It can be seen fran the small cJ:langes in ex and a, 
thàt the shape of the strl,lcture. function Is not very' sensitive ta the 

, 
!1ormal ization convention chosen. In addi tion, the antiproton structure 

func,.tion was fi t using the deep inelastic structure f'unct.1ons for the target 

partiele only. While we dld not have sufflclent data to allow the beam 
/ 

partiale structure functlons to 

partiele structure f uncti ons 

gi ven as Sets 5 and 6" in Table 

violate scalirtg, we ~llowed the target 

to ,evolve wi th QZ - MZ, and the results are 

13. USing the deep Inelastlc structure 

----- -'.- . 

.. 

.' 

i 
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functlons for the target partlcle wl th Q2 f1xed to our Mean value of 

<M2) • 25 (GeV/c 2 )1 givés simllar results whlch are Sets 7 and 8 of Tab1:e 

13. 

The pion valence structure f-unction was' fit in a simllar fashion. The 

valence structure function was parameter.1zed as 

normallzed sl.1ch that. 
( 

J
fl v1f(x) dx _ 1. 
o x 

The NA3[130] reault, 

SlT(X) - 0.292 (l-x)8~2, 
" , 

obtalned fran a simultaneous analysis of 200 GeV/O 1T+ and 1T- da~at was used 

for the sea. Results with a flxed at 0.5 and free to vary 'are given as Sets 

9 and 10 respect1 vely ln Table 13 .. 
- . { 

............ - ....... ~ ............ 
- Using the results of Set 9. whe;e"':~- l'las beeft flxed ~t' ~ 0:5. in the 

DreIl-Yan model. we flnd a K factor of 

1<"11'- - 2.39 

Is needed ta reproduce the experlmental cross section for the pion produced 

data 'wlth masses between 4.0 and 9.0 GeV/c l and xf ~ o. US~rl~ the results of 
, 

Set 10, where the, value of (l'ls determined by the fitting programme, a K 

factor of 
" 

1a required. As for the an~ipr.oton. the nOrqlal1zation of the structure 

function ls domlnated &y Its behavlour at low values of x. Uslng' a 
. 

dlfferent functlonal form to parameterize the structure functlon results in 

,à dlf'fer~nt K factor. It la apparent t'rom the results of the r!ts to both 
, . 

1 

~he a~tlproton and the pion produced data that the sum rules are not.-a good 

1 
i 
l 

1· ' 
\ 
l ' ! . 
1 

.l: 
. _______________ 1.. 
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guide to the normal1zatton of the structure, functions in the absence of 
~I 

information about their behaviour at low values of x. 
,) , 

The shape of th~ 

structure functions la less sensitive. The results of two of our antiproton 

structure funetion fI ta are Shown ln FigUl"e 57. The points on thi-a graph 

are projected trom our data as discussed in the next section. The dashed 

line shows the r~sulta of Set 5 of Table 13. wherea was fixed to 0.5" whlle 

the dot-dashed 11 ne shows the resul ta of Set 6. Both of t~ese f!ts descrl be 

the Çoata we.ll over the range of Xl accessible to our experiment. The 

dot-b.lank line and the dotted 11ne show the average deep il\elastic valence: 
1 

structure functions wl th Q2 • M2 and with Q2 _ <W'> .. 25 (GE!\f/02)2. 

" 
respectively. AU of the cijrves have been multlplied by 

,.) 

K- ... 
P 2.lJ5 

" to allow them to be eornpared to the data points. It Is apparent from these 

_?urves that the agreement between our structure functlon fit~ .and the 

'-~esults 'obtained " fran deep inelastic scatterlng Is sood. 
. 

The small 

dlfferenoes between the two deep Inelastic ourves justifY ignoring the sè~le 

breaking behavlour of the beam struc~ure function ln the fi ttl~g. -, 
" . 

