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ABST R !I.CT 

R~sults ar2 nresente0 from an exneriment with a large 

acceptance soec~rometer that me~sured t~e production cross 

se::tion of hi::rh mass muon pairs from the collision of 225 

';eV/c h:dron beams with a nuclear tar-get. including, for the 

first time, measurements using positive and negative pion 

b earns. various features of the riata, such as the helicity 

i nqle of th? mu:::> n pairs and the i:-at i o of the cross sections 

for uositive and negative pions provide conclusive evinence 

for- th? quark-antiquark i n n i h il a ti on model for the 

production of muon pairs. This model is then used to 

determine the momentum distribution for valence quarks in 

pion. our best fit to the di stri but ion, 

U (X) 
-1/2 (1.28 = ( • 13 + • , , ) x r , -x 1 

± • 1 5) , shows that the 

pion's structure! is clearly r3.ifferent from the proton's 

structure. 
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In :recent ye3rs, many different types of experiments 

have been undertaken to probe the structure of hadrons. The 

first indicatiJns of a non-ooint like structure for hadrons 

came ~ith the electron-proton elastic scatterinq ex~eriments 

1 
of Hofstadter and his collaborators in 1961, at Stanford, 

which showed that the proton was not a simple point 

particle. 

2 
experiments 

Later, 

in 

the :lee p- inelastic electr en- proton 

1968, at SLAC, showed that the proton 

seemei t0 be constructed of manv point-like constituents 

ilhich Feynman called 'partons'. 

ThRse partons were immediately identified with the 

3 
quarks in the theory of :;ell-Mann 1nd Ne'ecann. This 

theory built up various families of hadrons from three 

differen<: types ( f la vars) of particles (quarks). 

(.2x:perimental evidence now elCists fo:r at least five flavot"s 

of quarks.) In its simplest form, the theory had baryons 

(such as pro":.ons and neutrons) composed of 3 quarks and 

mesons (such as pions) composed of a quark and an antiquark. 

Table 1-I shows the properties of the "kno11n" quarks, 

in:::ludi.nq the h quark that (alonq with a i5) may he the main 

? 4 
cons-titu~n:: of -:he upsilon pat"<:icle (9.5 GeV/c-) discovered 

iust befcn:e this experiment started. 1\lso included in the 
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table are the co mpos it ions of some of the ha 1 ro ns in the 

simple q11at'k morle 1. 

Table 1-I 

QUat'k Quantum Numb~rs 

Flavor u d s c b 

Spin 112 1/2 1/2 1 /2 1 /2 

:: h3. rqe 2/3 -1/3 - 113 2/3 -1/3 

ear yon Number 1/3 1 /3 1/ 3 1/3 1/3 

Is::> spin 1/2 1/2 0 0 0 

stranqeness 0 0 1 0 0 

Ch3. rm 0 0 0 1 0 

Beaut v c 0 0 0 

Hadron Compositions 

Proton uud 

Neutron udd. 
+ 

Pi ua 
Pi ud 
J/P cc 

tJ psilon bn 

The successful predictions of the theory are numerous, 

the most spectacular beinq the prediction of various ne" 

particles such as the Orneqa-minus baryon and, in later 

unification ~heories, the J/!J vector meson. 

One of the other consequences of the model, worked on 

5 
by Drell ani Yan in 1970, involve1 the producti::>n of lepton 

pairs in the reaction: 

- + 
A+?~LL +X ( 1- 1 ) 
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where A. and 3 are hadrons and X means any other particles. 

':'h~ir theorv visualize] the underlyinq I:'eaction to be 

the ele=tromaqn~tic annihilation of a quark and antiquark 

into a virtual photon which then decays into a pair of 

leptons. See Fiqure 1-1. They showed that this was a valid 

w1v to pi~ture the reaction 'I hen the photon •s rest mass was 

sufficiently qreater than the quark rest mass. When this 

condition is vali~, the auarks in a hadron can then be taken 

to be point-like pal:'ticles which are momentaI:'ily free of 

interactions with the rest of the hadrons (the imou lse 

approximation) • The quark structure of nucleons measured in 

1 ee p- inelastic elect I:'on-pr ot on seat ter in g experiments can 

then ~e used to pl:'e~ict cross sections for the reaction: 

+ 
p+p~Jl p +X ( 1 -2) 

Their simple result was that the cross section should 

qo as: 

2 2 
d 'T/(dM dx ) = 

f 

+ -
A + 9 °"' L L + X ( 1- 3) 

4 2 
(4 ir«'";r3M ll ~ ([e./(x +x l 1 

1. · l. A B 

A B A B 
f X = (X } X f ( X } + X f ( X ) X f ( X ) 11 

~ i A B I B A I A B i B 

whE> re: 

{ The sum is o v e r q ua r k f 1 a vo r s • ) 

2 
:-! = '( x s 

A 8 

x = x 
.\ 

- x 
B 
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x = Fraction of momentum of the parent hadron ~ 
A 

carried by the qua !:'k. 

i = Quark flavor. 

i = A.nti::Juarlc of flJ.vor i. 

1 /2 
s = C2nt2r of mass enerqy of the hadrcn-hadron 

collision. 

e = Quark charqe in units of the e lee tr on' s 
i 

charqe. 

M = Invariant rest mass of the lepton pair. 

of the lepton pair 2p 
1/2 

x = P eynman-x - /S 
f II 

p = The lepton pair's momentum in the 
I I 

collision's center of mass. 

li. 
f (x ) = Probability that a quark of flavor i in 

i A 
hadron A will have momentum x • 

A 

The quarks and leptons arP. assumed to be massless. 

The q11ark compositions listed in Table 1-I show an 

antiquark in the pion, but not in ~he proton. The most 

naive quark rno1el would tb~n have a zero cross section for 

proton-proton production of dileptons by this mechanism. 

The necessarv antiquarks in the protons appear when a more 

formal approach is made to the quark theory. This theory, 

;).CD (Quantum Chr-omonvnamics), is modeled after QED (Quantum 

Electrodynamics). In QED, one of the important corrections 

to t~e simple theory is the existence of virtual 

ele~tron-nositron pairs which are responsible for the vacuum 
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polarization eff~ct. QCD shows a similar effect involvinq 

virtual quark-a.ntiguark pairs. 1'hese qua::k pairs are called 

'sea 1 quarks. The quarks of the simple :;ell- Mann model are 

calle1 •valence' quarks. The valence quarks are exrected to 

:lominate the probability distribution function at large x, 

the sea quark pr::>bability fallinq steeply for x greater than 

zero. 

Drell and Yan showed th3.t the probability (''structure") 

A. 
function f (x ) can be siiDPlV related to the deep-inelastic 

i A -

results: 

A 
x f { x ) 

A i ll. 

Ai = 111 (X } ( , -4) 
2 A 

The Pair production cross section turns out to be ;ust 

the cross section for the timelike annihilation diagram (see 

F iqu rP. 1 -2) tim~s the prob:=tbility that the two quarks have 

the qiven momentum x and x • In iefining x and x , the 
A B . A E 

Drell-Y:tn f:H:mula iqnores the possibility that the virtual 

photon may have some transverse momentum {P ) relative to 
T 

tha h:tdron collision axis. 

