
C00-3072-81 

Princeton University 
Elementary Particles Laboratory 

Department of Physics 

MEASUREMENT OF INCLUSIVE MUON PAIR PRODUCTION 
BY 225-GeV/c ir+, ir-, AND PROTON BEAMS 
WITH A LARGE ACCEPTJ\11CE SPECTROMETER 

JAMES G. BRANSON 

May 1977 

PRINCETON UNIVERSITY 



MEASUREMENT OF rncLUSIVE MUOll PAIR PROflUCTiotl 

BY 225-GEV /c 'lt+, ;i, AND PROTOll BEAMS 

WITH A LARGE ACCEPTANCE SPECTROMETER 

by 

James G. Branson 

A DISSERTATIOl1 

PRESENTED TO THE 

FACULTY OF PRHICETON UNIVERSITY 

Irl CAf'!DlflACY FOR THE DEGREE 

OF DOCTOR OF PHILOSOPHY 

RECOl1MENDED FOR ACCEPTANCE 6Y THE 

DEPARTMENT OF 

PHYSICS 

May, 1977 



TABLE OF CONTENTS 
Page 

ABSTRAcr 1 
CHAPTER I, INTRODUCTION 

A, The Discovery of New Particles 

B. Continuum Muon Pairs 
C, The Experiment 

CHAPTER II. APPARATUS 
A. overview 
B, The Beam Line 
C, Beam Cerenkov Counters 

D, The Veto Counters 
E. The Beam Defining Counters 
F. The Interaction Counter T5 
G, The Multiwire Proportional Chambers 
H. The Spark Chambers 
I. The Chicago Cyclotron Magnet 
J, The P Hodoscope 
K, The J Hodoscope 
L. The Trigger and Fast Electronics 
M, Data Aquisition 

CHAPTER III. EVENT RECONSTRUCTION 
A, The Upstream Track Finder 
B. Downstream Track Finder 
c. The P Counter Requirement 
D. Linking 
E. Momentum Calculation 
F. Reconstruction Efficiency 
G. Data Handling 

2 

8 

11 

13 
15 
17 
18 
19 
20 

21 
22 

24 

25 
26 
27 

29 

31 
32 
34 

35 
36 
36 
38 



CHAPTER N. ANALYSIS 
A. -X.2 Fit to Upstream Slopes 
B. Norma 1 iza t ion and Beam Particle 

c. The J Trigger 
D, Backgrounds 
E. The Monte Carlo Program 

F. Secondary Production 

CHAPTER V. RESULTS 
A. Mass, xF and P Distributions 

40 

Identification 42 
47 
48 

49 
58 

60 

B. General Trends of the Data 63 
c. J Production 64 
D. Additional Muons in Association with the J 67 
E. 4J / Production 71 
F. The Drell-Yan Model 72 

REFERENCES 
ACKNOWLEDGEMENTS 



~ nclusivr· muon I ' production hy 225 G&V/~ • 
Tr , 

1 

aoi p1oton bdams incident upon carbon •nd tin tar1•ts was 

m~J.sur~ d ovE-r a lara" range of kin<ernatic ViJ.riahl~s (2w4 < 

* 2 
m~~ < 1~GcV/c , n < x,, < 1, P..1. < 4 G'2V/c and I cos" I < • o,) • 

val us of invariiJ.nt cro..;s d,,.cT . Ed cl ir.L> "J J( F .J.. 

pr~ssnt&d as a func+inn of these variables. °'.'h·.• v~ctor: 

, 
J and r/.I appsar in +h,_, lat a 1lc: q w itli 

By looking for: al1li•ional 

m.Jons accornpanyinq 

li•it en production of pairs of charmEd nacticl~s in 

a:>::;ociation wi+h the J is ohtainad. 

continuum muon pair diJ.ta ar:~ compared to Dr:~ll-Y~n modal 
+ 

CJ.lculaticns. Th<> rati'.) of ,L(-pairs produ:cd by 1T t-"am 

p..;rticles to A.( -pa.ir:s pr:ocluccd hy IT b·cam 

supports El8ctromag~etic production Rt high rn~ss. 
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Late in 1974, the discovery of a narrow r~sonance of 
2 1 

mass 3.1 GeV/c was anncunced sirrultaneously by the ~I~-BNl 

collaboration working at th3 Brookhaven National Latoratory 

Alternating Gradient Synchr:otron an1 by the Sll,C-LEL 
2 

c~llatoration working at SPEAf, the electron positron 

collidinq beams facility at the Stanford LinGar Accelerator 

c~nter. ~he ftIY-BNl grcup made the discovery ty observing 

el~ctron positron pairE in a two arm spectrometer using 30 

2 
GeV/c protons incident on BG. They found a strong peck at 

2 
3.1 GeV/c with a width consistent with zero. 

qroup found a sharp p~ak in the cross section3 

... -e e hadrons 
.).{ -1- )...{ -

---7) e-+e-

"'he SlAC-LEL 

2 
tney o~served a width less than or equal to 1.3 ~eV/c • 

Each qrcup gave a name to the new particle. 

qroup labeled i"t J while th·? SLAC-lBl group called it tf. 
Although opinionR varied at thP time as to what thi3 

n~w particle was, there was agr!'emant that a rna:osiv·? 

p~rticlu which was so narrow meant that some kind of new 

physics was bdinq discovered. A f~w months latci:, a 



J 

3, 4 
::-~rrnilau <"XpH:iment reported J production from photon .1n•l 

11~u~101, interactiors with Be, l''rom the t (mom<onturn tr'insfc.r: 

s.1u~r:-::i) distribution of th'l photon induc1od pro,Juction, th·; 

authors concluded that the J was produced diffr:actively off 

th n BE nu cl EUS, The ratio of J signal to continuum in the 

n~utron induced data, comparEd to that foun1 at S?flF, 

iniicbted that th'l J was prod u CE.r1 via stron•J 

i:it..,ractior,, supporting th0 conclusion th1t thc; J was a 

f .• .L . 

fven though the ,1 had an unusually long lif,?time, it 

in well with some theories of the weak int..,raction. 

Pcior to its discovery, all known str:0nqly intEracting 

pirticl"'s were thought to be compos'ld of three types 

(''flavors") cf spin 1/2 point particles called ''quarks'' 

w11ich were boun~ together by spin onf' p~rticles calle•l 

"1luons••, The following table lists quark properti•?s. 



Flavor u d s c 

Spin 1/2 1 /2 1/2 1/2 

Cnarg~ 2/3 -1/3 -1/J 2/3 

Baryon Numher 1/1 1/3 1/3 1/3 

I.;ospin 1/2 1/2 J :J 

StranqenEss r. 0 -1 0 

Ch a rm 0 c ') 1 

ln the usual model, quarks have an additional unbroken 

SJ(3) degrEe of freedom called "color". Each of the flavors 

oi guarks , can come in any of three colors whilP the gluons 

farm a colJr octet. 

The existence of a fourth gu~rk flavor was predict£d by 

w~ak interaction gang.;, theories whicrr were attractivp 

be ca use they offered a way to unify the week and 

electromagnetic interactions. '!hese theories had the 

prohlEm that th<?V predicted the &xis':ence Jf weak nr·utral 

currents, which had not been observed. Although neutral 

c•1rrents which did net change strangeness were later 

observed ir neutrino scattering experiments, exp :?rimental 

upper limits on strangeness changing neutral curr~nts wer~ 

below the level predictsd by the thecries, '1'hosa limits au~ 



'i 

and froi th~ K - K 
L S 

miss dif t~r ence. 

~n elegant way cf suprEssing strangenHss changing 

nJutr~l currents in the theory was to add the fourth quark 

fl3.vor. '.'"his new quark was lateled c and carriEd a n"w 

q Jantum number ca] led "charm". With thi3 addition many 
5 

mi.ssive lonq lived particles were predicted , including 

p~r+icles that carry the charm quantum number as well BE a 

fJ•ily of cc ffiesons with a spectrum similar: to that of 

pJsi tronium. ":he J is thought to b•2 a 1 cc bound state, 

l~ is analogous to the I./> meson which is prEdominantly ss 

d3d tor this reason the J is som8times referred tc as the 

~~ Some ot the charrred particles have now been found at 
6, 7 P. 

s2~Fe and at !errnilab • 

Assuming then that the J is a bound state of a charmed 

qcnrk <.nd a charmed antiguark, authors hav"' proposed several 

pr:o auction mec h::\nism s. s ivE rs a r.d 
9 , 1 r. 

.Gold:nan EX!l.mir.Ed 

pL·o:lucticn in thP. multiper:iphoral model anrt conclndccl that 

m~chacisms of the typ~ Ehnwn in figure 1-1b should account 

f~r atout BL pPrce~t of the J's produced. "'h,,i q•1ark line 

disgraru shown in thP figura ~atisfiEs ac ~mpiric:al r11le 

fi::st propos<ed 
11 

'1kubo I 

12 
Z WE"i:J 

Z~t>iq-Iizuka tormulat.i.cn, the rule 

quark linP. diaqrams 

13 
'Ind Iizuka 

states th at 

(fig11rEe 1-1a) 

any 

a[€: 
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C~c 

(a) 

i--~-i 
Charmed Particles 

C Cl ICC 

I (b) I 
FIGURE 1-1. Two QUARK-LINE DIAGRAMS FOR J 
PRODUCTION, (A) THIS DIAGRAM IS NOT ALLOWED 
BY THE OZ! RULE BECAUSE THERE IS A DISCONNECTED 
QUARK-LINE. (B) THIS IS AN OZ! ALLOWED 
DIAGRAM, A PAIR OF CHARMED PARTICLES IS 
PRODUCED IN ASSOC!AT!OI~ WITH THE J ALLOWING 
ALL QUARK-LINES TO BE CONNECTED. 



'l hf. allowiod m"'cha nisms of J prod11c~icn th.:·:i 

r•1uir~ a pair of charmed Particles in asscciation witl1 it, 

c.,;r. forbidd<on production of J'E (fi'lur·:: 1-1a) 'ind of highPr 

m1ss charmoriium statl?s which decay tJ th•:, J, wer·• said +:o 

'l.CGount for t hi'> other 2~ percent, w::i. s 

orig in ii 11 y introriuc;od to account f::ir the s.nall cress 

s.-,c•ionc; for prnducti'rn of ss mesons and for -:h-eir \"cay to 

r11nstrange hadrons, lf--"fTf and f 1 ( 1514) ~ rrrr . 

tn::iugbt to play a larq 0 rol~ in giving the J i-t:.s narrow 
14 

wi !+:h I s upprr::-ssinq J d1?cay to ha•lron,o; J:y m0r e t },a :i a 

f1ctor of 1.JOl. Althou~h the rzr r11l~ is vital in 

explaining the 1.arrow width of the J, its basis in +:beory is 

nJt w;oll undorstooJ. Tt is not uciversally agread tha~ th'? 

)3c ruh> impli•J:o that chilrm~d i:articlc;s shoul 1 b~ ~reduce l 

ia ii.ssociation with J's. 
15 

l'.:illhocn anrl Ellis consider=d lJ produc~ion by SfVPral 

m~chanisms, ~h~y claimad that quark-antiquark anLihilation 

.-11'1 r"-lrase o[ char:m-•nticharm pairs fron t~F s<:a in 

o~iinary nadrons qavP cross s~ctions +oo small to accoun: 

f.Jr th-'! data, mhey also consid~r!d J prnductiJ~ acd Y/ 
c 

;:>.·:>.luctior. t:y th" glucns p!::'S<"r.t in h'l:lror.s, Quar.:·1m r.uw')<r 

c.rnsi..1 •. ration;,.; L"quir' that th,- J can o:ily 0~ pr:oducr I 

h!:· .. cr.ly via a thrP' 1luon procr.•ss (figuru 1-2a); hcwrvr·r, 

t11: "V"n charq2 coniniJation (C = +1) clHt:monium stit<s can 



A _______ .,. --(C:J===========----,, ,, 

B 

~ J 
/ 

----~----i~i=========== 
( a ) 

A ( 1----------__ .,.,..._-,-{. -f=.----------

B 

', x /"' . -----
/ 

---------1CJ==========~ 
( b ) 

FIGURE 1-2, Two DIAGRAMS OF J PRODUCTION BY 
GLUONS, (A) THE J JS PRODUCED DIRECTLY IN THIS 
DJAGR.N1 BY A THREE GLUON MECHANISM, 
(B) AA EVEN CHARGE CONJUGATION CC STATE (X: ) 
IS PRODUCED BY 1WJ GLUONS IN THIS DIAGR.N1, 
THE :t SUBSEQUENTLY DECAYS TO THE J BY EMITTING 
A PHOTON, 

J 
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b~ produced by i twc gluon method, ~hown in fiq•1ce 1-2h, 

which is favored ov~r the three qlucn production. Caclso;i 
16 

a:id suaya proposed that th 0 dorrinant mod~ of J prod•1ction 

wss two gluon production of the C = +1 state; follow•d by 

pho':on Emission to the J, 'Ih9n assuming that t ha gluon x 

distrihution is the same as that of the quarks, they were 

a:>le to calcula+e (following the same line Einhorn acd Fllis 

lud used for th<e /'} ) the total J pro.1uction cross s~ction 
c 

a.~ a function of s a ni also da-/d'ftF Hdre x is tha fur.ction 

of a particle's moment11m that is carried hy a given 

constituent parton an i s is the total center of mass "'r.ergy 
2 

(s=(ptp) ). ' 1 2 
The scaling variable x is d.o>finsd to 

" 
bd the momentum ~long tha beam diraction of sn cutyoing 

psrticle divided by the maximurr possible momentuw that 

p1rticle could carry consistent with guantu:n numter 

c:>nservation (x ~2P,1 //S). F 

Soon after thP discovery of th" J, ar;oth·0 r larqe narrcw 
2 17 

rdsonance at 3.7 GeV/c was found at S?EA~ and was namri 

,,, '. Y •his is now understood to tc a radial excitatinr of 

tue c~ 1 bound state. 
t I 1 I Production of the Y should be VJCY similar 

of tha J t:ecause it is a radial iOxcitation. 

to that 

~ni:: ma ioc 

difference is that thn statPs of evnn chacg~ conjugation 

wuich can be pcoduc~a t:y tl1e two gluon proc0ss have maE1cs 



I Ii' • lower than that of t h•e Y' Any that may lie above it ar~ 

likely to have masses large enough to also lie abcva thd 

threshold to decay strongly to two charmed particles. If 

this is the case, the branching ratio to the lj) ' would be 

sma 11. 