, 
-~ 

Figure 58 sho\ois our fi ts to the p Ion valence 'struoture fun ciron • Set 9 

of Table 13 ls shown bl' the dashed 11ne, and Set ,.1~ la shown as the( 

dot-dashed 1ine,' Agaln the poipts are the projection of our data on the,· Xl 

axis d'Sseri bect in the next section, and t~e two fi t~ have been multiplled by 
, ; , 

their respective K factors. Both reproduge the, shape of the structure 

" tunotion very weIl. It i8 -clear that any measurement of the pion K factor 
; , 

r" subject to lars'e systematic uncertainties as long as the <behaviour of the 

valence quark struoture function Is unkown. 

()' 

" 
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p w....:;. ",",.,,- X 

125 GeV/c 

K 2.45 

0.1 o., o.a o.e 

FigW'e 57 - Antiproton Structure Function Fits 

-'. 

1. 

The dot-dashed lin shows the antiproton structure function f i't, Set, 5 of 
Table 13, wi th IX fi ed to 0.5. The dashed l1ne shows the cW've correspondlng 

'to Set 6. The dot-t) ank l1ne and the do'tted '11ne show the value of the deep 
inelastlc st re functions[113] with Q2 = M2 and, Q2 - 25 (GeV/c 2 )2 
respect i very. 
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Figure 58" - Pion Structure 'Fl,lnct ion Fi.ts 

The dashed line shows the pion valence quark structure function fd t USing 
the par.ameters of Set 9 of Table 13. wi th a fixed t'o' 0.5. ThÊ3 dot-dashed C 

line shows the curve corresponding to Set 10. 80th curves have been ' 
multipl ied by their respect! ve K factors .. 

-- ----------------

.-, 

S 
1 

ri , 
~: 



'" ~' 
~ 
'" 

1 
1 
l 

i 
, 
l' 

;. 

( 

,. 

"[ 

{ 

,/ 
/ 

( 
.. 

,,:,178-
" 
l 

7.5. Structur'e Functlon: -Proj~ctlons . ~/ , 

t : 

Beoause the expressions for the cross sections can be approxl~ted by , 
the product of a function of Xl and a ,funct'lon of Xa , 1t 113 p,osslble to 

proJect avera%~ beam and target ~tructure f'unctions from the data. These 

proJections can be used to compare the structure function ft'ta obtained 
,) 

~bove wl th the, data, and to compare the data to other experlmenta. 'c 

where 

combinatlons ot: beélJl particle 
o 

quark at;.ructure functions, 
.--!' ~/ 

Go~,Qa). G1 (X a ,Q2) and Ga (x a ,Q2) of target partiale 

~ quark structure functlons and 

[ 
li na a ' 

00 - -- i s a normalization factor 
8113 

" Independent of ,Xl and X~; 
"- (' 

F:or antlproton-tungsten colllsions, the structure functlon~ and Gare 
~I ~. 

usually chosen as 

and ' 
(; 

Go(x z ) • ~P(X2) + (l-i)dP(X~) + Sp.(x il ). 

{' 

" 

G2 (X Z )· (l-*)tiP(Xa ) + (4-3f)dP (X 2 ') + 10.5SP (Xa), 

, 
'" \ , 

" r f(" 

-....,..---I--~" ~---~::-,."<.---,.-'---.:.-_1. .. 
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wher'"e 

up(x), dP(x), and Sp(x) n are the up quark, down Quark and sea quark 

, structure ,t'unctions respecti vely for the proton ,and 

z A ls the fraction of protons in the nuclear target. 
~, 

For pion-tungsten coll,isions F and (j are gi ven hy ... 

• 

and 

G1 (X Z ) • (l+~)UP(xz) + (4-~)dP(Xz) + 11SP(x~), 

where'v1f(x) and s'll'(x»)are the valence and 'sea structure functions of the 

pt on and F z (xa ) 
1 

and Gz (xa ) are both zero. The terms have been chosen in 

suçh a way that, the second and third terms are small compared to the "rirst'. 

If we ignore them, we can wrl te the cross section as 

d:lo 0 2, :l 
dx dx -~ F 0 (x l ,Q ) Go (x 2, ,Q ). 