I'he formula also iqnores the effect that "~olor" would 

have on the cross section. Color (the C ~f QCD) is another 

qu:tntum number that :::iuacks may have. ,\ quark can have any 

one 0£ three colors, so that if quarks must hav8 natching 

colors (j,_g_, r~·.1 and I:e~) 'to annihilate, the probability of a 
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match~1 oai~ of quark and antiquark meetinq is reduced by 

1/3 cor.IP'irn:l to the yW measurements frorn ep scattering, 
2 

which averaqe over thP color of the quarks involved in the 

:;ollision. 1'his is one of the few cases where the increase 

of quar~ types by the addition of the color quintum number 

decreases a cross section. Includinq color then results in 

the cross section: 

2 2 l. 4 2 
d er /Cd~ dx ) = (4 1f0( /f9~ 1) "5 {f e I (x +x ) ] 

f I i A 3 
( 1-5) 

A B B 
f X f (X ) X f ( X ) 

A i A 13 I 3 

A 
+ x f 

A I 
( x ) x f ( x ) 11 

A 8 i B 

or alternativelv: 

2 4 2 a 'T/(dx d:x) 
A B 

= (4;roe""s/(9M )) 5' fe. 
T i 

( 1-6) 

1\ B A B r X f (X ) X f (X ) 
A i A B I B 

+ JC f (X ) X f. (X ) lJ 
A T !\ B 1. B 

Drell and Yan stated that this me.-::hanism would dominate 

the production of massive lepton pairs. In considering 

nucleon-nucleon scattering, where. the antiguark must comg 

from a sea distribution that falls steeply ~itn x and x , 
A B 

the formula says that dilepton production will fall quickly 

with mass. This has in fact been seen in a recent dilepton 

4 
ex:oerimen t. If, however, the nucleon A in the reaction is 

reolace1 by a pion, which has a valence antiquark that can 

3. ppe1. r 3. t larqe x r then the cross section shouB fall much 
.ri. 

more slowly and become much larqer than the nucleon-nucleon 



8 

::ross section. Thus at high mass, the soectrum is dominated 

by the reaction where the antiquark co~es from the pion. 

Indeed, by carefully measurinq the mass and x spectrum of 
f 

nion-induced dileptons, one can reverse the above equations 

and me'lsure the pion structure function. 

The mechanism considered here is basically an 

electromaqnetic interaction, and it is of interest to find 

any differences it miqht have vith so~e hypothetical strong 

interaction that. would also produce a dilepton. The isospin 

symmeterv of the stronq interaction de~ands thit when an 

isosoin 1 oarticle such as a oion interacts with an iscspin 

'.) obiect, the cross secticn should be independent of the 

third isospin component of the incident particle because the 

reaction can only occur via one isospin channel. For 

example, as :.3.:chon- 12 is an isoscalar nucleus, the er oss 

section for the reactions: 

+ + -
pi - + car hon ~ p p + X 

1 2 
( 1- 7) 

sho ul:l be the same and the ratio of the cross sect ions 

should be 1. That is, the ratio: 

+ + - + -
R = IT (pi c ~ j1 p + X:)/<i"(Pi C 4 )l )1 + X) ( 1-8) 

= 1 for stronq in+.:er3.ctions. 

~ny ieviation from 1 in -:his ratio would indicat.e a 

non-str"Jnq i:itPraction at work. The Drell-Yan mechanism 
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oredicts iust such an asymmetry in the cross section for the 

pr~1uction of hiqh mass muon pairs whero. only the valence 

qu3.rks contrib11te. When a pion collides with an isoscalar 

n u c 1 e "!. r ta r q ~ t , which h as eq u a 1 n um b er s of u an r:1 d q u arks , 

and forms a massive pair, the relative size of the cross 

sections depends onlv on the charge of t~a antiquark in the 

pion (-2/3 for the TI in tae pi and 1/3 for the n in the 

+ 
pi ) • Thus the Drell-Yan mechanism predicts that the cross 

section ratio R should be the ratio of the sguare of the 

cbarqes { 1/4} at larqe masses. 

The Drell-Yan mechanis~ involves the decay Jf a virtual 

photon. ~s Drell and Yan pointed out, if one assumes that 

the quarks a.nd leptons 3.re (r~latively} massless, and that 

thev are spin 1/2 fermions, then the spin of the photon is 

aliqned with its direction of travel. Hence the decay 

directions of th~ final state leptons should show a 

correlation with the polar anqle of the decay (the angle, in 

the absence of any p , of the direct~on of travel of one of 
T 

the muons relative to the direction of the target in the 

nhoton rest frame) • See Piqure 1-3. In the simple model 

2 * shown here, one expects a 1 + cos e distrihution. 

As Fiqure 1-4 shows, both of these effects, the polar 

anqle iPpendence and the pion charqe dependence, have been 
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hinte0 :i.t in an ~arlier exper:-irnP-nt {known as E331 at FN AL) 

6 
by our experimental qroup. It was to pin these effects 

1o~n ani ultimately ~o measure the pion struc~ure function 

that we perfor~ed an uograd~d version of our eKperiment in 

the Fall of 1977 at Permilab. 

our experiment used a larqe acceptance~ high resolution 

spectrorn~ter to measure inclusive muon pair production. ~ 

v1ri~tv of different incitlent particles and targets were 

used: 

2 
withs= ~16 ~eV • 

pi 

pi 

Pi 

pi 

p 

+ 
K 

p 

+ 
+ 

+ 

+ 

+ 

+ 

+ 

+ 

c ~ J1 

c ' µ 

Cit ~ Jl 

w ~ fl 

c ' p 

c -)> µ 

c ~ p. 

+ 
µ + x { 1 -9) 

+ 
µ - + x 

+ 
µ + x 

+ -µ + x 
+ - + x )1 

+ 
p - + x 

+ 
µ + ;: 

An isoscala:r ta::::qet {carbon) was use:! for both positive 

+ 
and neqative beams to measure the pi /pi pro~uction ratio. 

For the hiqh int?nsity neqative beam runs ":hat neasured the 

pion structure function, two different short, metal tarqets 

(c~pper and tunqst~n) were used. Th~ reasons fo~ switching 



11 

to the m~ tJ.l tar;rr::>ts ar: e qiven in the next :::hapter. 

The acceptance of the apparatus was usefully large for: 

2 
2m < '.1 < 12 Gev/c (1-8) 

µ µµ 
0 < x < 1 

f 

p < 5 :;e V/C 
T 

* f cose I < '.). 9 

'°' where e is the polar :i.nqle. 