'Io investigate the structure of ha.irons as bound stat<Cs 

of partons (quarks and gluons), it is useful to r~rform 

expgriments in which the partons can be treated in tha 

impulse approximation. Under this approximation a parton is 

tnouqht of as instantaneously free during an interaction 

that transfers a large amount of energy to it from a 

pro;ectile. 'l his greatly si1rp lifies the kinematics 

iavolved. 

Examples of experiments that probe the parton nature of 

hadrons using the imFulse approximation are: deep inelastic 

le pt on sea tterinq, electron-positron annihilation to 

hddrons, and massiv0 lerton pair production in ha<iron-hadron 

collisions. Much information has been obtained abo~t quark 

dist ri but ions in nucleons from ~aep inelastic lepton 
+ 

scattering. From e e annihilation, knowl~<lgci of the numl:ier 

of quark flavors and of the quark charges bas been Jained. 
18 

In 1970, Drell and Yan stated that proJuction of 

nonresonant massive lepton pairs is dominate cl t: y 
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quark-antiqudrk annihilation into a timelike photon which 

tnen decays to the lentcn pair. They foun•I that the impulse 

aµproximation is valid for quarks with momenta much gr~atPr 

that 1 GEV/c in the center of mass of the collision. The 

Drell-Yan model 
. 19,2( ,:<1 

has been discussed by many authors 

b~cause it predicts a simple relation between massive lefton 

pair production cross sections hadron structure 

functions. 

2 2 2 
H-~r:e Q is the 4-momer.turn transfer squared (Q = m > C), 

the sum is over quark flavors, e is th2 
i 

gu'l. rk 

, an 1 

charge, 
A 

f ( x ) 
i A 

is the probability of finding a quark of flavor i carrying a 

fraction x of the roomer.tum of hadron A. ~he f's arc simply 
A 

r..!latcd to structure functions measur·?d in :Jlectron and 

n..!utrino scattering fron P,rotons. 

Dominance of the Crell-Yan mechanism in productior. of 

massive leptcn pairs is a basic prediction of the •{Uark 

mo.del. Experiments measuring ma::osive l"rton pair prn<lucticn 

can test this model and, if it i::o corruct, they can rn£asure 

hadron structure functions where ~hey hav~ not yet ~eer. 

d~termined, for small x in the proton and for all x in 



1 (j 

pior.s. Cne particularly good test of the Drell-Yan mod·3l is 

the measurement of the high mass lepton paic pccduction 
+ 

cross section for 11" incident on an isosca lar n•1cl<::ac 

target compared to thilt for 1T , At large mass, the virtual 

quark-antiquark pairs within hadrons should make only a 

s111all contribution to lepton pair production. Then, in 

orJer to have quar~-antiquark annihilation, the antiquark 

m~st come from the pion because there are no valence 

antiquarks in nucleons. Since the antiquark in the 1T (ii) 

+ 
h;.s twice the charge cf the antiguark in the 1f (a), the 

cross section for 1T induced lepton pairs should t"' four 
+ 

times that for 11' • Eecause the target is isoscalar, -rr 

induced production via the strong interaction must b~ equal 
+ 

to if induced producticn. 

~he earliest e~periment to detect high mass lepton 
22 

pairs lo'as performed by Christenson et al. who measured 
2 

111uon pairs in the mass range 1.0 to 6.5 GeV/c • Eecause cf 
2 

p'1or resolution (ab'1Ut 11 percent at 3 GeV/c ) , they 

believed the dimuons measured were nonrcson~nt ev~n thouglt 

the J made a substantial contribution to the spectcun in tte 
2 

three GeV/c region. Their results were larger than th4 

pn dieted Drell-Yan froduction cross sections. '!:his was 

pco~ably due to unrPcognized resonance production. 
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1his thesis is based upon a large acceptan~e, high 

r·.,solution experimPnt which measur<'•j ir.clusiv'l muon pair 

p.coduction at rs 2 
= 21 GeV/c (over a large :ange of 

k.nematic variables) by -TT ... ) ,,-
II and protons incid2nt en 

c.i.rbor, and tin targ<>ts. Some resuHs from a test run at 
~ 

Js = 17 GeV;c" will alsc bE- reportoed. 

i~~] -t l~1 ~ ~+ )-l- -r x 
7he accertance of the apparatus was large for 

D .:. x F- t. 

P.L i.. 4 G.11. v I c. 

and I Cos e" I .c. o.<i 
* where e is defined in figure 1-3. 7his thesis will deal 

m'l.inly with the ,l.{ -pairs with massEs grPat~r th;n atout 

0 r. -3 
2 

GeV/c • Using II J I these data, J proluction, r 

production and frcducticn of high mass non-resonant mucn 

pairs can be studi~d. In addition, •iue •o the larg 3 

acceptance of the apparatus, ''unusual" c,v.cnts with mor.o than 

two muons can be observed. 7his is esp~cially interesting 

in light of the prediction that the J's should be rr:o1uced 

in association with charmed particles. 

~he thesis of G. G. H<'nry (Univer.c;ity of Chicago) is 

b~sed upon the samJ experiment an1 will inclu~e imfortant 
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Principillly thes" 

r~solution mlasurPme~ts of r\ifferentiill cross s~ctions for 

pr:or\uction of t°i l<) 
1 

r.p and low mass nonr.csonant ~-pairs. 

T~~ muon pair contributior ~o the anomalous yiel\ of sinql~ 

<lir<'ct muons will he> calcul'l.ted from these me'l.sur.:~m~nts OVc'r 

large range of single muon x and transverse mcm~ntum. 
- " 

'enc; Jcta fLom ad<1i~ional detector f-'lero~nts will be use~ to 

o~tain bett~r r~solution ani to reject background. 
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~he experiment was performed at the Fermi National 

Accelerator Lanoratory in Batavia Illinois. " . .igure 

displays the 1 a yout of the accelerator and beam lines. 
13 

each machine pulse, a tout 1. 5 x 10 protons 

acc"l'°"rated to an energy of 400 GeV in the main ring of 

accel<erator, th<= n 0 x'" r acted and divided amonq the 

2-1 

In 

we re 

t hc:! 

team 

lines. The extra=tion method which is relevant tc cur team 

is the "slow spill'' in ~hich protons are extracted uniformly 

over a pericd of about O • . Q seconds. cur experiment utilized 

tbe Chicago cyclotron ~pectrometer facility, which is in the 

neutrino area and is lateled "muon spectrometer'' in the 

figure. This spectrometer is served by a beam of secondary 

particles produced when the primary proton team strikes the 

neutrino area target, 

Figure 2-2 is a diagram of the apparatus in the muon 

l.1bore.tory. A riqh• handed coordinate system was defined, 

tne origin of which ~as at the center of the spectrometer 

maqnet. The z axis was along the beam Jirectio~; the y axis 

was vertical; the x axis was directed toward beam 11ft. 

In the beam line enclo~ures upstr~am of the laboratcry 

w~r:e three threshold team Cs-renkov count'>r:s, two beam 

a.,finiuq counters ("' and ~· ,) and thres pi!ir:s of Vdtc ji!ws 
1 2 



Booster 
Li nae 

,,-" 
/ 

/ 
/ 

,,,,,,,,, ---..... __ --<:--
. ·--·····-Ar~~~": _ _£ Muon Spectrometer 

---"<~-=c:::::z:~:-/--~~---~--==~o-:.:=:.:;-;.;::-l 3 8:::-::renkov Counters 

Main Ring /\. Proton Area 

r~1 km 

~ lnternol 
Target 
Area 

Primary Beams 
Secondary Beams 

o Targets 

FIGURE 2-1. THE ACCELERATOR AND BEAM LINE 
LAYOUT AT TI-JE FERMI flATIONAL ACCELERATOR 
LABORATORY, OUR EXPERIMENT WAS PERFORMED 
IN TI-JE BUILDING LABELED MUON SPECTROMETER, 



Spark Chambers 

Target T5 

M~ VM 
I 

Vµ 
T4 I T 

Beam---1
1 

1 3 
~~\ 

Iron Hodron Absorbery 'Hod.fs 

Chicago Cyclotron 
Magnet 

FIGURE 2-2. DIAGRAM OF APPARATUS IN THE 
MUON LABORATORY. 

Lead Walls 

I 
rP Hodoscope 
I 

' 

l Iron Hodron 
Absorber 
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(V. ) which surroundP.d the beam. 
1aw 

~he first element insidP the muon lab was a b€am 

ddfining counter (T ) • 
4 

It was followed immediately by an 

array of counters (V ) that was used to veto muon,> outside 
M 

of the beam. Final beam definition was donP Ufstrearn of tha 

target by the ccunter (T ) • Immediately downstrP.arn of the 
3 

target was a counter (T ) 
5 

used to determine whecher an 

interacticn took place within the targ--~t. A 2,2 meter thir:k 

blo.ck of iron 1.4 meters downstream of the target, absorl:'E'.l. 

ha,lrons before a significant fraction of them d€cay.-:id. ~ext 

11-.:re eight planes of multiwire frofcrtional chambers (MiiPC) 

Lillowed by the Chicago Cyclotron ~agnPt (ccn and twenty 

planes of spark chambers. A three inch by three inch 

c:>unter (V.<t) used to veto beam mucns was placed iust after 

the first 12 spark chamber plaoP.s, !'ollowing the spark 

caambers was a lead wall, which was left by the previcus 

u~ers of the spectrometer. Further downscream was a •.s 
meter thick wall, which improved our hadron rejecticn. 

Finally, .the muon identifying hcdcscope (P hodoscc~") ~as 

just downstream of a lead wall that reduced hits in the 

hodoscope from electromagnetic showers accompanying single 

muons. 

A larye part of the appa,ratus was assembled hy Ier:milab 

ex pe rime nt 98, a Chicago-Harvard-I llinois-0xf ord 
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collaboration (henceforth refered to as E-98) ,. which UEed 

th? detector to measure deep inelastic muon scattering. 

Because E-98 was scheduled to run after we took data, many 

constraints were placed upon our reconfiguration of the 

apparatus. 

Pri~ary protons, usually with a momentum of QCO GeV/c 

(3JO GeV/c for 10 percent of the run), were incident upon a 

twelve inch (one intgraction length) thick aluminum target. 

Particles prcduced in this target, at 'J. 8 milliradians, with 

momentum within two percent of 222 GeV/c, were accepted ty 

o~r secondary beam line, 

Figure 2-3 is a diagra'm of the beam line, Because of 

tae lonq distance (about 1500 feet) from the primary target 

t;:i the first focusing magnets in th" secondary beam line, 

the yield of particles in the muon lab per primary proton 

VdS very small. ourinq normal positive beam running 
-7 

conditions, the yield was 5.0 X 10 particles 

proton, For negative team running, the yield 

per primary 
-P 

was f X 10 

particles per primary proton, Because the path len~th from 

tne primary target to the muon lab was long, around 4 

percent of the pions and 27 percent of the kaons dEcayEd. 

This caus3d muon contamination in +he team a• a low level 

(about 0.2 perc~nt for FCsitive team) and a muon "h.ilo" 



TI= Y Focussing Quadrapole Q = X Focussing Quadrapole 6 =Dipole, 28.7mr. bend 

C4 

Proton. tluminum Target 1C2 ~3 }C:i~/':s Muon Lab 

Beam ~- $>'/':s 9Y 
1- q-5'JV ----Neutrino 8 earn --------

FIGURE 2-3. DIAGRAM OF TI-IE BEAM LINE. 
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around tho beam, ~he total halo was about six percent cf 

th~ team rate for the positive ream. !hese hale muons are 

mJst intense near the beam, but are spread over the 

transverse extent of the detector. 