1 Z x~x: 

When thls is integrated over xa we obtain 

do 2.A. f ( 2 ( 2, ~ dx· Fo xpQ) Go x 1 ,Q ) 
1 Je:: x: 

which we gan write as 

do 
, dX 1 

where we function averaged over x;p and 

thus Over Q 2, as 

Fo (X 1 ) - fF o (XpQ:l)G o (X:l,Q2,) dx a • cjG o (X:l,Q2) dx 2 ]-'. 

x~ , x: 
We can therefore projtct out the averaged heam st,r.ucture function, 

\ 

by histogramming the data in ter~s of Xl with a welght given by: 

xf f ' w(x 1 ) - - [G (x 'Q2,) dXa]-~. 
0 0 0 2' 2 

Xa 
Slmilarly the averagM .target structure function, Go (x 2 ), can he pr.ojected 

out by histogramming the events In'terms of x2 with a welght of 
, xf 

w(xa ) - 0; dF o(X IIQ2) 

. --.... ---- --_. __ •. _-----'-------------------

" 
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1 
When' the exact expression for the cross section la used, 'a structure 

1 . 
funotlon projec~lon can still bel defined as 

2 

F(x 1 ) • ~ do [fa (001) dxd]-1 
, a 0 QI) 0 ~2 2 . x a 

and corrections can be applied to this quantity to obtaln the averaged beam 

valence structure function Fo(x~)~ The projection, F(x), of the data us~ng 

the deep inelastic scatterin~ structure functiona[11 3] for the target 

nucteon i8 shown in Figure 5? [The. upper curve ShOW~ ~the value for the 

projection, f(x 1)" expected frCll/ the' Dréll-Yan model. The lower curve shows 
1 

the averaged sum of valence qu~rk distributions, FO(x l ), that would be 
1 

...... expecte~ if the cross section coluld be wrl tten exactJ.y'as a ~e product of .a 
, . . ) 

funct~ôn of Xl and a function ofi xa • Both curves have ~een multiplled tiy the 

antiproton K factor discussed abové. l t i s c1ear by comparing the curves 
1 

1 

that the terms neglected by the 'rroj ect ion are small even at the lowes t ' 

accessible values of Xl. The projection oOf the target structure function, 
x 2 

1 ~ 
GCx 2 ) - ~ do cfF ( ) dX 1 ]-1 a 0 QI 0 Xl ' , 

a x~ 
" ualng the deep inelastic scatttfring structure functiona for the antiproton 

1 ia shown in Figure 60. Agaln th~ upper curve shows the DreIl-Yan prediction 

- 1 

for the, P~Oj ection, G(x 2 ), 1 whlle the ,lower curve represents a the 
1 

corresponding sum of quark structure functlons Go (x 2 ) that would be obtained' 

if the cross section factoriz'ed exactly. 

!urves that the neglected terms are small. 

l t is again evident from the 

Figure 61 shows t;he projection of the antiproton .valence structure 

• function data compared wi th 150 GeV/c data fran the NA3 experiment u~ing 
. . 

, bath antiproton and. protQn data to subtract away non-valence cOntributions. , . 
Correct ions f or • .the neglected terms have bêen applled to our::'data points on 

o , 

this plot. There ls 
( 

good ,agreement betwee;n the experim~nts about both the 

shape and normalization of the data points. 
.. 

," 

--___ l.er, ... ta ... ' ____ - .... -. -- - • 
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~ 
~ P ·w--? p,"p,- X 

~ 125 GeV/e 

1. 
K 2.45 • 
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~ 
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1 

0.3 D.7 o.a • o.. 1. 

X, 

Figure 59 - Antiproton Bearn Structure Function Projection 

The points show the projecti.on of our antiproton produced data on the Xl 

axis. The upper curve shows the projection, F(x l ), expected from the 
Drell-Yan model. The lower curve shows the averaged SUffi of valence quark 
structure funçUons, Fo (x 1)' that would be expected if the cross Se'ctiol'l 
could be writfen exâctly as the product of a function of Xl tlmes a function 
of x2 • 
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Figure 60 - Antiproton Target Structure Function Projection 