3ecause we were interested only in hiqh mass dimuons (3 

2 
Gel/ /c and above) , a special Ill ass iependen't t.riqqer loqic 

was Qevelooed for the experiment which qreatlv suppressed 

2 
th~ triqqer rate of events llitll mass less than 2. 5 GeV/c 

rhis thesis will deal mainly with the production of 

dimuons in the framework of ~he Drell-Yan mechanism. Other 

features of this experiment will appear in th~ theses of 

Catherine Newman and Kari Karhi {both of the University of 

:hicaqo) • 

In this rcoort, it will orove convenient a~ times to 

h re 'l. k u n the e xp er i m en t i n t o t he f iv e d if fer e n t periods 

listed in Table 1-II, dependinq on ~arqet type and team 

conditions. 
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( 2) 
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Taole 1-II Different Run Peria1s 

and Averaqe Intensities 

Th~ first positive beam :run with a carbon tarqet 
6 

{+C ) • 
T 

Averaq~ beam intensity= 4.2x10 particles 

per oulse. Pions anti kaons not separated. 

T~e second run of positive beam on carbon 
6 

Beam = 6. lxlO p3.rticles per pulse. 

kaons separated. 

(+C ) • 
II 

Pions and 

The ne::rati ve beam on c3. rbon (-C). 

parti~les per pulse. 

6 
Beam= 7.SxlO 

6 
(4) The neqative beam on ~opper (-Cu}. Beam= 14x1J 

particles per pulse. 

6 
(5) '!'he n8qative !H~1m on tunqsten (-Ii) • Beam = 20x 10 

particles per pulse. \ t this point, we used about 

half of all the primary protons available from the 

ace el er at or. 



A 

B 

A+ 9-..y _..X 

Lc-c 
Fiqure 1-1. Drell-Yan mechanism for dilepton production. 



E =ENERGY 

Fiqare 1-2. Quark annihilation into two leptons: 
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µ.+ 

BEAM TARGET 

µ. 

Piqure 1-3. Polar anqle definition. The figure corresponds 

to the u-channel defined in Chapter v. 

\ 
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Piqnre 1-4. Results of Branson ~t_al, shoving the change in· 

+ - • 
the pi /pi ratio vith mass and the cos e distribution. 
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I ~H RO DU: 1.'I'J N 

rhis ?XPecirnent took place at tha F~cmi ~ational 

Accelera~or Laborat0ry in Bataviar Illinois during th~ Fall 

of 1977. show5 the qeneral layout of the 

accelerator, which Produced 4)) GeV/c pro~ons at intensities 

1 3 
of up t::> ~.5x1J protons per pulse. T t1 e s e pr ::1 t on s 1or1 er e 

transportei to the experimental areas in two f::>rms, a slow 

spill of 1.25 se~onds, follow?d immedia~ely by a fast spill 

ahout 1 msoc lon~ for the neutrino experiments. 

our ~XPe!:'i:nent used the slow soill. The protons 

allotted to us struck the aluminum neutrino target, 

P.C::>d UC in::J the secondary particles (oi::>ns, !caons, and 

protons) us~1 in our experiment. The NO :tn1. Nl be am lines 

carTied this secondary beam to the ~uon Spectrometer 

Laborat::>ry. Three small scintillator counters defined the 

siz~ ~n1 arrival time of thP. beam. Pour thresholQ gas 

:el:'enkov counters analyzed tha beam composition. 

Jur aopar~tusr shown in Fiqure 2-2. was built acound 

the former :hi:aq~ CyclotrJn Magnet (the CCM) whi~h was 

lo cat e1 in th~ 11 p st:::eam end of thP. muon lab. 

At the point that the be!m entere1 the mu~n lab, 3 

scintillator h~Josc~pe (V , the 'Halo Veto' in ?igure 2-~) 
i.1 
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'letoed the hal::> :>f muons surroun1inq the beam. This countec 

1rr1v h11 a 2 b7 2 inch hole in the center to let the beam 

thcouqh. (The last beam ~ounter, placei iust before the 

t i r q e t, ~ o ve red t his ho le • ) r o v e to muons i n t ti. e beam , a 

small scintillator c:>unter (V ) was placed iu st be hind 
muon 

t h ~ P b ~ n k at + ti e p o:; it i on of the no n - i n t er a ~t in g muon 

"beam". 

Thr~e different targets, carbon, co~per, and tungsten, 

•ere us~i 1urin~ th9 experiment. Each tarqet ~as one pion 

absorption lenqth lonq. 

Do~nstceam of the tarqet, there was first a 1.7 meter 

3 meter thick iron shield 

(includinq 8 inches of Borax for incr~ased shiel1inq aqainst 

slJw n2utrons) coverinq the 3.perture of the s:>ectrometec. 

rhe Bor'l.x: was place:i in th12 qap shown in the shield in 

Fi'.lure 2-2. The ririft spac~ was negrled to sep3.rate events 

pr::>ducel in the tarqet from those producel in the shield. 

The shi~l1 pr:-:>tected the ::;pectrometer from the flood of 

~adrons cocinq from the t3r:-qet before most of them could 

je~ay into muons and so qive a false sLJnal, and bEfore ":he 

hajrons ~ouli r~ach and 011erl~aa the wire chambers. 

Three maior scintillator:- ho1oscopes ~er-e useJ to select 

quickly hiqh-mass dimuon can1id:ites. The f i r- st o f t h es e , 
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the J hodoscooe, which directly followed. the iron shield, 

~easure1 the op?ninq anqle of the pairs. The P hoioscope 

b3.nk, placei 10 !lleters 1owns-:rea:::i of :.he CCM, was t1sed in 

coincidence with the J to measure rouqhly the muons' 

momenta. In '3. ,~ :U t i on , the triqger required that these 

hojoscopas, alon'.l with the P hodoscope mounted 15 meters 

downstream of the CCM, ·contain hits from two or more "'ell 

sepacatei particles. The additional iron in front cf the P 

b:ink, for;n~rlv the Rochester Cyclotron t'lagnet, improved our 

hadron re1ection. The additional range requirement imposed 

hv the iron also help~d in reje=ting low mass dimuon events. 

To m~asur~ track posit i 011 s , we ha 1. t 4 planes of 

multiwire proportional chambers (~WPC) in front of the CCM 

12 planes of spark =ha.:nbGrs aft~r t!:ie maqnet. A 

7 
:::?RN-Heidelberq qroup baned us tvo la.rqe i1W?".:' s. The 

~ther larqe chambers wer~ part of the spectrometer facility 

which iias bulit for a Chica qo- Ha rva. r1- Illinois -oxford 

8 
collahoc at ion (Fermi lab experiment ~98) • 

'1u=h. of the electronL:s W'iS provijed by ?'ermilab's 

Physics qes'?arch E'~ uip rnent t? o ol (?REP). These included 

st~ndarj fast loqic modules (NI~, Nuclear Instrument 

'.'!o:iulesl and c::>mouter interf3.::e loqic (CA:-1i\:). 
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IhsL!l§S.fil 

This exn~rirnent used the :J1 secondary beam line. see 

Fiqur~ 2-3. Th~ 400 ;eV/c orimarv protons inciient on a 15 

inch Al tarqet durinq the slow spill pro duce<! the 

se:ondaries. The :ruadrupole triplet raaqnet train in the N'.) 

be!m lins fo:us~i the secondaries into the neutrino decay 

pipe. These maqnets were set to maxi~ize the negative beam 

flux into the neutrino de:~y pipe fJr the neutrino 

experimants. After the decar pipe, the 1H0 dipole rragnet in 

enclosure 100 b~nt the beam into the Nl beam line. 