Due to the radio frequency acceleration in the main 

ring, the extracted Frotons were not uniformly distributed 

in time, They were grouped in "RF tuckets" that were less 

than two nanOSPCOnd s in duration and about twenty 

ndno seconds apart. Eecause the usual running intensity was 
6 5 

J x 1 (J particles rer pUl S~• (for neg a ti V" beam, 5 x 10 

poirticles per pulse) , only seven Fercent of the ?,F buckets 

contained mere than one particle, 

We studied the beam composition at 222 GeV/c using the 

tnreshold Cerenkov counters discussed in the next section. 

The results, shown below, are a combination of this study 
23 

aad a measurement made by Aubert et al. at 300 G<;'V/c in 

tn•.: same beam line. 
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~hree threshold Cerenkov counters were used to idrcntify 

b;am particles. ~hey were located in enclosures 102, 103 

a:id 104 and are labeled c , c and c in figure 2-3. The 
2 3 q 

b3am pipes upstream of the counters contained helium at less 

than atmospheric pressure. The helium was used as a 

radiator of Cerenkov light which was focussed by a paratolic 

mirror on an &CA C3100CM photomultiplier tube as shewn in 

fiqure 2-Q. A quilrtz window was used to separate thE tube 

fcom the partially e'acuated counter to match the 

p~ototube 1 s efficiency in the UV. The counters C and C 
2 4 

Wlre tuilt for our experiment, while c had heen used for 
] 

tho? studies of Aubert et. al. The 1<'sign of C was very 
3 

si~ilar to that of C and C • ~he major difference \as ttat 
2 4 

tne c mirror was only 1n inches in diameter, 
3 

Ihe mirror orientation was adjuste~ after the counters 

ware in' pcsition by placing a light bulb at the far -:nd of 
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FIGURE 2-4. SIMPLIFIED DRAWING OF A BEAM CERENKOV COUNTER. 
LIGHT EMIITED BY THE GASEOUS HELIUM RADIATOR IS FOCUSED ON 
THE PHOTOCATHODE OF AN RCA 3100(11 PHOTOMULTIPLIER TUBE BY 
TI-JE ALUMINIZED SURFACE OF A SPHERICAL LUCITE MIRROR. 
BEAM PARTICLES PASS THROUGH TI-JE 1/8 INCH TI-JICK MIRROR AND 
A TUNGSTEN EXIT FOIL. 
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tho beam pipe upstream cf the counter and viewing its imaqe 

aL the photocathcde position. 

For positive beam running the Cerenkov coun~Prs wera 

sJt to b<> efficient on plans and kaons but not on protons. 

A sample pressure curve is shown in figure 2-5, ?or 

nJ1ative running, the Cerenkov infornation was not used in 

By comparing the photomultiplier outpct for 

single photoelectron noise to that from a beam picn, the 

average number of phctoelectrons generated ty a beam pion 

WdS determined to be about 15. The efficiencies and 

a..::cidental probabilities of the Cerenkov counters are 

discussed in chapter IV, section B, 

Several counters were used to voto false triggers 

caus~d by muon contanination in the beam and the halo 

surrounding it. First, at the downstream end cf each cf the 

three dipoles in enclosure 104, the team passed through a 

four inch diameter hole in a jaw counter, compos~a of two 

scintillators with semicircular pieces removed from their 

euds.' A halo particle hitting any of these six 

scintillators produced a pulse V to inhibit the trigger 
jaw 

loq ic. 

Similarly, halo particles in the muon laboratory were 

d·Jtected by a thrPe foot hiqh, six feet wid0 horloscop1:> V , 
M 
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c:>nsisting of eight 1E inch square counters, slightly 

ov.,.rlapp€d to avoid inefficiencies. A tw.o inch square hol8 

wis lEft for the bea1. ~his hodoscope was positioned 

sufficiently far upstream of the target (9 feet) to insure 

that «backsFlash'' particles from an interaction in the 

tdrget arrived at V too late to veto a trigger from that 
M 

interaction. 

The two inch hole in V was covered by a three inch ty 
I'! 

ttiree inch counter ('l ) • Triggers wer€ vetoed if the puls·3 
4 

height from T was greater that about 1.5 times that 
4 

eicpected from one minimu[ ionizing particle. To remove team 

buckets with more than cne particle, a similar: pulse height 

requirement was made on T , a one and one-half inch by on} 
3 

and one-half inch beam defining counter: (see neict sec~ion). 

Finally, muons in the team were vetoed by V~ , a three inch 

square scintillator centered on the deflected beam line at a 

distance eight meters downstream cf the center of the CCM. 

B·3caus<0 the CCM polarity was never r'lversed, VA4 had to b'l 

repositioned each time the beam polarity was chang€d. 

rour scintillation counters were used to define the 

in co mi nq be am. The first counter ('!' ) was loc:i.t"d in th<> , 
upstream end of enclosure 104 and was three inches hy three 

in~hes in size. A tvc inch by t'llo inch counter (": ) was 
2 
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placed in downstream 104. Another thrPe inch by three inch 

countPr ('.l ) , which was around three meters upstream of the 
li 

target, was required in the beam definition, although its 

main purpose was to vetc beam particles accompanie1 ty halo 

muons (see previous section), '.lhe final beam defining 

c-:iunter (T ) 
3 

was 1.5 inches cy 1,5 inches in size and 1.76 

mJters upstream of the target, The target was rositioned 

9.91 mEters upstream of the magnet's center. 

A 2 1/2 inch hy 2 1/2 inch counter (T ) , placEd fiv'" 
5 

inches downstream of the target, was used to detRrmine 

wbether an interaction had occurred there, The primary 

trigger required that the pulse height in T be greater than 
5 

o~ equal to two times minimum ionizing, In this way, 

interactions which occtrred in the shield would not cause 

triggers. To assure that this trigger requirement did not 

ciuse a significant inefficiency, a prescaled trigger not 

requiring T was used. 
5 

By latching T and 
5 

recording its 

pulse height on an ACC, an efficiency could be calculated 

L>r each ADC channel (figure 2-6), This efficiency along 

with the pulse height distribution for good "!Vsnts with O.ES 
2 2 

GeV/c < m < 1.11 GeV/c is shown in figure 2-li, Usin'J 

these data, we calculate a one percent inefficiency Jue to 

T ' 5 
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Eight planes of multiwire proportional chamters one 

mater by one meter in active area were locatEd just 

downstream cf the first hadron atsorber, They were used to 

measute the direction cosines of each muon before it entered 

the field of the CCM. !hese chambers were built by the E-9q 

cJllaboration at the Enrico Fer~i Institute and ar~ 

describecl in detail in reference 24, Four planes measured 

the x coordinate and fcur planes measured the y coordinate. 

The wire spacing in these MWE>C'S was 1. 5 mm and the 

theoretical chamber resolution (0. 43 mm) was consistent with 
2 X distributions from the track finding program. Typical 

chamber efficiencies, computed from muon tracks in good 

events, are shown in the following table, The effects of 

the rather large inefficiencies in these chambers are 

discussed in chapter III, section F. 
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t.L\!!.~-1 !£§. Z.....PQ§l!iQll Ef!i£i.!WS:.1 

y 4 ·' 4' • 83 

x 4.56 • 9 !) 

y 4.21 .93 

x 4, 0 3 ,89 

y 3.69 .13 

x 3.51 • 3 9 

y 3.17 .86 

x 2,9Q ,72 

H. Ih~ ~~ar~ ~hafilQ2I§ 

Twenty planes of spark chambers, built by the E-98 

collaboration, were UEed to measurE trajectcries of each 

muon downstream cf the CCI!. The first twelve of thesci 

planes, two meters in height by four meters in width, were 

built at the University of Chicago. The last eight Flanes, 

t110 meters by six meters, were constructed at Harvard 

University. on all of the planes the wires were spaced 1;20 

i~ch apart and during normal operation the measured spark 

ct13.mbor resolution was atout O, 5 mm, elf the twenty planes, 

nine had vertical wires and the remaining eleven had wires 

at an angle of+ arctan (1/8) to th<> vertical. ";:he 

following tatle su~marizes the flane positioning. 
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l:l:'.l?~ ]j§.tsll.£~_1[om_]~9.ll!il~n.!.§!:J~et£f§) 

Tw6 by Four Meter Planes 

u 3.e8 

x 3. 89 

x 4.00 

v 11.01 

u 11.88 

x 4, 89 

x 5. 00 

v 5.01 

u 5.91 

x 5,92 

x 6. 03 

v 6.0 4 

Tw:i by Six Metei: Planes 

u 8.69 

x 8.70 

u 8, 86 

x 8.87 

y 9. 02 

u 9. 011 

x 9.19 

y 9.20 

Th.e spark chamber ef f ic ien cies are discussed in chapter Ill, 
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:hction B. 

The readout of the two ty four meter chambers was 

, 1 .,~igned to operate in the fringe field of the CCM. Each 

c1 amber wire was the inrut to one bit in a shift register. 

At ter the FF noise from the spark chamber pulse had 

sibsided, tte data were shifted along through the readout 

1 ;y~~em and bits were interrogated one at a time by a 

''•canner''• !he details cf these chambers, their readout, 

a:1d their pulsing system, are described in reference 25. 

The two by six meter chamters were read out by 

c~nventicnal magnetostrictive wands. ~heir dPtails along 

with their pulsing system and readout are described in 

i:.,ference 26. 

All of the chambers were operated with essentially the 

s~me system as described in the references. Cne important 

exception is that the pclarity cf the central D. c. clearing 

tLelds on the two by four meter chambers was reverssd. This 

caused the memory time of these chambers to decrease frcm 

about ten microsconds tc one microsecond. 

I. Ih1l fhl.!C.9.92 fIS:lsll.21! ~SI!!.!1.! 

The magnet used in the spectrometer was that from the 

3J1 MeV University of Chicago synchro-cyclotron. The field 

h1l an effsctiYe dia•eter of 5.18 1eters and the gap b~tveen 

t~e pole tips vas widened to 1.29 meters for use at 
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f·;rmilal>. This gave the magnet an aperture slightly larger 

tnan the acceptance in the vertical direction and much 

l4rqer thaL the horizontal acceptance of the rest of the 

d3tector. 

1he magnetic field was approximated as a hard edgEd 

cylind~r with B=6,984 kilogauss inside a radius of 2.59 

m~ters and E=(;. outside, We determined these numbers by 

c~mputtr tracking of particles through the magnet using 

field maps obtained from E-98. 1he field at the cEnter of 

the maqnet was measur~d ry us with an N~~ probe. 

J, !t& I §QgQSCO£~ 

'."he P hodoscope was a key €lament in the dimuon trigger 

[S*"E section L of this chapter), and was used, in the 

rec~nstructicn ( chapter III section C ) , to assure that th0 

tracks downstream of the magnet were due to muons in tim3 

with the trigger. Figure 2-7 is a diagram showing the 

p~sitions and sizes cf the P hodoscope countars. '.th~ 

a$symatries of the arrangement were necessary becaus~ of th~ 

position cf the E-9R fast electronics. '.l'bere wer<> 51 

counters in all, each four feet long. The counter widths 

varied, being smallest tear the beam an1 larger away from 

the heam. This arrangement r(dUcEd the acceptanc~ lost cy 

r~quirinq two nonadjacent counters in the trigg~r. 'l he 

countErs w~re overlapped slightly and ware no more than 3;4 
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inc~es downstrectm of an eight inch . thick lead wall tha~ 

aosorb2d electroruaqngtic showers which accompani~d m11011s. 

D·'<Ca.usc cf lEad's short radiation ler.gth, only 1:hn11;,ts which 

w°"r" produced near to the h"odosccfe co•1ld hav-: ·'ID effect, 

~hes~ shcwcrs w0re unli~ely to havE spread out enouqh to hit 

m;:i r 'J than two ad iace nt cc un te rs. 

~he scintillator used was Filot Y in either 1/2 inch er 

1/4 inct tticlrness. Iight was collected from each counter 

to.rough an aciat>atic lucite light pip>2 an1 ·i~t"'ct;o1 t:y arr 

R~A 8575 photomultiplier tube. ~hototube siqn3ls ~era 

discrimiLated and latched. We w~asured th" counter 

LificiEncies by triggerinq on rruons near the point whEro 

liqht collection was weest. Phototube voltages were sEt to 

he 1Jv volts above the efficiency plateau. 

~he J hcdoscnpe waE employsd to reduce the tri1ger rate 

of the experiment sc that higher team intensity could re 

u_;r~d (see section l of this chapter). It impo£ed a rrinirr.um 

,A-pair epening angle; requirero"'nt in th€ tri-1qer. lihsr. th" 

J hodosccpe cut was used, beam intensity was not limit•d by 

tue trigqer rate. ~his cequireffient drastically r~Juced tha 
. 2 

ac.:c•1ptance for ,t(-pairs with massPs lc>s.; than 5)11 ~,?V/C and 

f,;ir _A'-pair;,; coroinq frcm the hadrcn atsorbr>r, whil·= 1~avin9 

tae acceptanc~ essentially unchanged for masses gc~1t~r than 



27 

2 
1 GeV/c • Figure 2-8 is a diagram· of the J hodoscop~ 

showing the arrangement and sizes of counters. '!he 

ho•loscope consisted of eleven counters measuring the 

x-position of a hit and nine counters measuring the 

y-position. 