The points show the projection of our antiproton produced data on the xa 
axis. The upper curve shows the result, G(x 1 ), expected,from the DreIl-Yan 
model. The lower curve shows the valence quarK structure functionGo(xl)'~ 
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Figure 61 - Antiproton B.earJl. structure. Function Cornpared To NA3 

, 
Our projected antiproton valence quark structure function 15 compared with 
data obtained by the NA3[10] collaboration. 
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Figure 62 shows the beam structur-e function projection, F(x 1) i 

projected from the pion data usini the deep inelastic structure functi«Jn8 

for the target nucleon. The upper curve shows the results expected for the 

projection, F(x 1 ), from the Drell-Yan model. The lower curve shows the, sum 

of valence quark distributions, FO(x 1 ), that would be expected if tilé pross 

section factorized 'exactly. Here we have used the parameters from' Set 9 of 

Table 13 for the pion valence structure function. the NA3[46] 200 Q,eV/c 

results for the pion sea, and the deep, inelastic scattering structure 

1 functians[113] far the target nuclean, tO'calculate the Dreil-Yan curves, 

Tne Drell-Yan curves have, been multlpl"ied by a factor of 

K - • 2.39 
11" 

ta normalize ta the measured cross setion. 

." 'H 
The proj ect 10n of the I!arget 

structure fun<?tion, G(x 2 ), for the plon data ls shawn in Figure 63, The 

"curves again show the values expected t'or 'G(x 2 ) and GO(x 2 ) frem the 

Drell-Yan model, and again the terms neglected by the projection are 'small, 

Campari sons of our beam structure funct ion wi th da ta fran the NA3 [46J , 

ClP[ 40], Omega[ 43], and GOLIATH[ 44] collaborations, are shawn in F 19ure 64, 

Note that we haxe adJusted the CIP points on thls plot ta reflect our 
. . 

assumed A agreement and the oth'er betwèen , ourselves dependence. The 

expeqments 1 s very good over the entir e x 1 range, both in shape and 

absolute value. Our target structure funotion"is compared ta the results • 

obtained by NA3[46] and CIP[40J ln F,igure 65. Again the a6rean~nt 15 qulte 

gaod ln bath cases', 
, ' 

7.6 Conclusion 

This thesis has reported the results dt an experlment whlch has 

"-
measured muon pair production in 125 GeV/c antlproton-tungsten and 

,f, 

" , -..5 
'-

________ 1 
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Figure 62 - Pion Bearn Structure Function_ Projectlon 

The points show the proj ection of our 
upper curve shows the result. F(x 1 ). 

• lower curve shows the averaged sum of 
FO(x 1 ). 

• t 

.. 

.. 
pion produced data on the x 1 axis. The 
expected from the DreIl-Yan model.. The 

valence quark structure functlons • 
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Figure 63 - Pion Target Structure Function Projection 

.' 

, .... 

,. 

The points show the projection of our pion produced data on the x" axis. The 
upper curve Shows' the result, G(x:a), expected from the DreIl-Yan model. The 

.,:l:'ower curve shows the valence quark structure function G~ (x:a) -. 
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Et 1i-w ~ p,"p,- X 

~ • E~37 125'Ge~jc 
~ • 

~" DNA3 150 GeVjc 

~ CIP 225 (;eVjc Cf) 
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, Figure 64 - Pion Bearn Structure Function Comparlson 

Our projected pion valence quar,k structure function 15 compar-ed wi th data 
from the NA3[46J. CIP[40J, and Goliath[44J exper1ments. There ia good 
agreement between the four experiments. 
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Figure 65 - Rion [Target Structure Funetion ,Comparis,on 

The nucleon\~tructure function projected from our pion produced data is 
compared !io data from the NA3[46], and CIP[40] experiments. 