Be::: a use the N1 beam line closely paralleled the 

O!=!Utrino beam, sJme of the Nl maqnets could beni muons in 

the fas': (neutrino) spill into the neutrino experimental 

:treas, causinq backqround problems for the experiments 

Th~ solution to this problem was to prevent 

a nv m11 ons fr om re ac!'l inq the N 1 line du.ring the f~ st spill by 

turninq off th~ NO maqnet 1W1 .25 seconds before the end of 

the slow so ill. It took this lonq for the magnet to reach 

zero field. So we were able to use only the first second of 

th~ 1 • 2 5 se::: ::> n1. s low s pi 11 • 

The radio f:cequency {rf) of the acceler:ator resulted in 

a beam strur,ture of bur.ch~s {"buckPts") 

wiie ?Very 19.83 nsec durinq the spill. 

less th~n 2 nsec 
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The ch3ic~ of bea~ momentum was a comnromise between 

m'l.ximizinq detector !cceptan=e !Jd produ=ti3n cr~ss section 

bv runninq at the hiqhest po5sible momentum, an:l maximizing 

the number of cions in the beam (both positive anJ neqative) 

for a qiven Elux of primarv protons by runnin:} at lower 

mom en tum. We adiusted the maqnets to accept 225 ~ev/c 

momen~urn particl~s, with a momRntum spread of + 5%. We used 

both positiv~ anj n~qative beams. 

Durinq the positive runninq, the accelera~or provided 

:nore beam then we could banile. Sinc3 a major goal of the 

experiment was t~ measure pion induced muon pairs, we put 

polye~hvlene into the secon1arv beam (in enclosure 100) to 

enrich the pion to proton ratio at the c3st of deer easing 

th~ tot:i.1 flux. Because the oroton absorption cross section 

is 4J3 larqer than the pion =ross section, the percentage of 

nions in the b::-am increased as the bea11 passed throuqh the 

absorbec. The a.nount of absorber could be varie:i fr:om zeco 

to 8 feet (3 inter3.ction lE!nqths) from our control console. 

Th? per:?ntaq~ ::>E positive pions could be varied from 143 to 

35~ of the hP.am. We adiusted the absorbe~ to keep the event 

n.te 3.t 3.bout 10 ev?nts per oulse. H~ 1id n3t use any 

absorber in the neqative cuas where we wante1 all of the 

3.ntiorot3ns we could qet. 'ilith the neqative J::eam, we 
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obtaine1 a 
-5 

yield of 2 x 10 particl~s per primary proton. 

Due to the use :Jf a variable lenqth absortier in the positive 

beam, the actual positive yield varied at. the muon lab. ~ 

-6 
typical yield was 1 x 1 '.) particles oer prJton. 

rhe ap~rture an~ timinq of the beam w:i.s defined hy the 

three beam scintill'\tot" counters shown in Figure 2-4. T 's 
1 

size If'.!. s 3"x3", T was 2 II X2 II I an :1 T was 2" x 1 • 511 • '!' came 
2 4 , 

before and T after the last set of 1ipole magnets in 
2 

~n:::losure · 10U. T came 1u;:;t before the tarqet.. 
4 

The beam 

counters constr~ined the defined beam to an angular spread 

of about 1 mr:t d. The be:tn was focusel to a 2 cm by 3 cm 

spot at the tar~et. 

~ccompanying the hadron beam was a small contamination 

of muons. The muons came from the decay of pions and kaons 

in fliqht al::inq the bi::>am line (gl!+ m). About 7% of the 

pions an~ 273 of the kaons produced in the neutrino target 

1e:::aye1 into muons,, most of which were swept :l11t of the 

beam. 

Foe the purposes of the triqger loqic the muons vere 

1ivided intJ tw:l cateqories, 'beam' muons which arrived at 

t~E" lab 11ithin the beam sp'.)t rlefinition, and 'halo' muons 

which were outside the ~efine~ beam aperture. our 

:neasurements indicate that the beam muons renr~sented. about 
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23 of the neqative beam and about 6% of the positive beam. 

It was hiqher for the positive baam because the polyethylene 

!bsorber r~1uc~1 the hadron flux without affectinq the 

muons. The halo muon component was of similar size. 

Because of the hiqh penetrating power of mucns, the 

halo muons 1id not need to stay within the beam line proper 

in oraer to qet throuqh the shieldinq surrounding the beam 

line. rhe result W3.s thit the halo of muons extended 

outvar1 from th3 beam to cover the entire aperture of the 

experiment {1mx2m). We kept the halo out ot the beam 

1efinition by using a 1mx2m h3lo veto counter array {V ) 
t1 

around the beaffi at the target. To further veto halo 

contamination, at the downstream end of each of the three 

iipoles in enclosure 104, the beam pass2d throuqh a four 

inch diameter hole in a iaw counter (V ) • Each jaw 
jaw 

counter had two scintillators with samicircular pieces 

remove1 from th?ir ends. A veto counter {V , 1 Oc m x 
muon 

20::=m) placed in the beam path, but downs·tream of the 3 meter 

ha1ron shiell an1. the CCM, detected the baaill muons,. Any one 

of these three V?tos, V 1 V r 
M mu on 

or v , 
iaw 

would inhibit the 

triqqer. 

We ietermined th~ beam composition using 4 threshold 

qas Ce re nko v counters (lab ?.11 e d C , .- r 
2 3 

and C ) 
5 

Th~ 



24 

coun~ers used the beam pipe between the ra!gnet enclosures as 

pr~ssr1r~ vessels for the heliu'.l r!diators (11 Smr 4 9~, 6 9m I 

26m in l~nqth). As sh.own in ?iqure 2-5, a spherical 

mirror f ocusei the Ceren~ov light on a RCA C31000t1 

photomultiplier tube. We lined up the mirrors by placing a 

sm:t ll liqh t bulb at one end ::> f the beam pipe ani adj us ting 

the imaqe to be at the center of the quartz window. The 

quartz window h!rl a quan:er wave coating of magnesium 

floriie to improve its tr~ns~ission. P iqure 2-6 shows a 

typical pressure curve for th~ positive bea~. For the first 

positive beam run and for all of the mqative runs, the 

counters wer~ set 1ust below the proton threshold to 

separate (anti)protons from pions an1 kaons. (In the firs~ 

positive beam rnn onlv thcee counters were wot:"kinq.) For 

the secon:l positive run, when all of the counters ~ere 

we s~t C and C to ietect pions and kaons, and C 
3 5 2 

:tn:l c to 1etect only pions. 
4 

I will discuss the use of the 

counter information later in the analysis section. Table 

2-I qives "':he averaqe beam composi":ion. The positive 

compositions ace our own measurements, the neqative 

compositions ~re an earli~r measurement (in the same bPam 

line) 
g 

bV Aubert, et_~l· These beam compositions no not 

include the m~on contanination. 
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Table 2-I ~veraqe 9eam Compositions 

? o s it i ve BG a :J 

Neqative E~am 

?i ans • 31 

Kaons • 0 13 

• fi 8 

?ions r, K:i.ons .995 

~ntiprotons .005 

+ 
To measure the cross 3ection ratio of pi to pi 

induced pairs, wt? used an isoscalar nucleus for the target. 