One-fourth inch thick Pilot Y was usod as scintillator. 

Since most counters vere narrow, only simple light piFes 

These had a 90 degrees bend so that the FCA 

8575 photomultiplier tubes could be easily shielded from the 

fcinqe field of the Chicago Cyclotron ~agnet. The shielding 

vas provided by iron rjres spaced about one-fourth inch 

outside ,l(-metal shields vhich covered the phototube. 

Using a muon beam, ve set the voltages of the 

pmotomultiplier tubes sc that the output signals v~re four 

times the 100 millivolt discriminator thresholds. Counter 

anil lat ch efficiencies vere checked using tracks in the one 

by one meter MWPC 1 s. 

Usinq the counters described in previous sections of 

this chapter, ve developed a system of electronics to 

trigger efficiently on muon pairs produced in the target t:y 

a beam particle. Stated simply, the trigger requirements 

were: one and only one team particle incident upon the 

target, two or mere rarticles leaving the target, and two or 
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aJre muons with enough erergy to reach the F hodoscope. For 

;;Jm<> of the running, a minimua ,l{-pair opening angle 

uµstream of the magnet vas also required. 

figure 2-9 is a diagram of the trigger electronics. 

somP intermediate logic levels are shown which I will define 

B'' = T * T * T • T 
1 2 3 4 

B' = r * T * T • T * ('8") 
1 2 3 4 delayed one 3F cucket 

v = v + v ,£( +V + (T ) + (T ) 
M ja II 3 ~ 2 4 ~ 2 

E = B' * v 
B = B' * v * (T 5) ~ I 2 
p = two nonadjac.ent p hodoscope co•1nters 

J = two nonadjacent J counters in either x or y 

JI = one or m'lre J bodoscope counter in x and in y 

To generate P, the discriminator output signals from 

all of the F hodoscope counters were summed an~ thn sum was 

discriminated at two levels (sum 2 2 counters and sum 2 3 

count~rs). The discriair.ated counter signals were inputs to 

a veto circuit which return"d a veto output if any two 

aJiac~nt counters were bit. A coincidence between any two 

of the three signals, sum ~ 2, SU[ 2 3, and "V WEr·~ 
ad;acent 

required to give P. A similar procedur.-c. was folloHd for 
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S·.1Ch of the J hodoscope i;lanes and the results _were! c~ed to 

~Lv0 the J siqnal. 

~·h•H we lan with a tigh int">nsity hoa:n, two ":.Yf'E'cS cf 

t~igg.r• were simultaneously taken. ~hey wAre B • f ~ J 
I 

anrl ( B * P * J) , 
prescaled 

During low intensity running, the 

t w o tr i c qc rs u sea were B * F * J 1 an il 
I 

('l * F * 
J' ) • 

pre.scaled 
~he PrEscaled triggers werE taken mainly to 

h~ ~sfcd to check elements of the detector anJ to tun° up 

a~alysis t3chniques, 

each trigger, a 11 l'?ad time" of ai:oun<l 20 

ruillliseconds was imrosed so that all tho data could te 

transferred to the corri:utqr and to allow spark chamt 0 rs to 

rCJcover from havil'g been pulsed, curing this time no 

t;::i.·1qers were acc<?pted and scalE•I:S ~er'? gat "d otf. 

rany coincidences tesides those discusseJ abcv 0 wer~ 

g~n~rated and scale>cl. using Ci!.MAC scalers <luring tr." live 

tim'> of tlie detector. These were used to normali z-2 tbe data 

t.J the incident flux cf particles and to monit~r detector 

p.,,rformance, The pulse heiqhts of ccur.ters 

C , ar.d c were recordsc usinq CAMAC ADC •s. 
j 4 

~. ]£1£ ~gui2ition 

m 
3 , 4' c , 

~ 

hll cl.4tector inforaation was transfered to a SIG•~ III 

0.1-linc computer via CA~AC. ~hP ccrrfut~r r~c•ivcl th~ data 

from CA~AC and wrcte it in ~ssenti1lly thE Sirr~ ferro on 
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magnetic tape. The data were vritten in 600 wcrd · (16 

bits/word) records. Each event was composed of one or more 

records, depending on the number of hits in the spark 

chambbrs and proportional chambers. 

~he Sigma III also performed other tasks to check 

detect3r operation. It monitored scaler ratios, chamter 

efficiencies, chamber readout errors, Cerenkov counter 

efficiencies, and trigger errors. A large number of data 

displays were available using a CR!. These included chamber 

and hodoscoFe multiplicity distributions, counter pulse 

height distributions, raw data printout, and many event 

displays either showing an overall picture of an event or 

emphasizing one part of the detector. 
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1he objective of the reconstruction program was to find 

a1.1on tracks in the spectrometer. In the MWPC's upstream of 

th·] magnet, tracks (groups of hits in chambers which fit to 

a straight line) were found in the x view and the y view 

s~parately. Tracks wete found in three space in th€ spark 

cnambers downstream of the ttagnet. A muon track was then a 

track in the spark chamters which linked to an x-track and a 

v-track in the MWPC 1 s upstream of the magnet and which 

point~d to a hit in the F hodoscope. 

The track finding started in the 8 pl'!nes of 

proportional chambers upstream of the CCII (see chapter II 

section G), There were four x-planes and four y-planes so 

the tracks could only be found in each view separately. 

To find three or four point tracks, in x for example, 

all pairs of hits in two planes were used to get an initial 

line and extra hits werE looked for in a 10 millimeter road 

aoout the initial line. This was done for two pairs cf 

chambers so that any three point track would be found. ~ 

straight line was then fit to the three or four hits. If 

the probability that thiE was a good track, as computed from 
.2. 

tho track )'.. 



and the number of degre'.!s of freedom, 11as less tha:. 

percent, the track 11as rejected. If a four point track 1• 

rejected, each of the four points was dropped in turn to " 

if therE was a three rcint track satisfying the pr'ol:abili· 

req uir~ment. If t110 good tracks had t110 or more points 

common, the track having the higher 11as dropped. 

All the hits that were not used on a three er to. 

point tracks 11ere used as input to the t110 point tra: 

finder. '.::his track finder made tracks out of all pairs , 

hits that could have been produced by a muon coming from tl 

target. 

In general there were more than just two x-tracks a'. .. 

t110 y-tracks found upstream. The geed upstream tracks wer• 

picked out by requiring them to link through the magnet tc ~ 

downstream track. The additional tracks were mainly tv: 

point tracks formed fror uncorrelated hits in the M~fC's. 

The next stPp in the reconstruction was to find tracks 

d::> wnstream of the magnet where there were 20 planes cf spar\ 

chambers (see chapter II section H). With this larg' 

r~dundancy we were able to withstand sizable inefficiencies 

in some cf the chamhers. The inefficiqncies that occurEJ 

m•de it impossil:le to start the track search in a specific 

subset of the chambers, l:ecause trying all pairs of chambers 
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lid to a very larqe numter of comtinations,thereore we usEd 

a more sophisticated method involving the impact parameter3 

of the upstream x-tracks. 

Searched for first were x-tracks in the nine planes 

which measured x. This was done by projecting the x Eparks 

in all the chambers ante a plane of constant z, which was 

ndar the average of the downstream chamber positions. Since 

in a cylindrically symmetric magnetic field the ingoinq and 

outcoming imFact parameters of a particle are equal, an 

upstream x-track could be used to do the projection. Given 

tne impact parameter and a FOint on the track, the track is 

determine~ After the sparks were proiectei, a cluster of 

sparks all falling within a narrow window in K (about 3 mm) 

was searched for, If a cluster of at least three sparks was 

found, a search was made in the tilted (u and v) planes. 

Every x plane had a tilted plane very near to it in z. 

In fact the tilted planes were the other side cf the chamber 

qap. for each x spark found in the Prior search, the 

program calculated y rositions using each spark in the 

c~rrespondinq tilted plane. A y value calculated f rcm an K 

spark and an uncorrelated spark in a tilt~d pl5n~ could 

ussually be rejected for toinq outside the y limits of th·! 

cn~mber because the tilted wires were at only a sm~ll angle 

to the x wires. Each qccd y valu~ was projecten onto thP 
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same z plane usinq the assumption that the tr~ck rointcd 

b£ck to the target. A search was then done for a cluster of 

y-valu~s within a somewhat wider y window (12.S mw). 

extra ~idth was necessary because the resolution in y in the 

spark cliamlids is 8 times worse than in x. If at lea.st 

three y-values w~re within the window then the sparks in th~ 

tilhd planes that generatE:d the y- values a.n d the 

corresponding x sparks were used as input to a roijtine which 

tit a .straight line to the spark positions. 

Atter the first fit was made, all sparks within 19 ww 

of the line were refit, Then all sparks within 4 mm of the 

new line were fit again. If there were at least three x 

sparks and three u or v srarks left and if they had a large 

.:nough lever arm (62 cm) to define the track adequately, th'3 

track was added to the list of downstream tracks and the 

search for clusters of ~rciecten x spa~ks was resum~d. ~h~ 

pr~qram made a search using each upstre~m x-track to rroject 

tue sparks. 

When the track finding was conplete, the next task was 

t~ determine which downstream tracks were due to muons. 

'l'nis was dor.e by looking for a hit. in the P hodosccF'=' (!::.:'.~~ 

cn~pt~r II secticn J) that could have been produc~a hy 1 

muon with the traiPctory of the downstream tr~ck. Sine.- th'l 
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ingles upstream of the magnet were small compar~d to the 

aagles of low momentum tracks downstream of the magnet, the 

momentum was inversly proportional to the position far 

dJwnstream of the magnet. The x position of the track at 

tho P hodoscope could therefore be used as an indication of 

the momentum, To allcw for multiple scattering, the 

counters were given an extra width and height of one-third 

of the x intercept at the P hodoscope or 40 cm whichever was 

greater, Any track that was within this distance cf a hit 

cJUnter was considered tc be a muon track. 

The muon tracks downstream of the magnet were then 

linked to upstream tracks in both x and y. To link in x it 

w~s required that the impact parameters of the Ufstream and 

d0wnstream tracks be within 25 mm of each other, Pigure 3-1 

snows a distribution of impact parameter differences. 

In y both the intercept at the center of the magnet and 

the slope could ~e checked because the vertical bending of 

t3e magnet was negligible. A cut was made on th~ overall 

t:rror. tistributions cf the y intercept difference and y 

slope difference between upstream and downstre•m tracks are 

snJwn in figures 3-2 ar.d 3-3. 'Ihe quantity (~ \1 +(A:i- ).2. 
l.Sm"' ) .ooS 

was requir~d to be less than 25.0 for an acceptable y link. 

If there vas a linking amtiguity it was rgsclved hy 
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)inkinq the aaximum number of tracks. For examplE, if 

IJ• 1,stream track (A) satisfied the linking requirements with 

·i;i:•tHam x-tracks (1) ar.d (2), and downstream track (E) did 

.~•.h (1) only, then the rEsult would have been, (A) linked 

tJ (2) and (B) linked tc (1). 

After the track linkinq was completed the muon momentum 

WiS computed for each licked track. From a beam trigger run 

tiu' momEntum resolution (CT) was measured to be 12.8 GeV/c 

at 222 GeV/c, which is ccnsistant with chamber mEasurement 

err ors. If the spread is due only to measurernEnt error, 

this qiv€S a 1.3 percent resolution at 50 GeV/c. 

Since the momentum was measured downstream of the ircn 

aosorber, it was necessary to correct for energy loss in the 

aosorber. We made a mcmentum dependent correction using a 
27 

simple fit to calculatiors made by Theriot , which included 

tho effects of collision losses, pair frcducticn, 

bremsstrahlung, and nuclear interactions, 

As a check, two independent reconstruction programs 

were written and were ccapared event by event bEfore the 

primary analysis was done. Peconstruction ineffici~ncies 

were found in both of the rrcgrams. Ihese were t~en 

corrected and the comparison was made again. After the 
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programs were tuned up in this way, each showEd a two 

percent inefficiency in reconstruction when using events 

r;,constructEd by the ether program as a sample. An 

aiditional two percent of the events were found to hav~ 

significant differences in the reconstructed tracks. 

Although this gives only an upper limit on th;. 

cEconstruction efficiency, since there could be corrElations 

between the two programs, it indicates the reccnstruction 

proqrams had a high efficiency. 

For parts of the run the readout on the two ty six 

meter chambers was not functioning. Feconstructicn was then 

done downstream with only the two ty four mater chambers. 

ruis caused a five percent inefficiency in reconstruction 

due to chambEr inefficiency. ~e Keasuced this by comparing 

the numtec of events r€constcucted with and without the 2X6 

meter chambers using a sample of data where tbey were 

working properly. 