[ 

.. " 

-, l 

.. "-

._~----------~ ----

, . , 

" 

, 
-, 

. " 



• 

. ,-

-189-

plon-tungsten ~,oll1sions using a tungsten target, a,spectr~eter with gooa 

acceptance for masses between 4.0 and 9.0 GeV/c 2 with' xF ~ 0, and a beam 

• tagging system capable of cauntlng and 'identifying ind~Vldual beam 
~ 

particles. The measurement of the cross section for muon palr production by 

antlprotons provides an unambiguous test of the Drell-Yan model and QCD 

correctlons Slnce the valence quark struc_ture functions of the nucleon have 

been acéurately determined in deep inelastic lepton scattering experiments. 

Our' sample t'F'°387 events and our identificatlOn of lndl yJ:dual \beam particles .. 
give us the best measurement of the cross sectlOn for muon palr' productlO~ 

by antiprotons to date. Because of the scal ing propertles of the cross 

section predicted by ~the Drell-Yan model, comparlson of the plOn pr_pduc~d 

data to results from other experiments using dlfferent beam energles 

prqvldes a valuable cross-check on the antipl"oton results as weIl as testing 

the model i tself . 

. 
We find that both the kinematic dependences and the absolute 

normal l zation of the cross section for pion produced pairs agrees weIl wi th 

méasurements by other experiments. We also find good agreement Wi th the 

only other data for antiproton' produced pairs. 

measurements of the differential cross sectlons, 

Wt3" have compared our 

do 
aH 

do 
and <IX" ' 

F 
for the 

production of muon pairs in antiproton,-tungsten collisions to the 

predlctions of the DreIl-Yan model u:=>ing nucleon structure functlons 

measured in deep inelastic scattering and find good agreement between the 

data and the model if we multiply the predlctions by 

, K- - 2 45 . p - . • 

The leadlng order QCD corrections make only small changes ln the predicted 

kinematic dependences of the cross sections but increase the absolute 

magni tu'de of the predicted cross section by a factor of 1 .87, 50 that we 

._--- - "---- ________ . __ 1 
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\' 1. 

flnd that the experlmental cross section exceeds the lèading order 
r . , 

prediction by a factor~ of 

Calculations of the cross section for mubn pair productlon in pion-tungsten 

collisions involve large uncertainties because the pion valence quark 

t 

structure functlon' cannat be measured in Inelastlc scattE?rlng experiments, 

The pion produced, data does, however, exhibi t the qualltati ve features 

expected from the model. The differentlal cross section, do 
ClJ1' falls more 

. ( 

• q~~ckly wlth lncreasing mass for, antIprotons than for pions as would be 

expected, from the modei on the bas is of counting rule arguments. The 

differentiai cross sectlOn, ~ • also falls more quickly wi th lncreas lng XF 
F 

for antiprotOFls' as would b~ expect.ed from the same arguments. The angular 

distrl butions,' 1 do 
o"dcosS 

1 do ~---and o "Of' are aiso conslstent wi th the expectations . ~ , 

ofa the Drell-Yan model for both the plon produced data and the antiproton 

produced data. 

'\ 
The DreIl-Yan for"inula has been lOverted and used ta obtain the 

antiproton structure function from the data: Agaln ~e finti" good agr~eme~t 

between our results and data obtalned by the NA3 collaboratlon[ 1 OJ us lng a 

150 GeV/c beam. The shape of the antlp~oto,n structure functlon lS also in 

good agreement 'with the ·shape of the proton structure function measured by 

deep inelast ic scattering experlmenls. The plOn structure functlOn 

extracted ln the same way agrees weIl wi th measurements by other muon palr 

expel"iments both in shape and magni tude. ~J 

It ia clear that ~ntiproton experim~nts with higher statistics are 

necessary to make detailed comparisons of the shé).pes of the kinematlc 

distributions .. ith the DreIl-Yan model and th'e first order QCD 'predictlons 

L 
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in different ranges of M and xF• Experiments with good acceptance over the 

whole range of cosS and ~ would be able te determIne the vari.ation of the 

angular distrIbutions with 
Experiments at higher b~arn . -./' . and 

• 1 

energies will be able study the 3cal ing violations predicted. by QCD. _Sorne 

of this work 13 already underway. The NA10[51J experiment at CERN has. 