A lonq :1rbon tarq~t was used, consisting of thr:ee 4 inch 

3 
cubes of hiqh iensity carbon (2.2 gm/cm). See Figure 2-7. 

We placed. scintillator counters (T and T ) between the 
I2 I3 

tarqet seqments s:J ve could tell in which block the 

interaction occucre~. The tarqet ~as followed with a final 

inten:tion counter (r ) pl1cea. u inches 1ownstream of the 
16 

las~ seqment. ~he hiqh multiplicity of charqed particles 

from intecacti:Jns created large pulses in the counters 

followinq tha blJck containing the inten.ction. Th us. by 

lo~kinq at the pulsP heiqht from the counters, ve cculd tell 

in which block the interaction occurrec1. 

How~ver, the intecacti:Jn counters could not handle the 

rate of the hiqh int.ensity n::native beam runs. In these 

runs, 1J-a used. shot:'~ (~ 6 inches) metal -targets to localize 

t: :i e i n t e :- act ion poi n t. 
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The metal tarq~ts had another advantag~ due ~o their 

hi1h atomic weight. As shown in our previous experiment, 

the rea~-r.ion cr:>ss sections that we wer?. interested in went 

3. s wh~r~as the absorption of the beam in the target due 

to all processes went as only 
2/3 

A Th us the ratio of 

interestinq rea:::ti::>ns to beam flux 3.S 3. fun:::tion of the 

1/3 
tarqet type qoes as 1\ for the same number of absorption 

len q th s. rh11s :::::>pner (tungsten) with an atomic mass number 

of 63.5 (183.9) has a 74% (148~) higher event rate than 

:::arbon for thP same amount of beam. Unfortunately, the 

biqh~r 3. to mi:: num hei:: material also indu:::e:l morP. multiple 

sea tterin g in the muon tracks, and so degraded the 

spe:::trom2ter' s cesolution. We first ran with a coppec 

tarqet heforG w~ decided that rate was ;nore important then 

resolution and switched to tungsten. 'rhe use of different 

tarqets also provided us with infocmation on the atcmic mass 

number 1.~pen:i~n:::3 of the reactions of int2rest. 

3 
The coppec t"!.rqet (d~nsitv 8.96 gm/cm ) was 6 inches 

3 
lonq, th3 tunqst~n (density 17.08 gm/cm) 1'3.S 4 inches long. 

The tunqsten ~as actually an alloy, ~allory 1000, which 

:::ontains 903 W, 6% Ni, and 43 Cu. 
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Fourteen planes of ~WPC's ~easured the position of the 

muon tn::ks b~f'.)re the CCM. :::ioht of the planes were 

meter by 1 met0r ch3mbers with one sense plane each, built 

10 
by the E-98 :ollaboration. These chambers had a 1.Smm 

wire spacinq. They were operated at about 3.7kV using the 

qas mixture: 80% Arqon, 203 co , anj .43 Freon. 
2 

The other planes (numbered 1, 2,3 and 8,9,10 in Figure 

2-8) were containe1 in two larqe chambers (1~ by 2m in area. 

with 2mm wire spacinq) built by a CERN-Heildelberg group. 

rhey were ooerated at about 3. 7kV using a qas mixture of 603 

Arqon and 40% Isobutane bubbled throuqh cold methylal. Each 

:::himber hai an x measuring plane and a y measuring plane. 

The y-plane was split half way across the acceptance of the 

spectrometer. This resulted in a 2cm 'iide 1ead area in the 

m i:l clle of the y-p lane. 

Fiqure 2-8 shows in more detail the arrangement of the 

:::hambers. Two items of note: ( 1) the chamber set up divided 

into left and riqht halves. Furthermore, the triqger only 

accented pairs with this same left-riqht 1ivision in their 

qeometrv. qreatly reducing the possibility ~f c~nfusing hits 

from ~iffer~nt tracks. ( 2) ~e tilte1 four of the by 1 

meter chambers ~t a 45 degree anqlP to form u and v nlanes 



to resolve ambiquities. This arranqe:nent also cove!:'ed the 

de3.d area in the y-nlanes of the c:::RN ch:=trabers, thus 

increasinq the probability of findinq a track going down the 

]ijdle of t.be aoparatus. 

It was important to 3urvey the chambers ~ccurately. 

The final check of the rPlative aliqnment use1 actual tracks 

throuqh ~he chambers. First, ~e define~ the coordinate 

system so that the the z axis went through the center of the 

two CEa~ chambers. Then we pro1ected tracks formed from 

hits in t.h~s~ chambers into the other chambers. The 

distance of the nearest spark to this line was measured for 

a larqe sample of tracks as a function of the plane's 

nt?asurei cooriinate and the perpendicular co:irdinate. A 

correlation of the spark distance with the me asurecl 

co::>rdinate represente1 an ~rror in the z position of the 

chamber bein~ t~ste1. Correlation with the perpendicular 

coordinate represented ::i.n e~ror in the assumed rotation 

anqle around the z axis hetween the chamber's ccordinate 

system an:l th~ experiment's system. We then aii.justed., in 

the off-line analvsis, the parameters of the ch~mhers to qet 

ri1 of these er~ors. The first attempt revealed a tilt in 

on~ of the c:::? N chambers, ·i1hich was also removed in the 

off-line analvsis. These off-line measurements ~ould detect 
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3 rotation of about .25 mead and a z displacement of about 

• 25 ~m. In th3 coordinate that each chamber measured, the 

aliqnmen~ was qood to .25mm. 

Chamber efficiencies were determined by pco;ecting 

confirm~1 muon tracks (tracks with hits irl both upstream and 

downstream chambers that poin~ed at struck counters in all 

three triqqecinq ho1oscope binks) thcou::rh a chamber and 

lookinq for a hit at the pcoiection point within a small 

(ahout 3 mm) window. This =alculation assumed that the 

efficiences of different pl:l.nes were uncorrelated. It also 

ma:le th~ (vali1) assumption that the track reconstruction 

pcoqram was redundant enouqh not to be badly affected by any 

chamber -havinq a low efficiency. Table 2-I I shows the 

aliqnment an1 afficiency parameters of the chambers. The 

lis~ed resolution is calculated from the wire spacing. 

The two types of chimbecs had different readout 

systems. On th? CERN chambers, the sense amplifiers fed 

into 200ns-lonq delay cables which went into gated latch 
1 1 

circuits. The:> latch qate 'HS 60ns lonq. The 200ns delay 

allowed onlv a pceliminarv jecision to be made on the 

tciqqec befor'e the siqnals hai to be lat~hed. If an event 

~ij not satisfy the full triqqec logic, the latches were 

'4 
reset within 1 mi crosecon:L If the full triqger: was 



satisfied, the latch info:-mation 1tas tcansferre1 to shift 

reqisters for read out to the computer. 

n.n the by 1 meter chambers a siqnal fr::>m the sense 

a.J1plifier would fi·re a one-shot '"'i.th a 5JJr1'~ long Olltp + " - ~ I U·-• 

An exte~nal latch siqnal woul1 transfer the one-shot outputs 

in to shift req ist ers. However, the shift registers lacked a 

fast reset and could only be reset by reading them out (a 

several millisecond lonq process). So to p~event this from 

::: aa sinq an unacceptable amount of :le:i d +· _ ime, the latch 

siqnal had t::> c::>me from the master triqger. Thus the 

one-shot's mPrnory time 3et the ultimate time constraint on 

the tri::J:rer loqic. 