~o check for problems with scme parts of the data, the 

number of good ever.ts per incident team particle was flotted 

aa a function of run number (figure 3-4). ~his quantity was 

constant, aside from the obvious dependence on target 

tnickncss, to within ten percent. ~his of course also 

checks for trigger efficiency fluctuations. 

Frail\ the above checks on the ' reconstruct ion we found 
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tnat there were no protlems with the_ program or interrritent 

e-1uipment problems that caused a significant inefficiency. 

Tha absolute reconstruction efficiency wa5 measurEd ty 

displaying thE chamter and counter hits on a CP~ and 

r~cordinq the number of good events missed. This could te 

done £asily because of th€ large number of spark chamter 

planes (20) downstream of the magnet. Her:e we wer:e sure to 

q8t enough s{:arks to see a tracr.. By then imposing a P 

countEr: requirement tte efficiency upstr:eam, where the 

potential problems lie, could be measured. The efficiency 

measured was 85 percent (includes the 2 percent program 

inafficiency). The track reconstruction efficiency of the 

M~PC's calculated from the measured plane efficiencies ~as 

97.e percent per track. 1his gives an event efficiency of 

91. 2 pErcent since four upstr"!aro tracks 11ere required. We 

expect the inefficiency tc be larger than the simple numter 

cilculated from the plane efficiencies because of ccnfusion 

from electromagnetic showers coming out of the iror. which 

caused the MoPC readout to overflow in some cases. 

G. Qsts Han.Qling 

The reconstruction took. place in three steps. In th<> 

first step, the primary data tape was read, track finding 

was aone and the derived information along with a CCFY cf 

the primary data was written on a secon1ary tape. ?or each 
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primary tape one secondary tape was written. In the second 

stdP all two wuon events were written in a compressed form 

on a tertiary tape, All events with more than twc mucns 

wdre written in the format of the secondary tape on another 

This reduced the volume of data from 240 primary 

t1nes to about 10 tapes. In the third step of the analyEiE 

tne good data were binnEd, normalized and cuts were im~osed. 

7~is steF could be rerun many times because it used 

r~latively little computer time. 



2 
A. x 

The largest contritution to LI m, the measurement err er 

id the mass, was multiple scattering in the iron atsorber, 

In order to get the best resolution possible we assumed that 

the A-pair came from the center of the target alcng the 

beam dir~ction and that toth muons ~ame from the same poirt. 

Then, the. slopes upstream of the absorber were calculated 

from the positions and slopes downstream of the absorter ty 

minimizinq a "'X.:i.. 
28 

The ioint Frobatility distribution for the nultiple 

scattering angle 6 and the multiple scattering displacement 
x 

x is 

wh <:!re z is the length of thE> scattering mat er ial and X 
0 

is 

the radiation length. Scattering in y is indep~ndent of 

that in x and the same FIObability distributions apply. 
-x'l..z. 

Since P o<. e , the 
2 

)'.. cculd simply be written as 
l. 2. 

X2:: ~r.x. (ex, -
c.oi.I) r r. 

38J(. x, 
' 

l? l' .. x + .z. 0 

(.02.I)" 
3x; 

+-r i! 

.. §i.. - 3ey, y, 
I!: ~ ... 

2. 

+~) i!] 
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" 2 ~ can be rPvritten in terms of measured quantities, 

nly the position of the vertex, initial .. l • ,. , slopes of the 

aJor.s, slopes of the neons downstream of the absorter, and 

i>Jsitions of the muons downstream of the absorber. Ey 

r.;quiring a 'V 2 
~ niniaum, the x-y vertex position and the 

i.1 Ltial auon slopes were computed analytically. ,.rem the 

~Jm>Jnta and from these fit slopes the event parameters m, 

• x , ?..I... ,and cos 9 were calculated. 

After the x-y position of the vert<ix has be'ln 

cdlculated by the -x 2 method, the calculation of the fit 
2 

slopes vi th the x is equivalent to an easily visualized 

m ithod. If the tracks downstream of th"> atsorber are 

e'trapolated to a "magic" plane in the absorber and their 

intersections with that plane are connected to the vertex 

11ith straight lines, the slopes of these lines are ':he same 

as the fit slopes (seg figure 4-1). 

In some ca~es mucn pairs produced in th'l shield or 

u~correlated muons were reconstructed, vith the result ttat 

a~ incorr'lct mass was computed from the fit slopes, For 

ex~mple, muon pairs which come fro~ the shield have a "fit 

Mjss" which is about half their actual mass, :c remcvc 

.£{.-pairs that did not come from the targ"'t, cntE were 

imposed, First a cut was made en the 1.. 2 
discussod atov"'. 

Tne cut was mass d"'pendent since high mass events which do 
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2 
not come from the target have very large x IS. Events 

. 2 2 
ver e cut for x > 6 + 2.m with m in GeV/c FigurEs 4 -2, 

4-3 and 4-4 are sea tte r plots of the x2 for: an event with 

the assumption that it came from the target VS• the x2 for 

th.e event with the assumption that it came from the 

aosorber. In the first plot m < 0.525 most of the 
2 

atsorter X. 's. ev"nts have low tar:get and It is net 

possible to separate tar:qet pairs from abscr:ber fairs in 

this mass region (Use of additional infor:mation fr cm 

ch.ambers upstream of the hadron absorber: allows the 

separaticn to be made. See the thesis of G, G, Henry). In 

the sec end plot ( 0,52~ < m < 1. 0 ) mo st of the events have 

bv tar get x2 's and are distributed ur.if orrnly over 'i 

ldr:ge range of absorber: r2 •s. Here a partial separation 

ot target and absorber could be made; however:, it is 

apparent that almost all of the events come from the target. 

This is reasonable since events in this "fit mass" range 

which come from the absorber would have actual masses 
2 

b·3tween 1.0 and 2.'.l GeV/c where thP ,l( -pair pr:oduction 

cross section is about a factor of seven lower: than that in 
2 

tb0 O. 525 to 1.0 GeV/c region. In the third figure 

(m>1.U) most of the events have small target 's and 

l.i.rge absorbEr x..2 • s. fere it is easy to separate targPt 

and absorber. 
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Additional cuts were applied mainly to eliminate high 

•d~s pairs where one muon was from an accidental in the team 

h~lo. This vas possible tecause hale particles populated a 

v~ry small segment of the phase space foe good events. 

f'irst, nc muons were allcwed with llOrrentum greater than 1()5 

G~V/c. Second, events having mucns with angles from the 

b1am less than six milliradians were cut if the muon had a 

mom2ntum greater than 120 GeV;c. Pinally a nomentum 

JdDPndent target cut was nade on individual muon tracks. 

'l'he projection of a 10 GeV/c muon track had tc be within 1'5 

cm of the beam in x and also within 15 cm in y at the z cf 

the target center. ~he limit inposed was proportional to 

tne inverse of the momentum (see figure 4-5). 

Figure 4-6 shows a sass distritution for cut events. 

Th•:re is no noticeable €nhancement at the J or f masses 

Wil·:!re we see strcng peaks in good events. :?his indicates 

that very few ,t<-pairs from the targst were cut (I estimate 

ltlss than one percent). 

Beam particle identification was accomplished by using 

the three beam Cerenkov counters c , c and c (see chapter 
2 3 Li 

I~ section C), If two or more Cerenkov latches were set, 

the beam particle was said to be a pion. If zero or one 

v~re set, the beam particle vas said to be a proton. ~or 
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the neqativ€ beam runnjng, all particles vere assumed to t~ 

1f I So For a tyfical run, the 

accidental proLabilities are given below, 

c 
2 

c 
3 

c 
4 

.921 • () 13 

.896 .010 

• 992 .006 

efficiencies a r.d 

The probability of misidertifying a pion as a proton is then 

0.0041 and the rrobability of misidentifying a protcn as a 

pion is C.OOG27. These probabilities are so small that they 

may be neqlected, 

The beam normalization vas done by using the CAMAC 

scalers. The coinciderces B, B * C , 
2 

B * C , 
3 

B * C , 
4 

B * c * c , B * c * c I B * c * c and E * c * c * c 
2 3 2 4 3 4 2 3 4 

Wclre scaled, vbece B is defined in chapter II, section 1. 

Fr~m these the number of protons and the number cf rions 

could be calculated: 

= (B*C *C ) + (B*C *C ) + (E*C *C ) -2 (B*C •c *C ) 
23 24 34 234 

N = B - N't{" 
p 



TbO efficiencies could alfO be co1puted: 

= B • c,. · c3 ·c ... 
'a·C.a. ·C3 

) G.tc.. 

45 

uso scaled were, B • C (delayed), B * C (delayE'd) and 
2 3 

B • c (delayed), where the delayed signal is many RF 
4 

buckets out of time from the E sign al. From these the 

dccidental ptobabilitief of the Cerenkov counters cculd be 

calculated: 

I a.+c.. 

W311 understood corrections were made to this normalization 

for a few runs due to malfunctions in the electronics. 

After aaking these corrections the fraction of pions in the 

bdam held constant throughout the run. 

Target thicknesses and densities vere measured. !he 

following table summari-zes the relevant normali'Zation data. 



NCR.J:J~LIZA TI CJLD AU 

~arget Material c c c Sn 

Ldngth {cm) 7,46 12. 54 13. 97 5. 08 

D3nsi ty 2.188 2.188 2.188 7.31 
10 

Exposure . JI Trigger in Units of 10 Particles 

Protons 1. 0 9 2 1.712 .4542 • 16Q1 

ir• .229€ o. 9 09719 903319 

1T o. 1.047 o. o. 
10 

Exposure J Triqger in Units of 10 Particles 

Protons 5,035 • 1198 1.037 1, 961 
+ 

1T • 986 Q o. .2 066 .4159 

1T (\. o. o. o. 



rn'l following table summarizes the normalization results. 

t.trget 

Proton o<. 

Pion ....:: 

C(7,46) 

• 9 27 

• 894 

C(12.~4) C(13.97) Sn(S,08) 

.882 .870 .9C9 

.830 .813 .ARO 

sensitivity J' Trigger in nanobarns/nucleus/event 

?r"ton 
.+ 

1T 

1T 

Proton 

1T+ 

1T 

S ensi ti vi t y J 

.125C 

• 573 5 

Trigger 

.C2712 

.1335 

• c 511 .1765 3.677 

.687 2 .7707 17. 60 

.7863 

in nanobarns/nucleus/ev'lnt 

• 077 31 

• 3626 

• 30 7 7 

1. 40 4 
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The rows labeled ~ give the coefficients used tc correct 

f"r beam attenuation in the target, 

c. .'t!Jg ll ILJ.sggr 

For data which were taken with the, J trigger 

requirement (chapter II, section K), it was necessary to 

impose a software J requirement since 'll<:>ctromagnetic 

showers or other spurjous hits could trigger the apparatus 

on .(.(-pairs that would not satisfy the J requirement. 

During a large fraction of the rur, th<:> J counter latches 



hdd a slight inefficiency. Therefcre the only requirement 

imposed in the analysis was that the tracks of the -«-pair 

in the 1X1 meter proportional chambers intersect a legal 

combination of J counters, 

From the portion of the run in which the J latches were 

working optimally, the J counter positions and efficiencies 

were checked. As an additional check, the same software J 

reg 11irement was imposed on data taken with the J 1 trigger. 

The ratio of good events to incident team particles \as 

pl0tted versus run n~ml:er ( figure 3-4 ) • No systematic 

difference between J and J 1 triggers was noticeable. 'It is 

shows that there was no significant trigger inefficiency. 

The most common tackground is from -pairs produced 

in the shield. These trigger the apparatus in essentially 

the same way as events from the target and appear at about 

half their actual mass. This background is eliminated ty 

the 
2 

GeV/c • 

and vertex: cuts for masses greater than about 1 

Other backgrounds \ere approximatly measured in the 

charge muon ~air data ( ,u.+ µ_- or .u M ) , These 

bdckqrounds were removed by subtracting the like charged 

events from the oppositely charged events. The chief 

bdckgrounds in this category are muonic decays of two 
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hjdroLs produced in tte target and a single hadrcn decay 

accompanied ty a halo muon. Most events involving halo 

muons are vetoed either by the veto iaws or by the pulse 

h1iqht rEquirement in T • Due to two particle correlations, 
q 

the double decay probability was slightly lower for like 

ch'l.rqed pairs than for those oppoEitely charged, For mass 
2 

qreater than 1.0 GeV/c ' 29 these correlations are small • 

A like charge mass spectrum is shown in figure 4-7 

along with the opposite charge mass spectrum for the same 
2 

data. For mass greater than 2.0 GeV/c , the number of like 

charqe events is very s~all. 

An extensive l'lonte Carlo calculation was dcne to 

determine the acceptance of the spectrometer. This 1".onte 

Carlo included multiple scattering, energy loss and energy 

loss fluctuations in the material. It took into account the 

detailed gecmetry of the spectrometer and required that 

accepted events satisfy the trigger. The calculation was 

checked ty comparinq it with an independently ~ritten 

program, The two were in excellent agreement. 

using the l'lont<? Carlo program, WC! made a study cf 

r>Jsolutions and shifts in the kine~atic variables m€asured: 

* mass, x ,· p..L and ccs e • The following table gives the 

rasults of this study. 