reported prelimlnary results from extensive measurements of- the cross 

section ,for, p"ion produced pairs using a 194 GeV/c bearn lncident on a 

tungsten target. Two experlmeI\ts, at Ferrfltlab, E605[53J and E615[54J, are 
o 

measurIngJ muon pair production in' û'oton-tungsten and plon-tungsten 

00111sion3 respectively. The latter experiment in partlcular was designed 
0-

to' have good acceptance Over the entipe range of casEl. 
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Appendix II - Vertex Reconstruction 

The resolution of the spectrorneter was limited by multiple scattering 

of the muons in the, copper hadron filter. Substantial improvement was 

achleved in the mass resolution by fixing the production vertex at the 

centre of the target as discussed in the text. This was possible once the 

event was known to have originated in the target, Dut the mlsassignment of 

an event produced ~n the dump to the target could result in a substantlal 

error in the reconstructed mass. A simple distance of closest approach 

method allowed most events to b~ unambiguously assigned to either the dump 

or the target but enough events remained unresolved to cause concern about 

bias in the kinematic distributions. A better determination of the 
( 

1 production point was made by findiog the most probable vertex for the paln 

of muons using a Gaussian model for mùltiple scattering • 

. -

", The model for multiple scattering used here is due to Fèrmi and is 

discussed by Rossi and Gre~sen[131] and in Rossi's book[132]. The algorithm 

used to find the best vertex is a straightforward adaptation of technlques 

originally applied ta cosmic'ray tracks in cloud chambers[133], and was more 

recently used in other muon pair exper~ments[128][134]. The implementation 

of the algori thm in this case was discussed in sorne detai.l by Kraushaar[85], 

but will be outlined here because of its importance~ 

.. 
In the limit of small scattering angles, negligible energy 1055, man~ 

separate scatters, and working in the projection on the Y-Z plane as 

illustrated in Figure 66, thè probability that a particle travelling along 

the Z axis and entering a scatterer'at y • Z 0, will' emerge a distance y 

-from the Z axis, with an angle,ay with respect ta the Z axis, is given by 

----_.,.;..." 
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MATERIAL 

PARTICLE 

Figure 66 - .Multiple Scattering 
r 

,.' ". 
/ 

A cnarged particle, normally 'incident at Y - Z • 0, will un"dergo mul~iple 
Coulomb scattering wi th the nuclei of a ta'rget materMi'I.. After traversing a 
length Z of rnaterial the particle will emerge with a spatial displacement Y 
and an angular displacement ay. 
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where ~ ~s the dlmenslonless ratio 

ljJ - Y/Z • .. 
The plane projected RMS scatterlng angle la commonly taken to be[13] 

9
yRMS 

= 0.015 IZ 
6P "Zr ad 

where 
> e ls the velocity of the particle in units of c, 

P ls the momentum of the track in GeV/c, 

\1(.Ie Z i~ Ch length of the s~atterer, and 

zrad lS the of the radiation length[13] for the scattering materlal. 

The probabili ty that a particle which entera Jthe scatterer 

y = Z = 0, travels to an intermedlate point Y 1 ,Z 1 with angle 9 1 , 

emerges at a po i nt Y 2 , Z 2 • at ân angle 92 , 18 given,by 
/ 

P(Yl'Y2,91192IZ1,Z2) .. 

where we have defined the varlous parameters that appear as follows: 

X2/2. 9 2 4 Z (6 2 + ~2 + w2 + ~2), 
YRMS 2 

2; 3 2k-l 3 k k)2 
Ô = k(l-k} (8 1 + ~_~ ~1 - ~T=K ~2 +.~ 6 2 , 

t" 2 • 3 1 ( ." k (3 2k)'r. k (1 k) e ) 2 ., -zr k(1-k)i 'l'l - - '1'2 + - 2' 

i 
1 
1 

é;l.t 

then 

----:-----
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I,nte~ration over all values of el using 

'" 
. 