Foe both chamber systems, a computer/chamber interface 

12 
svstem converted the inf or mat ion in th2 shift registers 

into wire lo::: ati::> ns which were then passed along to the 

on-line computo0>r. 

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

" Unfortunately, the rf TI'.)ise from the spark chambers 

could fir~ this r0set. To prevent this, th9 reset circuit 

require1 a oulse qreatec th1n 1 microsec~ nd long. This 

requirem~nt let~r:-mined th E dead time 1u"'! to the reset. 
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'!'ab le 2-II o pst ream MWP::: 

Plane Tyne Res z P:>s it ion Tilt Efficiency 

(mm) (MetPrS To CCM) (Degrees) 

1 y • 'i 8 U.9')q 90. o a .97 

2 y .58 4. 909 90.00 • 97 

3 x .58 4.883 o.oa • 96 

q {J .LJ6 4.603 -44.95 .96 

5 a .46 4.'+13 -45.17 • 96 

6 v .LJ6 4. 155 41.J.89 • 9 '+ 

7 v .46 3.988 4 4. 96 .97 

8 x .58 3. 6 20 0 • 1 5 • q4 

9 y • 59 3.595 90. 15 • 9 6 

1'.) y .58 3. 595 9 '.). 15 .96 

1 1 x .46 3. 065 0.05 • 86 

12 'f • 46 2. 9'.) '.) '.). '.) 6 .96 

13 y .46 2.658 9 0. 1 5 • 86 

11+ y .46 2.478 90. 0 2 .95 

The CCM bad an effective diameter of 5.18 meters and a 

q~p of 1. 29 met~rs. We appr:>ximated the maqneti::: field as a 

h.ard ~dq<? cylinder with a field of 6.96 kilogauss. 

13 
Re had 12 planes of spark chambers after the CCM. 

M • 
~-ea s ur.-inq 2 meters by 4 meters, each chamber frame had two 

sp1 rk q1ps. The qaps were focme·j from an x measuring wire 

sense plane (~he cathode) and a tilted sense plane (th~ 

1 n::id e) • The two planes f orme:i a narrow an::r le { 7. 1 degrees) 

stereos~::lpi::: pair. When th~ spark gap fired, capacitors 
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attached to the struck sense wires would be charqed up. The 

presenc<! or absence of the ch:ti:-qe would th?.n be cecorded in 

3. shift reqistAr. Th?. shift reqisters were read hy the same 

type of system used with the ~WPC's. 

3?.cause we expected 3. hiqher evant rate than the 

oriqinal desiqners (E-98 aqain), we mad.e new high voltage 

snpplies for the chambers. one for each qap. The spark 

voltaqe was set at about 7kV. In another step to imorove 

the rate capabilities of the chambers, we used a hiqh flow 

rate qas system that cleaned th8 qas mixture (90% Ne, 103 

He, bubble1 thr:>uqh 1-pcopanol) as it recv:::led the gas. 

The planes common to a qiven spark obviously had 

correlated efficiences. Thns the efficiencies listed in 

Tai:Jle 2-III qive the probability that both planes of a gap 

with their associated readout electronics worked, that the 

first worke1 an~ not the sec'.)nd, that the second wcrked and 

not the first, and that both riid not work. The tab le lists 

the measured resolution of the chambers for heam particlesr 

as well as thBir positions, tilts, and efficiences. WB 

:::becked these paramet?rs in the same manner as the MWPC's. 
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Table 2-III Do~ns~=earn Spark Chambers 

Plane Typ~ R?S 

(mm) 

1 5 

16 

17 

18 

19 

2 ') 

2 1 

22 

23 

2U 

25 

26 

IJ 

x 

x 
v 

u 
x 

x 
v 

u 
x 

x 
v 

• 25 

• 3 5 

.38 

.28 

• 4 3 

• 3 3 

• 3'3 

.45 

.25 

• 3J 

.33 

.2 8 

Z Position Tilt 

3.91 

3.92 

4. 0 3 

4. 04 

5.74 

5.75 

5.87 

5. 88 

7.56 

7. 57 

7.68 

7.69 

- 7. 1 

0. !) 

o. 0 

+7. 1 

-7. 1 

o.o 

0. 0 

+7.3 

-7. 1 

0 .o 

J. J 

+7. 1 

Efficiency 

ab an ab an 

.9 44 • 01)6 • 0 2 1 • 0 29 

• 821 • J62 .JJS .112 

.955 • 00 4 .015 .026 

.9 75 • J 12 • 007 .006 

• 884 .013 • 02 0 • 0 83 

.748 • 212 • 006 • 0 3 3 

The three larqe scintillator arrays (the J, F, and P) 

formed the =entral element of the triqqer. Fiqures 2-9 and 

2-1J show the arranqement of t~e individu3.l counters in the 

3.rravs. The J counters ~13.rie:l from 1.75 inches to 8 inches 

lli1e, the F ::::>unters were either 7.25 or 7.5 inches wide, 

and the P counters varied from 6 inches to 13 inches wide. 

All of the arravs were dividei into up and down halves so 

th3.t we :::01111. insist on one 1rnon in the upper part of the 

apparatus and one in the lower par"t. I will :liscuss this 
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fe3.ture and :>thers in the section ::>n the trigger. Th~ 

counters had adiabatic liqht pipes le1ding to RC\ 8575 

phototubes. The hiqh voltaq~ and timinq :>f the counters was 

set usinq muons produced in the target. Fast {RG-8) cables 

(foam diel~ctric with v = .8c) br:-ouqbt the phototube signals 

to the 1iscriminators for the J and F banks at the main 

electronics rack. Discriminators and l:>qic for the P 

hodoscope we~e located neKt to the P bank. 

The output of the discriminatoI:"s, with a width set at 

17ns, ware fe~ into CAMAC latches. Since a particle track 

in the chambers had to point at struck counters {as defined 

by the CAM~C latch bits) in all three h:>doscopes to be 

called 3. muon, the counter latch inf:>r~ation provided a 

timinq check on the tracks. 

1'h~_J'.fig:q~1: 

The triqqPr can be dividen into two parts: the dimuon 

loqic, which required that two or more muons be prcduced in 

an ev~nt, and the mass loqic, which actually estimated the 

invariant mass ~f the pair. 