Cf) 
1-z 
w 
> w 

102 

10 

1"--"'----'-~~-'-~~"'--~-'--'---'--'---'-~~'--~-
0 0.5 1.0 1.5 2.0 2.5 3.0 

Mµµ GeV/c 2 

FIGURE 4-7. 11<\ss HISTOGfW1S OF LIKE CHARGED 
AND OPPOSITE CHARGED MUON PAIRS, THE NUMBER 
OF OPPOSITELY CHARGED EVENTS FRO'l rr AND K 
DECAY IS EXPECTED TO BE ROUGHLY EQUAL TO THE 
NUMBER OF LI KE CHARGED EVENTS, 



50 

2 
.!l.A!i~_]~ CL !ITJ.Q!LJ]~.YL.£_ 

f.L 
')(.F 

• 1 • 3 • 5 .7 

0. 176 198 2 43 256 

0. 25 163 .201 234 263 

o.s 169 198 238 251 

1.0 143 207 236 255 

1. 5 182 193 245 265 

2.0 18 3 201 240 263 

!!" fESOLlllQl! 

'l'..l. 
'l<,. • 1 .3 .5 .7 

o. ,009 .021 • 0 40 .057 

o. 2 5 .oo 9 • 020 .038 .058 

c.5 ,009 .020 .039 .o 56 

1. 0 ,009 .021 .o 39 .057 

1. 5 .012 • 018 .039 .061 

2.0 .o 11 .020 • 039 .o 58 
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.l'.i._ RES01Q1I.QJ!._1~~1L£) 

'X, • 1 • 3 • 5 .7 
f .... 
o. 121 153 193 2 ll3 

0,25 1116 194 232 275 

o.~ 160 226 2 91 338 

1.0 165 244 330 416 

1 • 5 201 256 361 446 

2.0 226 287 378 473 

* £Q~-~ fil~.Q1QT I 01!. 

'P.l. 
)(,. . , .3 • 5 .7 

o. • 05 .06 .08 • 09 

0.25 .05 .07 .08 ,C9 

o.s .05 • 06 .oil .08 

1.0 .04 ,07 .OB ,cg 

1 • 5 .o 5 • 06 .os • 09 

2. 0 .os • ()6 • 08 .o 9 
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2 
ll!~L~ll1ELJ!~.'{,(g_. 

l'J. 
'/,.F • 1 • 3 • 5 ,7 

o. -42 -87 -1Q1 -H3 

(;. 25 -3fl -85 -1I)1 -1.3 7 

c • 5 -4 .3 -82 -10 1 -13 6 

1.0 -27 -84 -112 -13 3 

1 • 5 -46 -77 -1111 -115 

2.0 -52 -es -111) -132 

x SHI F':' _F _____ 

1' J.. 
')( F • 1 • 3 • 5 • 7 

o. -.001 - .oo 5 -.012 -.019 

0,25 -.oc1 -.005 -.011 -.01s 

(). 5 -.001 -.005 -.012 -.015 

1.0 (l -.0(15 -.011 - • 018 

1.5 - ... )0 1 - .co 4 -. 012 -.020 

2. (' -,('05 -. 012 -.12( 



L.lr...._2.!!ll1_J.t1..§~Lsl 

'/..F • 1 1 • 5 • 7 . ~ 
PJ.. 

0. 207 319 453 585 

0.25 59 1 37 24 7 381 

0.5 27 57 1.21 233 

1.0 -2 4 35 76 

1 • 5 -20 -2 -1 'i 7 

2. c -44 -31 -45 -34 

2 
Thare is a mass shift of around 60 MeV/c toward lowsr 

mdss, due tc bremsstratlunq and pair production ~n~rgy less 

in th<' atsorbcr. In the fir.al r~sults, th:> mass.os hav~ t<'".D 

sniftE-d slightly upward to corrsct for this. Ihe ma-£~ 

J:d solution is also inflatsd ty th<o?S·~ en~r<;y less 



fluctuations. Figure 5-33 shows the J line shape, gcniorated 

bf the Monte Carlo program, superimeos<0<! on the data. 1he 

a~reement with the nata is excellent. :he full width at 

2 
half maximum of this peak is 275 MeV/c corresfondinq to a 

2 
CJ of 117 MeV/c • 

The shifts for the x measuremEncs are very small ar.d 
F 

the resolution is good. Figure 4-8 shows the sprsad in x 
" 

due to Fermi motion in the target nucleus. che tiggest 

effect is at low x where the reEolution is ab~ut C.05. 
F 

'Ihe iohifts for the r J. measurement are rather large. 

'Ihey are worst at high x and in general shift events toward 
. F 

hiqher P..L , This causes a depletion at the low end of the 

* P..1.. distributions. The uncertainties and shifts in cos e 
are small, 

To measure th 0 efficiency as a function cf the 
*. 

variables m, xF, P.J.. and cos 6 , the ~ante Carlo program 

was run for two millicn tries. Events werio gen°rated flat 

in mass over the re qion c. 2 < m < 4.2, flat in p ..1. CV'?!' th8 

* region 0 < p .J. < 4, flat in cos 11 ov~?r the region 

• -1 < cos e < 1 and with a protatility proportional to ( 1 -
x) in the region -0,1 < x < l),:i, 

F F 
~:his gen~ration 

populated the entire region nearly uniformly with successes. 

~he events were w8ighted roughly according to their cros5 

section. 



Effect of .Fermi Momentum on the Measuremerr 
1.0 of XF 

0.8 

_J 

~ 0.6 
l-
o 
<! 

LL.0.4 
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0.2 
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0 0.2 0.4 0.6 0.8 
XF MEASURED 

1.0 

FIGURE ~-8, THIS PLOT DISPLAYS THE EFFECT OF FERMI MOTION 
IN THE TARGET NUCLEUS ON TI-IE MEASUREMENT OF FEYN/'1ANN X, 
IF THE r1AXIMUM ALLOWED FERMI MQ\'\ENTUM IS 225 MEV/c, TI-IE 
ACTUAL VALUE OF XF CAN VARY WITIHN THE SHADED REGION FOR 
SOME VALUE OF MEASURED XF' 
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Weight 
4-111 

= ( 1- x ) P .... 
F 

-(3,5-1,4ln(m))F.._ -4m 
P e 

Fesults were accumulated in order to calcul!te fcur 

sect ions, types of cross 
d2. O" 

1 • d"" cj'JC F-

d 3 <1' 

20 Eins in x and 80 bins in mass. 
F 

2. E c1..., c11t 20 Bins in P...L and 80 bins in mass. 

3.Ed•cr ,_; 20 Bins in x amd PJ.. 
J...,J~,d~ F 

and 12 bins in mass. 

The twelve maEE bins are: 

0.21 < m < 0.45 

0,45 < m < 0,65 

0.65 < m < 0.95 

(i. 95 < m < 1 • 1 

1 • 1 < m < 1.5 

1 • 5 < rn < 1. q 

1.9 < m < 2.3 

2.3 < m < 2. ., 

2.7 < m < 3. 1 

3, 1 < m. < 3, 5 

3.9 < m < 4,2 

* 11 • d"' <b:, d (c:os8") 2'J bins in x and cos 8 an l 12 tins 
F 

in mass. 

Events were accumulaterl separately fer +.he J' an'l J trigg<Ts 

because ctficiencies differed at low mass. 

The r,onte Carle frcgram was used to corr~ct for the 



s~ifts discussed earlier. The "efficiency" calculated was 

E= 
weighted successPs using reconstructed quantities ------------------------------------------------weighted tries tsing generated quantities 

The "generated quantities" are the m, x
1

, P~ 
• and cos -€ 

values with which an event was generated. 'Ihe 

"reconstructed quantities" are the m, x , p 
!' ..!. 

• and cos 6 

tuat would haYe been measured after multiple scattering, 

energy loss and other effects had been simulated. The 

q~nerated and reconstructed variables w~re usgd to deter~ine 

into which bin the success or try should be added. 

In this way, shifts in the data can ne removed. Fer 

example, on the average, events are shifted to higher PJ... 

If the efficiency definition al;ove is used, the weighted 

successes at low P...L will be smaller because of the shift. 

'Iais will cause the efficiency to be smaller and therefcre 

when the cross sPction is calculated, the low f_L data will 

b~ raised relative tc those from a simple efficiency 

cal cul a ticn. 

For the data analysis, E was split into two parts, 

E = E I: 

wnore 
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waiqhted successes using generated quantities 
£ = ---------------------------------------------weighted tries using qPnPrated quantities 

au d 

weighted successes using reconstructed quantities 
D= ------------------------------------------------weighted successes using gen°rated quantities 

The "distortion" factors D were usually near one and 

WJre well behaved. Figures 4-9 though 4-12 ilr,2 contcur 

plots of the efficiency ard distcrticn. 

As seen in figures 4-13 through 4-1S, the efficiency of 

tue spectrometer is liirge and slowly varying in rncst 

r~qions. An except ion is the low 1C 
p 

region, wher" thP 

·!fficiency drops off ra i:idly d UP rrairly to lirnitqd ~WPC size 

uµstr8am of the magnet and energy los:;; in th2 hadron 

a.1sorbei:s. Eecause of this rapid variation, most rPsults 

are presented for x greater than 0.1 or 0. 15. 
F 

for data taken with the J trigger req11ir8ment imposed, 

the efficiency vari~d rapidly .ir the low mass regicn. 

f'igure 4-16 is a plot of the ratio of dcr/dll\ as computed from 

J trigger data to that computed from J 1 tri1gar d1ta. 
2 

a mass of u.5 GeV/c , the two ace in good a1rasmant. riyur2 

4-17 is a plct of the J vecsus J' i:atio of da/d'l..F in th.; O.f~ 

< m < C.. 95 mass bin. This ratio is within ·'rrors cf one 

the highest values of x 
F 

~h~refocP w~ conclude 
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2 
tn~• the J triqqPr data is useful for m > 0,6S GPV/c • 

~p ., . 

Statistical Arrors en the efficiency and distorticn 

w3 rc ~lso calculatPd and were folded in with th8 ~tatistical 

dtrors cc the data to give tl1e final errors, The ·:fficiEncy 

Jrror.s, however, ma~D cnly a very snall contribution to the 

<: • .. ince the efficiEncis.s are wn.ightea t !: e 

cilculaticr. of tht? error is somEwhat co;iqolic~.':Ed, <:he 

tJllowing is the formula usPd: 

€ 2. .:£. 2. 
(I -2€) 2_ W-,..2 

(}2. W.: + -tric.s - Su<.CcSS!' 
E z: w.:i. 

-tric.s .... 

~he error on the distortion D was very small and ~as 

c1lculatEd in ~ similar way, with correlationc> !·Etween 

distorted and undistorted successes tak~n into account. 

The data werP hinned in thP sam~ way as the 

~t f icienci"'s ar, a weightEd with E/P,_ for cross s E cticn.s 2 

dill 3 of the four typeE listed atove, Cross section~ were 

c.>mput sd with th'? normalization, \_~ffi ci ·~n ciEs an cl 

dLstortions describAd, 

~h3 data from cartcn targEts of diff~rent thickresses 

w.r~ com~ared to measure the effect of secondary production. 

i'i')urc 4-13 shows t ~a ratio of dtr/dxf for the 13. 07 cm tars"'t 

tJ that for the the. 7.4E cm target in the f-W ma3s r-"yicn. 
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PRODUCTION HERE WOULD BE RATIOS GREATER THAN ONE AT 
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is no surplus at low x in the 13.97 cm data as wculd 
F 

ba expected if secondary production played an important 

role. ~he following table shows total cross sections for 

f-w and J production for the various targets. 

TJtal f•tland J Cross Sections for Various Target Thicknesses 

":'ar get 
rnickness (cm) 

7. 46 

12. 54 

13. 97 

7. 46 

12.54 

13. ) 7 

(x > .1) (nanobarns / nucleus) 
F 

Beam 

p 13 4 + 2 2. 0 3 

p i2s + , 1. 81 

F 133 + 2 1. 8 2 
+ 

lf 152 + 3 4.02 
+ 

1T 153 + 4 3.87 
+ 

1T 153 + 3 3.55 

+ • 10 

+ • 15 

+ • 1 5 

+ .27 

+ .69 

+ • _17 

Aqain there is no evidence of secondary production in these 

results. 



60 

A, t~~~' !F ~UQ £__ Qi§ttigutiQ.!l.§ 

In this section, I vill pr€sent differential cross 

s3ctions as functions cf mass, x and tranverse mcmentum. 
p 

Because cf the large acceptance of the C~M spectrometer, the 

amount cf informatcn to be displayed is vast. I vill 

present this informaticn, here, in figures and tables, 

leaving the general features of these results to te 

discussed in section E cf the chapter. 