g1ves the probability th~t a particle entering a scatterer at Y - Z = 0 i5 

r.-

It is straightforward to generalize to the case of a particle produaed 

at a point Ya ,2 0 at an angle 9~, being observed at a point Y1,ZI and' 
, .,f 

emerging at a point y 2 ,Z2 with, angle 6 2 by making the following 

substi tut ions: 

For the case br two partiales produced at a common vertex at YOlZ O with 

angles 601 and 902 , and being observed with YII , Y21 , 9z1 and Ylz, YZ2 ' 9Z2 

respectively, as 'shown sChematicallY' in Figure 67, the total proba,bllity 

will be the product of, the indivldual probabilites. Scattering in the X 

direction can be treated in exactly the same fashion. 

Here the drift chambers were used to give measurements of the track 

. positions and slopes downstream of the dump, that ia at 22 , The absorb~r <, 

chamber gave information about the track coordinates 2/3 of the way through 

·------~-----...., __ il!" •• ""'i .... 4 ____ ...-,. __ ._..,-- _ •• , ••. 
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Figure 67 - Vertex Reconstruction 

The Z position of the prOduction vertex of the muon pair was calculated by 
finding the point Zo. Yo which gave the highest probability of observlng the 
muons at their actual positions as discussed in the texte 
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1 () the dump at Zl' The beam chambers were used to determine the X and'Y of the 

production vertex. The Z position of the production vertex was found by 

numerically searching for the values of Zo and the productlon angles. 601 

, 
and 902 , that gave the the highest value of the probabllity function in the 

above expressions. The search was performed using ZXSS~. a FORTRAN callable 

nonlinear minimization routine from the IMSL library[135]. 
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Appendix III - Reinteràction Correction 

J 

The incident in the target according to the weIl 

known exponential law, 
,L • 

I~Z) • 10 exp(-Z/LAbs ), 

where LAbs ts the length of the target material. 
.. If each 

partiale removed from the beam crea tes dn secrondary particles ln ttle energy 

range dE, then the number of secondarles, di, cr~ated in the interval dz 

wtll be 

di dl dh 
dz .. - Oz 'QE"' 

If the absorption length does not depend on energy, each s~condary created 

in an element of. lengtl1 dt will see a target of effect<! ve length 

where L is the physical length of the target. If aCE) denbtes the cross .. 
section for the 'p~oduction of muon paiFs by secondary particles of enèrgy El 

th~ number of muon pairs dN (wlthin constant factors) produced by 

seoondaries created ~n the element of length dz will be 

L-Z 'JEmax -dn 
exp{- C-)], dE aCE) dE. 

Abs 0 

dN L 
dz = - Io/LAbs exp( - r;-:-:-)' LAbs [ 1 

Abs 
Integrating from Z = a to Z = L gives 

( L • 1: N(L) = No[l - 1 + ~)exp(- -r;-:-:-)] 
)bs - Abs 

where we have defined 

... fEmax d 
No • IoLAbS 0 aË" aCE) dE. >, 

, 

\ 
\ 
\ 
! 

This quanti ty depends only on the phy~ical 'processes taking place and not on 

the length of the target. 

In contrast, the number of muon pairs produced by prlmary particles 

de~ends on the target length as 

L exp(- ~)J, 
Abs 

,f , 

1 
l 
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-\ wh~re, 
• )J 

NOOi(ect 

.. ~ 

does 'which a,gfin 

section will then be 

not .depend on 
\ 

the target length. The me~sured cross 

°Measured(L) • [NOlrect(L) + Nsecondary'(L)]/ [I~LAbS(1 

• ,oOireot+oReinteractiorl[1 - ~(exp(~) - 1)] 
Abs 'Abs ~ 

j where . ~. 

exp( - :d::-) )] 
Abs 

~Direct is the cross section that would be measured using an 

infinitesimally thln target, and 

0Reinteraction is a constant independent of the length of the target. 

This expression can be fit to' cross sec~ions measured using targets of 

~ifferent lengths to obtain 00irect and 0Reinteraot!on' Once these are 

given, the expression can be used to ca16ulate the correction for, 

reinteraction for a target of any length. 
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