Because of the la rqe size of the 3xperiment ( 25 :neters 

fro~ the tarqet to the P hodoscop~) anl the tiqht time 

constraints r~e needed a final triqqer decision in less than 

500ns), the main electronics rack h:=td to be placed in a 
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~entral location, nex-1: to the spark chambers, despite the rf 

noise these chambers qave off when fired. Of th is 5 0 Ons 

(the memory time of the one-shots in the 1x1 meter MWPC 

Qlectronics), ab~ut 200ns was use<l in the travel time of the 

muons from the 1 bv 1 meter ~W?C's to the P hodoscope and in 

th?. travel time of a triqqer siqnal back to the MiiPC's, 

lP.'ivinq less than 300ns to do tbe complete loqic. 

In this 300ns, the ~imuon loqic checked for the 

followinq items: 

rable 2-IV, The Dimuon Loqic 

(a) Th~ presence and arrival time of the beam 

particle, 

(b) That the beam particle w3.s not a muon and 

that no other particles entered off the beam 

axis, 

(c) That only one beam 

qiven bucket, 

particle entered in a 

{d) That the particle interacted in the target, 

(el That two or more muons traveled all the way 

throuqh the spectrometer. 

Not all of thes?. P.lements wece in the trigger at all times; 

in particular, parts (c) and (d) were not in the triqger 

dnrinq the hiqh intensity runs on the metal targets. Fiquce 

2-11 shows th~ ::>verall flov of the triqqer loqic and Table 

2-V ~efines the symbols use~. 



Table 2-V 

Definition Of Loqic Elements Used Ir. Fiqure 2-11 

.,, 
T T = The bi? am 1.efininq counters. T which is just l , • 1 2 4 • 4 
bef'.Jre the tarqet, defines the arrival time of the 
beam. Th? siq nals from the other t ,.0 counters must 
come within 6 nsec of T for a valid beam particle. 

4 
,,. => Pulse h~i1h t of the tarqet counter T in1icates an -· 

I I6 
interaction in the tarqet. 

T >2 => Pulse heiqht of the counter T indicates 2 or more 
lJ 4 

particles in a sinqle b?a~ bucket. 

V , V => Vetos which indicate off axis halo particles. 
ia 'w/S .'1 

V = Indicates a muon in the beam. 
ma on 

J => l\. hit in the upper (lower) J counters. 
x u ( n) x 

J => A hit in the riqht ( 1 eft) side of the J counters. 
VR ( L) y 

~ => A hit in the 
T(3) 

top (bottom) half of t.h e F bank. 

ULDJ => ~ complete set of hits in diaqonally opposite 

qu=ilrants ::>f <:he J hodoscope (upper left and lover 

riqht quadrants in both the x and y J counters). 

fJ!'.DL => Hits in the ui::per riqht ~nd lower left J counters. 

J => Hits in diaqonally opposite quadrants ( ULDP. or u RDL) 

wi~h som8 combination of hits in either x or y 

separate1 by at leas~ one counter. 

F => Hits in both the top and bottom ? counters with some 

combination of hits sep2rated by at le"lst one counter. 

P => Sarne as F, but applied to P bank. 
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nun = Comput~r controlled s~itch to turn data takinq on or 

of~. 

Beam Gate = D~fines the beam spill length. 

J<n => Less than n J counter hits. 
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Th3 triqq~r made the five C.imuon che::ks at three levels 

of sophistication. The first level {pretriqger 1 as defined 

in Fiqure 2-11) was a quick check. of ite:ns (a), (d), and (e) 

and was used to latch the signals from the CERN chambe=s (at 

a rate ~f about 4'i0 trigqers pee million Bl. 

Pretriqqer 2 included a more careful check for the 

presence of two muons by makinq a more det1iled examination 

of th~ qeometrv of the hits in the J hodoscope. This 

Prt~triqqer (the rate was approximately 350 per million 8) 

set the :AMA·:: la~ches for the various counters ind started 

the mass calGulation loqic by providinq a clock/latch signal 

for the mass loqic's internal latches. The mass logic 

accepted three different clock siqnals, one for the F bank· 

and one for each allowed ~air of J quadrants. 

i3e:::iuse the r:-uns with metal tarqets had n:) check that 

there was an interaction in the target (item d), it was 

possible f::>r a beam particle which interacted after 

penetratinq ieep into the iron shield to produce a flood of 

particles at ~he J hodoscope. To eliminate these events, a 

maximum limit .,as placed on t:he number of hits allowed in 

the J hodoscore at the Pr etr i qqer 2 1 evel in the loqic 

1urinq ~he me~al tarqet runs. ~he limit was 15 for copper 

3.n,~ 1J f::>r tunqsten. A clean dimuon event would have only 4 
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J counters on. on the basis of our reconstruction 

efficiency checks, (see Chapter!!:!:), we estimate that this 

cut lost less than 23 of the ~eal events. 

The third level in the jimuon loqic used all available 

information. The five items in the dimu::>n trigger were 

defined as (a) all the beam counters hit within 6ns of each 

other, (h) no hits in halo or muon vetos, (c) the pulse 

heiqht in T consistent with only one particle in the beam, 
ti 

(d} the pulse heiqht in T consistent with two or more 
I6 

p:irticles bavinq the tarqet, an<l (e) two or more separated 

hits in all three counter banks, the J, F, and P. The 

:iimuon triqqer r1te was 5 events per million B. 

The mass loqic. the second part of the trigger, used 

the J and F bank siqnals to estimate the dimuon mass. 

Basicallv, the logic used coincidences between the J and F 
x 

counters to calculate the loqarithms of the muon momenta, 

a n1 coincidences b €tween J counters to cal cu late the 

loqarithm of the openinq anqle. The sum of these three 

numbers is proportional to the loq of the mass. The loqic 

then checkea. that the sum 11as qreater tb.en some selected 

value. Appen1ix A qives a full description of the logic. 

It performed the calculation in 1JJns and estimated the mass 

correctly to within a factor of two about 95% of the time. 



At the hiqhest mass settinq used, the triqqer rate w~s J.4 

events p~r million B. 

The result ~f the dimuon loqic was C'Jmbined with th(? 

result of the mass loqic to form the master trigqer. 

The mastP.r triqqer sent the latch signal ta the 1x1 

meter MwPC's an1 fired the sp3.rk chambers. After waiting 5 

microseconds to allo~ the rf noise from the ~park chambers 

+:o subsi'ie, th~ ~n-line computer started readinq in the 

data. It tool{ about 12ms to read in the d3.ta and 1J to 2Jms 

for the snark chamber power supplies to recover, during 

whi::h tha experiment was gated off. 

Two live time qates were defined in the loqic. :;ate 

was controlled by the co:n.priter 's on/off switch (1nin). the 

C.efinition of the soill interv3.l (the Beam :3ate), and the 

1ead time due to the spark chamber rf noise. :;ate 2, the 

3.ctual live ~ime of the triqqer, included the effects of the 

dE'ad time which came from the 2'.>msec needed to read in a.n 

event ann the 1 microsecond reset ti!!le of the CERN chamber 

latch~ s. 

In orner to normalize our final cross se::tions, the 

numher 3.n1 tyoe of parti::les inci(lent on the target were 

Th;:> heam flux lilas determined hy ~ounting the number 

of occurences of various coincidences be~veen the Cerenkov 
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co1nters an1 the beam siqnal (3 in FiquI:'e 2-11). POI:' 

example, a B siqnal vith no Cerenkov counters on represented 

;::i. proton. (5ee Chapter IV for ~ore information on particle 

The conntinq was done nsinq CA:1AC scalers 

that were active when Gate 2 was on. 