In figures 5-1 and 5-2 da-/4111 ix > 0.1) is plotted for 
F 

the five interactions listed belov. 

c ------:!> ... - x p .. « ,I.{ .. 

lT"'" + c -----"' J • .i:• J).: + x 
- ,I.{ .. i.t .. 1l .. c -----~ x 

p t Sn -----"' ,1/4" + x 
ir"'" t Sn ----"' ,t/4~ + x 

the five spectra are similar in general characteristics, all 

showing peaks due tc kncwn vector mesons which decay tc muon 

and J) • The c.(J and 
I l/l mesons also make 

visible contributions. 

Figures 5-3 through 5-16 display our measuremEr.t of 

E "'lix, in seven mass bins chosen to isolate resonant and 
N 

continuutt regions. fits to the form A ( 1- x ) ar € also 
F 

shown, The above fucticnal form is used in the fits pecause 
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FIGURES 5-3 THROUGH 5-9. PLOTS OF E ~~ 
F 

+ FOR n , n AND PROTONS INCIDENT UPON A 
CAABoN TARGET. Fns To THE FORM AC 1-xF)N 
ARE SHOWN, 
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FIGURES 5-17 TI-iROUGH 5-23. PLOTS OF .E_p ~~ 
J. .I.. 

+ - c FOR ~ , ~ AND PROTONS INCIDENT UPON A ARBON 
-BP 

TARGET, FITS TO TI-iE FORM A e .1. ARE SHOWN. 
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FIGURES 5-24 TI-lROUGH 5-30, PLOTS OF LP ~~ 
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-BP FITS TO THE FORM A e .... ARE SHOWN, 
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61 

it repreE&nts the data well and because it is qen~rally U!, 

oy other experimenters and in parton model calculaticns. 

Shawn in tiqur~s ~-17 through 5-30 are plots ~f E 

( x > (\. 1) and tits to the form 
- l' p.J.. 

Ar:; ' also for th E, 
~ 

-13 p 
interactions and s.::ver: rrass bins. '"he; form lie .J.. , whicL 

is commonly used by others, fits the data well in all cut 

the lcweEt P bins. The two 1011'.0st tins 11•"2r" excluded from 

ti1e fitti11g so that the parameters obtained would bett~r 

rePiesEnt •hE ov'.Orall rictur<". This exclusion made' a c>mall 

diffsr~ncE in the fit parameter B. 
2 

In tha 2,3 to 3.5 G~V;c 

mctss l:>ir. (J), the pai:amEter changEd from 1.84 + .CJ to 2.J') 

+ • c 9. 

The parametei:s of the fits to d er 
E a:Kf and -l r -= 

given ir. the following table. ThP normaliz1tion constants 

from the t liO 

normalization 

At t<>rnpts to 

fits wei:e 

coristant A for 

E 
fit 

d3c:r 
dl(, di'.: = Ae 

£ c:1'o= 
d(F df l 

combim:d 

the form 
-RP..1.. 

( 1 

failerl 
2 

G-:V/c because of low statistics. 

<Jiving an cverall 

" ~ - x ) 
" 

for masses ~ccv~ 1.5 



+ B E AM B E A M PROTON B E A M rr rr 
MASS 

TARGET INTERVAL A B c A B c A B c 
(GeV/c 2) nb/GeV 2tc 3 (GeV/c ) -1 nb/Gev 2;c 3 (GeV/c) -1 nb/GeV 2ic 3 (GeV/c) -1 

c D. 65 - D.95 8. B1 ' .36 x 103 3.B7 ' .06 1.35 ± .DB 7.45' .33 x 103 3.Bl ' .05 .92 ' . 07 1.14 ' .04 x 104 3 .64 :!: .06 3.14 :t .08 

D.95 - 1. 1 1.26 :t .09 x 103 3. 57 ± .07 1. 67 ' .17 1.09 ' .09 x 103 3.51 ' .09 1.60' . 16 1.55 :t .09 x 103 3.39 ± .06 3 .82 ~ .14 

1. 1 1. 5 690 ' 100 3.39' .09 2.30 ± . 33 469 ± 67 3. 14 ± .09 1. 81 ' . 33 820 ' 84 3. 19 :!: .09 4. 26 ± . 29 

1. 5 1. 9 130 :!:: 28 3. 19 ' . 21 2. 17 ± .41 87 ± 18 2.88 ' . 21 2.04 ± '33 109 :!: 15 2.65 ± . 11 4. 09 :!: . 33 

1.9 2.3 8.1 :!: 7. 2 2 .17 :!: .93 .80 ' .44 13.1 ± 6.0 2. 38 :±- .42 1. 28 ± . 59 29.3 ± 6.8 2.71 ' .10 3. 25 :!: .47 
2.3 - 2.7 4.3 £ 2.6 2.10 ' . 50 . 75 :+: .67 8. 1 ± 4.4 2. 15 :': . 35 1. 06 ± . 75 10.4 ± 3.3 2.02 ± .13 3.89 :!: . 61 
2.7 - 3.5 84.8 , 15.D 2. 06 ± .10 1. 33 ± . 21 102 ' 19 1.98 ± .13 l. 93 :!: .20 89,8 ± 9.5 2. 05 ± .09 3.44 :!: . 14 

Sn 0.65 - 0.95 4.95 ' .3B x 104 
3.44 ' .OB 2.23 :!. .18 6.58 ± . 51 x ,·04 

3.28 ' . 07 4 .47 ' .20 
0.95 - 1.1 7. 51 ' . 79 x 1 o3 

3 .19 ' .11 2 .16 ± .24 9.57 :t .89 x 103 3.11 ' .07 4.76 ' .21 
1. 1 - 1. 5 5.70 ' l .04 x 1 o3 

3.36 ' .14 2.71 ' .48 6.58 ± .68 x 103 3 .11 ' .09 5.39 ' . 31 
1. 5 - 1. 9 475' 100 2. 61 ± . 27 2.05 ± .92 l .19 ± .24 x io3 3.20 :!: .18 4.28 . 53 
1. 9 2. 3 59 ± 51 1.36 ± .4B 2.30' 1. 30 219 83 2.42 ! .19 3.59 .80 
2.3 2.7 t60 ' 166 l. 78 :!: .76 4.24' 1.88 47 29 2.22' .35 2.53 1. 21 
2.7 3.5 513 ' 118 1. 78 ' .15 l. 50 :t .28 776 161 2.02 • .14 4. Ol . 17 



~he following tatl~s liEt the m~'sur£d valoo cf 
cf u 

dJ(, dP.L~ in thf' S·WEn mass bins as a function of x 8~l 
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F. 3 

rur results for incident protons are in fair agreement 
30 

with the measurementE of Binkley et al. who performed a 

similar experiment usinq a broad band neutron beam. Because 

of the spread in neutrcn momenta ic their beam, their x 
F 

distributions are probably less reliable than ours. 

In this section, I will discuss the mass depend~nce cf 

tnree features cf the data. ~hese are the "slope" 

parameters of the x distributiocs, the average transverse ,, 
momenta and the dependence of production cross sections on 

the atoitic mass (A) cf the target material. For figure 

5-31, I have fit the data to the form 

f j~ = A ( I - 'I..,.)'' 

and plotted N for the usual mass bins. The 1T.. and IT 

results are the same within errors for all of the mass bins. 

The proton result differs from that of the pions, It is 

interesting to note that, for the entire mass range, 

N = N + 2 is correct within statistics even though some cf 
p 11" 

the mass bins are dc1inated by resonances and other mass 

bins seem to contain nonresonant ,(.{-pairs. 

Figure 5-32 shows the average F ..I- for each mass bin. 

Unlike the x distributions, the valu~ of 
F 

is 

indepEnd€nt cf incident particle, It increases smoothly 

with mass, aqain showicg no difference betwe~n r~sonant and 
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M -pdir prodnction 

u • i ;. y cro~s secticns ori th~ Cdrhoc and tin targ~ts. 
ol-

.. l _-:.:;L ere.SS si:=:c:iorif: W~If'. fif.'.311IT·~1 to ii~ prO~Jor+:ion.:::tl t.ri r. 

11 ~ oi- \lictS calculat~·l as a fnnc-+:ior: 0£ mrt;3S. 5-3 .l 

p For both inciddnt 

;-•l:: ... ic:l·:~~, ol.. s:.=i.rts ,1t a!:out 2/3 a-t. }')W mass, 

~- su~>risi~g rcslllt h~rc is th~ smooth variaticn of~, 

'-
:n < 3. 5 G·:V/c • 

2 
A~so ~uµrisinq is tl1~ constant ra~io of ( 1- x ) 

f 
!Je+w·0 <cn f ~;" 

t~r ~ioI; induc 0 d r0~cticns anJ for pr~ton induc8J r~acticns 

~vcr though one might exrec+ ~-pair production rn~chanisms to 

sugg ?Si: '"·hat 

m,.:char.isms pro LI uc in o lcw mas:;; vector mi::: sons, high ffid~S 

V.:c-+:01 mtsor..s aun. coLtincuri. mncr. t:3ir:s a.r~ simil~r ir sorr·~ 

"'..iv. 

fer J production 'l.r.~ .~hewn 

i:, fiqur:<s 5-15 an·l 5-1E. ~,he dis+ ri h111: ions 

a:·• ~;bo \.Ir: ir: 

·.11.~:ril·utiutJ~ icllo~ +h~ ~am•~ pfltt~rn a;:; in otr~.r m;'!s.S hi1,s. 

p::cnncti.::a 



1 

.5 

a 

1 

.5 

0 

,++ I --t-
II cf> p-w 

p 

t + 
t + 

cf> p-w 
1T+ 

1 2 
M(GeV/c2 ) 

FIGURE 5-)3, ATCT1IC NUMBER DEPENDENCE OF 
MUON PAIR PRODUCTION CROSS SECTION VERSUS 
MASS, 

Jl\f; 

J /\fl 

3 



a .l .J f-'r educ t icn of rn uc n n:tirs 

a nc\ 

!10t v"r y USE fu 1 in sr ··cific 

rh,~y m:i.y, how_~v.-,r, \- ' 

s-i 1n i 1 a t t c + hos.: o: 1 ·) ~ r: r n a :; ~:; m uo r: pa i::: :.:; .. 

1: y the ~otal cro~s ~~~tic~ p~r nucl~us 

for x ) 

l.i.~£~_.iQJl .B~ .( -;; ' 
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1T + c 12f j- ) nn 372 
+ 

1T + ,,. 4 + 12 nt 4 .1P 

p + ~: 71 + .1 r l-.. - 1 ( 0~ 

tt~ ~:rrors ~aot~ l ar-1 statistic~l 011ly. 

" 
ta~ h<.licity c.11ql l ("? ) tii~:rib.ut:ior: ~t)!' ,1 Jec.::iy, 3.l'Jr. l wiT '.1 

1 or ~~c..?us~ s+atistic.:i.l rcw ~r i; 

11·.~i .11--:d, th~-· flor. r~Fr-!S·~;.t~ ..i con!":i1~a°ti'.1:i of tat.~ (rctr Jll 
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> c .3 wei:e usad, whi l<: for: tha J, x > 0, 1 was r:cquir:<cd, 
" 

1u 0 raw data were ccr:rect~d for spectrometer acceptarce, 

'* 
wuich d~panded on K ~n1 on cos e . • 
s.i.nce th c acc<ep'" anc• was a scror.g f 1rnct ion 

* v.lluas of cos p ""he data w .::: r .:; 

This was nscessar/ 

of x 
? 

at 1 a I') ' 

fit to th~ for rr. 

2 * 1 + lccos (I? ) For the ('~w , P was found tc be "·.rJ2 + 

v1lu~ tor unpolarized prcduction. ~or the J, r w~s found t~ 

b~ -C.2b 1 ~.22. ~his translat~s to a JS p~rc~nt co~firleLc~ 

r = -1. 1h0 

f~llowinq tatla prasent3 tho fit values of ? for picns ari 

protc~s separately. 

~tll:L £1!£.1L~1L _£_ 

p -.34 + • 2 6 , E 9 

1f~ -.15 + • 34 

con1bincd -. 28 + • 22 1. c 2 

ffccaus<: ath 0 r exr-erimsnts rreasuring ,J prprl11ction by 

pi;:otons accept "v·0 nts orly n~ar x = 0 (and because this is ,, 
the firtit Experiment tc accur~t~ly ~~~sure J production ty 

p:i.nris) 1• 1.c must extranolate our results for proton induce,J 

111.:od:u:ct:i.<;n l:o » = 0 in ord<:r to rnoike a ce>mp~rio;on. 'ih J 
!'" 
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on rs is sho11n in figure; 5-35. 
31 

A. 

p~int f1om our 150 ~eV/c tPst run is plotted in th~ 

rc1n (fiqurs 

xFanc\PJ.. 

5- 3 6) ;ire 

distributions measured in the tFst 

in good agreem2nt 11ith thG dat1 

rt:!port€:->d above. A sharp increase in the cross section is 

evident up to JS = 15 GeV. Above that feint, J 

production inccEasEs slowly with energy. 

Since some h'IV" predicted tha+ tho '1 is rrollucr;J 

predomi11a+ely by CZI allowed mechanisms (se.~ chapter I 

s~ctio11 b), where a sc;ccr.d J or a pair of charmed pacticl"s 

also, • + • 1. '-' l £ intc~resting to look foe additional 

muons in associatio~ with the J. A tackgcound sou~ce of 

t~icd muons is nicn cc kaon decay. To calculate this 

tackqround WE u:::;ed th<? nurrh,oc of threP muon events at lcw 

ma.~s. Sorre cuts w~ce applied to cemOVP oth~c forms cf 

backqcouICd: 1) Th" i:r.ree muon tracks had to b<! 3.sscciatcd 

witr. thcE<' dittf'rent hits in th.:- ? hodcscopq. 2) :O:uon!' with 

m:Jmc:or.ta yrEater than 1CC G»V/C were net consi;!end. 3) Th" 

thr~e m11ons WEr0 requirEd to come from a single v•rtex in 
2 

the target ( X cut) • ~hese cuts removed only a small 

fraction ot the good -)verts ( ~s p·-n:ce:it). 'fhe following 

tahle displays the me•sured results. 
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Pre<liction.3 from 
Hn.nge of Observed d~ta 11' and /( decay 

/v[+. Events E\·ents 
(C:eV /c') Beam µ'µ - 3µ 4µ R 3µ R 

0.21-2.3 p 740 ODO 803 5 1.59~0.12 10;)3:::263 1.oo-=o.1a 
•• 162 000 119 l,G3' 0,16 300~ 75 1.75::!::0,l.5 

• 146 000 278 2 0.91± 0.11 320 .!: 80 0.80-= 0.10 
2.7-3.5 p 1195 "- 0 1.3 

CJN> ,,. 471 0 0 1.2 

• 434 0 0 o.s 

!he aata are shewn for two rrass regions, 0.21 < m < 2.3 
2 

ar.d 2.7 < m < 3.: GeV/c • ?he events from the first 

~1ss reqion are used to test the ass~~ption th3t thE chief 

s~~rce cf tackground is from pion or kaon dec"l.y aJCd to 

c.tlculatE this hackgi::cund. I'he rreasured numb3r cf ._,«/.f 

ev7~nts, three-mnon ev2r.ts anJ four-muo1. evsnts are shown 
' 

in 

tne first three columns cf the ta~le. tn the fourth colu~n, 

ratio (?) of ,1-1/.•"/[ ev'lnts to ,;:1/[,;.1• everts 

i.:i rrivc-:n. Fer the low rrass bin, coluTns five and six show 

th~ numter of three-mucn events and the charg~ ratio F as 

cilculatEd a5st1ming that all three mt1on ev~nts C.:> IT€ frccn 

di·1uo1~.s a cco:a pan i.o.d ty pion or k'lon d"!ca y. These 

c~lculatic~s ar~ in gcoj agr~Pm2nt with th2 data. 

For ti1e high nass tir, colum~ five gives th 3 numter of 

t1ckqrourd events fccrn meson d€cay as c~lculated 

fr:··J1'.1 the m1::asur·.:i.1 nnmber of thr'-:>e r::uor: cv~nts in the 1011 

nr1.'Jr• events ot .. servP<l in the J n:?..ss re.3ion. is no 



6) 

p~rticles er additional J's. 

for the ieacticn 

) 

it was assume:d th~t the x 1 s and P , 1 s of the t110 J 1 ,,; WPr'l "' ~ 

uncornlated and that ,01ch was produced with the x~ an~ P..J.. 

distributions maasured for production of single J's. UsinJ 

th<cse assumptions, we cttain the 90 percent confide:ncs levPl 

limits shown telow. 

p 
+ 

• (j 5 2 1T 

• 079 

• 021 comhinEd 

~o find th~ fraction of J's prod11ced in asscciation 

with charmtd i:art icles in the r2ac':ion b<'low, mor' 

complicated assumptions were us~d. 

-
~ J +cc. + x 

I .. X' I ._ _ _,,., µ, - + 
'--';> .. -µ. µ. 

first, it was assumed that the charmed particle an·l the J 



., .) 

w~ra produced with correlatFd rapidities. The distritution 
32 

oL ra1>idity dif ferenccs 
2 

• S€con·l, 

tu~ cha1m~d particl~ with mass 1.87 GeV/c was assumed to 

d <cay to _.l.(Y X wherE X was either a K meson or a coll<oction 
2 

o~ Ladror ~; with mass of one. GFoV/c , ~he lower detection 

efficirncy was used, mte 30 percent confidence lev~l lirits 

ac~ 

• ( 28 

,(41 1T 

• 0 10 com bin Ed 

1he liroits ryiv~n above ar~ ins0nsitiv~ to the rnod~l 

u~~d due to the larqe acceptance of the spectrometer. 

Hlcausa or the masses of the particl~s involved, however, 

Jl: allowed m<chanisms n:ay occom€ rrorP important :J'"lr x = l 
~ 

1o1n-,r<c 11e have li~t1~ clata. Sirilar rPsults to thosf' showa 
3~ 

above have be€n r•Forted by Binkley et al. for incid2nt 

n':~utror:s. 

Cur ddta aH· in str0ng JisaqrePm>:>nt with thf th~ 

µr-~ilictions of SivPrs anJ Goldman • ':'hey allo• tw.CJ 

rossibilitie&: ~ith0r •hP CZI rule do~s not SPFlY to J 



producti en . . 34 . or, as saqgested ty L1pk1n , the OZI violating 

m!char.isrns for J production are ~trorger than the allowej 

llldCl1arisres despite CZI SUpression. 

Since the ozr rule is used to exnlain the width of the 

J and othEr new particlA<', it is important that it t:e 

uudcers+ood. ~his T"salt puts an additional constraint on 

a:1v th<'ory explaining CZI suprPssion. 

E. l/J 1 
J2.£..2Q_LJ£ t i.£I\ 

Fiqure 5-37 sh0ws in the 
I l/J mass re,1ion for: 

proton inducEd events. rh8 solid curve is a •onte Carlo 

q ;n~rated J lino shape. ThE dash~d line is a fit to the 
2 

continuum in the two •,c four GcV /C rrass region which a gr~e--3 

~~ 2 
W}l} with our valu·' of at 4.7 GeV/c . .:n thP 3. 7 

2 
G-'V/c area th Ere is a significant 9Xcess a lJOV ~ th~ 

continuum and high mass tail of th 0 J. Aft'r subtracting, 

we fird the following 

o. 1. 

• i g:--fJ';-1.1 ... .!U 

I 
BO" -f 'P f3.7Jl 'Iler J) -·-- -

I/) 1 
production cross s»cticn fer x > 

F 

= ). c (7 + O.OG4 (p-C) 

+ = G. 0 1 Y + 0.01)7 ( 1T -C) 

f':>r the 1T- ir.duc.on data, there i8 significantly larser 

c:>ntir.uum, making the subtraction more difficul•. 
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ta·~r1otor~ hav<' 1,0 t<!salt for: thic 1T beam. 

I I J I 
~be ~ is produced much less cc;iiously th-in 

Sine<? tl-EY have tt.-:-

me:char,ism for the two r~scnanc"Cs shcul;l h'? c r, ~ 

llHCh ;:if' i .Sfi', / discnss.:;,U in chapt"r ore, that would increase J 

to 
I tJJ produc•ion is the two gluon 

fosion m<:chanisru which t<:quius C = +1 stat"s which d•cay Li 

til •_-:! J. 'l h t:r ( a re:; re krown c = + 1 stnt..:s which d'Ocay +o th·' 

tJJ I 
r_:,f ccurs,-:·, sir:.ci:: th~ <fl I is a r'dial -::xcit~ticn o[ 

t ,,,_. J, ether :nechariisrr.s may also b·o consiston:. with th~ 

+ . sec ... 1on. t/J 1 
cress SC C ti::n; is 

frcm the Drsll-Yan prcd~cticn 

m~cha&ism by atout H t•ctor of 15, ~his impliss th~t it is 

pr')·lucc a heidrcnicalJ y. 

Fiqur<' :- 1 shows 7hi'- mass sp·?ct ra th n:-; 

incident particlP ty~~E en a carbon tar~~t a 1 or. '1 "' i + J: t h ? 

pi:otor. s. O( 

:is, 3f,~') 
structur;, runct ions by ':hrerc dif fcr,cn• a•1th0rs. ·;hp 

c~lculation includEs +he effect of color, which i~ tc r~~uc~ 

tu·:> croEs s 0 cticr ty 'l fdctor of thr"~', 

aJove th.e mcd•.:l; howc·v~r, thf uodo?il is not t:..'XP<?Ctr."l to war'.\ 

~jll ic this rnHss ranqe t8caus•• the con~iticns allowing us~ 



... J 

or thr impulsEo a[Jproxirr'!tion are not s;i.+isfi"d. As st.atEd 

i:i chcpt'Or I se.ction ll, th" impulse approKim'ltion should t~ 

v.'1lid for quarks with mcmPnta in the c'Ont·~r of wJ.ss 

taan 1 G<0V/c. ~y usinq the rwlations 

2 
11) = x x s 

A B 
and 

x = x - x 
F ~ E 

Lt , kin' mat ic req1on for which th» i mpulsco a::ipr·)Xi:n'l.tio~ 

1pnlics car. tE d.ot.erminEd. ::f W·3 ta k~"l a 2 G~V/c quar\ 

mJmuntum cut off, +he mci~l stould not hegin to apply to our 

(X ~ .3, s = 
') 

45.1 GAV-) un~il w~ r?ach ~h~ 3 tc 4 
F 

L 
G~V/c mess ranqP. In figur? 'l-1b, our t"'o hiqht;st ma.ss 

dita points are plotted along with th~ poin+s of two other 
JS I 3q 

-~:<;l1-'.tim,..:nt.s , which ar~ scal~d accor·linq to the 

Dr~ll-Yan tcrmula using linear A depend0nc~ and our measur~J 

x distrilution. HF-.r-2 th;, Jata and calc11latio:is ~r'" in 
f' 

aqr.~·Elllt"?D.t • 

- · 5 3 · h th · of 1~ - 1" :·iqi;r~ - E s ows c r.i.tios ... (x ) "· ~) 
\ 

+ 
v ~=-:-;us Tf , p VE1 rSUS Tf and 

+ 
1T v~rsus 1T 

for a 

usual 

m~ss bins. ~'.hesc ar>'> comparc.d to ~he Drall-Ya~ :nod E 1 

c :i l cu 1 e: t i r.n s • ~h<" IT.O £ t intcrestinJ at t h-~s,_, i3 th,, 

1t'•/ lT- ratio, w hie h is pr~d ictcd t: y tho DIO·i-.,1 te> r;..--_. 

SL•J llif icant 1 y loss th an one at high ma·ss::i~>. I~ f~c:t, it 

aµproaclts oc~-fourth fer v.,ry l~rgc m~ss~s. '!:hi.s is 1n~ ts 
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t JI l/r 

0 
F 
<{ 
0::: 

1 
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4 

FI.G_URE ~~8. r·~s DEPENDENCE OF RATIOS OF MUON PAIR 
PRQINCTI.ON. CRQ~ SEC:-T IONS (XF > 0 .15) FOR DIFFER I NG 
JNG:I~OO PARTl:<;_lE~. THE CROSSHATCHED AREAS ARE 11-lE RANGE 
QF- ~L.JS PRQ"l 0REU-:--Y AN MODEL CALCULA Tl ONS. 
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l scr.ticn E) • ihc data show a significant J1vi!~ian from 

yool 

with th0 nr~ll-Yac mcd~l. -.:_n th~2 biH.s 1omitiatE 1 

th~ ::atio is 

"'"1ual to er . .,,, within ~~rror:E, far :;::rc:q 

prtJ ti uct ion. r-' his SU [.ports 

p::oJuctioc at th 0 higheEt mas2es. 

It is im"crtant that ths Drell-Ytn mod~l be t~stEd 

fur+hcr fer twc reasc.1~. ~irs~, the structur~ of r:11cle>on3 

d:tJ mct-2or s can r~~· with this S.:...:_con-.1, 

Dc,_;ll-Ya r p an:icle pr0cuctior: is imror+.ant anJ 

s.1~c•icc of futuro accelera•ors ar:-d cf ~Yp~rim?nts at thos~ 

+ " For- ir.stanr.e, w-· ar.•l Z, f:t0duotion rat-•2 at a..:ci:: l~ ra tors. 

4'' 
µ - p colliding hcams m-lchir.r--:.s ar~_ .tPs+. pr~~dict~J ty ths 

it.·_:; scc. li 11q pr·.·diction and ty rn~asuring th0 .Jiff ,or". r.c 1 

+ 
Tr and Tf inductd production of massive 11pton 

p,;tirs as discussed .::i.rov.;. ·';nr group t::ixpects t .. 1 muk..:: a 

+ 
rnea~nL~,rr~nt of th 0 1f / Tf r<tio in the, r..->tr tutur" 
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