The oulse heiqhts of the tarqet interaction counters 

1rd of the Cerenkov counters were re::orded using CA:1AC 

analoq to diqital converters (ADC's). 

I1ft~iL.!SLYis itj,Qn 

We used a Xerox Data System Sigma III as the on-line 

computer. A custom-made hiqh speed CA~AC interface foe the 

Siqma transfered the data directly into the computer's core 

memo rv. The computer wrote the data on maqnetic tape, and 

monitorel the status of the experiment. The monitor 

fun::tions incln1ed keepinq tI:'3.Ck of scal2r sums, scaler 

ratios, readout errors, ~· A number of on-line displays 

showed counter and chamber hit i istribu t ions and 

multinlicitv distributions, counter pulse he iqh t 

distributions, an1 pictures of individual events. The 

co~puter also ran the mass box loqic che=ker about once 

everv ~J000 events. 
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This chapter Jescribes the reconstruction program used 

to transform th~ ·lata f:;:-om a SFt of ch3.11ber sparks into 

particle tracks with slopes and intercepts. The orogram 

first fo11n1 tracks in the upstream .-;ha:nbers. Those upstream 

tncks that pointed at the tacqet and at struck ::'.)unters in 

the J hodoscooe were used as ~ starting poin~ for a track 

search in the 2 hv 4 meter SP!rk chambers. To beccme muon 

t:r!cks, canrlidate tracks had to have linked upstream and 

downstreao track seqments and poin~ a~ all three ho1oscope 

!rravs. Track parameters were then saved on a secondary 

tape. 

Th~_;Q.Q£g~gg!f-~Y~!~ID 

The proqram use1 3 ciqht-hande1 C'.)Ordinate system 

centered on the :c1, with positive z coordinate in the 

1irRcti'.)n of the beam* positive v ~pwar1, and positive x to 

the west. The ::enters of the two CEBN chambers defined the 

z axis. Chapter II described the method used to locate the 

~ther chambers. Positian iistri~utions of tracks at the 

ho1os:::oPes in the vicinity of a hit counter provid.r.>'1 the 

final loca+:ions for the counter banks. Figure 3-1 shows an 

ex3.mple for the P hodcscot:e. In this caorJ.inate system the 



h e 1 m r-: :u:1 e int'.) th <=:> 1 a b "Ii t h an an q 1 "' ::> f 3 • J m n. d i n x and 

-6.25 m:;i~ in v. The cent0r of t.he tarqet 

off t.he z aicis bv -24ra~ in x =i.nd +34rnm in y. 

!~~-rrnst~~~g_!£a£~_findg£ 

'HS pcsi tioned 

The upstr~am track find?r used 3.n eihaustive ap~roach. 

As Piqur~ 2-3 shJws, the nnst.r?a'.ll x 1.n~ y planes could 

rn ea sure f ou;: r. y pe s of track s eq men ts : x-lef~, x-riqht, 

v-left, 3.n1 v-riqht. Three planes me<lsr1re:i each cf these 

tr=i.ck tvpes with little of no overlap bgtween left and 

:iqh~. The oroqram started with a search for three-point 

tracks of a qiven tvce by .si::nply takinq all oairs cf sparks 

in two plan~s an1, forminq a lin~ betw~en them, searching 

for a L.hird spark in the remaininq plane within 7.5 mm of 

this line. If '1. thirc spark 'fas locate-1, the program c1id a 

lP3.St squar?s fi': to a line usinq th~ sparks an1 calcnlatGd 

a chi squa:e based on the chamber resolution. Lin~s wi':h a 

pr:Jba.bilitv of th~ chi squ:i.re (confid2nce level) less than 

• 00 1 were r3 iect?rl.. As a timinq check on n3.rticle tracks, 

lines also had to intersect the J hodoscope within 12.5 mm 

of a hit count er. Finally, the line h3.d t:::> pierce an 

im:i.qinarv hox surra1rndinq the tar:- qet as shown in Fiqure. 3-2. 

The proqram searchP0 thP y planes first, ~hen the x planes. 

:;-:i::>d track seqments were then inserted int:J a track buffer-



alonq with a lahel qi vinq the track t ;r pe. 

After all poss il:: le 3 point tracks ii ere tried, all 

possible 2 point tracts were f o r:ned from th~ remail!ing 

unused sparks for each tr 3.CK t vpe. To cover the dead area 

in the C2RN v chambersr the proqram also searched for 2 

point. y tracks in the small overlap area between the last 

two y measurinq 1 by 1 meter chambers. This last type of 

twJ-point track entered the upstr~am track buffer twicer 

on::e as 3. riqht.-side t.rack and once as a left-side track. 

Lik9 the 3 point tracks, the two-point tracks had to point 

at J counters and at the tarqet. 

':'he proqram then tried to pair the x an1 -y trac.l\.s 

seqments that were on the same side into global tracks using 

the information from the u 3.n~ v chambers. All pcssible x 

~n'.i y track pairs were prcjecteCI. into the uv chambersr 'Which 

were searche1 for sparks within 3. 25 mm of this line. Any 

such sparks were combined with the x and y sparks to for~ a 

qlohal tra~k. l'o be kept, a qlobal line had to point at a 

2gi£ of overlappinq struck J counters (one x 3.nd one yin 

th'? sam2 qua1rant) an<1 have a chi square of less than 8 pee 

r1 e~ r ee of freed om. If, after all xy pairs had been triedr 

some x or v traci<:.s appeared in 11\o~e than one global trackr 

th~ proqram k?pt the qlcbal track with th~ qreatest r.urnber 
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b 

of sparks, or, if the two {or more) qlobal tracks had the 

sa:ne nu;nber of sparks, the proqram ch:Jse the lowest chi 

squa r 0 • 

Th·~ next step comb i n~1 any unpai re<''! x or y track that 

still existed. vith 3.ll possible oairs of unused u and v 

sparks. If one :Jr more ad'litional soarks wer~ foun1 alonq 

the resultinq line¥ and the line pointe·1 at t.he J hodoscope, 

3. n :J. the line had a chi sq 111re pP.r d.e~r:ee of freedom of 

less than 8, the proqram keot the line. The line a id not 

nee1 to point at the tarqet. ?inally, the upstrea~ track 

fin.1~r formed all possible 4 ooint uv tracks from the unused 

u 1nd v sparks, and if it conld find one rn0re sp1rk on the 

line¥ ~~~. th9 proqram sav~d th~ line. 

Th~ nroqram ha1 ream for 21 x an1. y tracks and 3'J 

olobal tracks. The redundancy of this track finder q~ve the 

proqram a th~or~tical efficiPncy of qreater than 99.5{ even 

if one of th3 hV 1 chambers failed comoletely. The ac~ ual 

o.fficiencv for findinq two track oairs was closer to 93% 

accordinq to the reconstruction efficiency check <lf"scribed 

::it. the "!n1 of this chapter. 

Th"! :lo'#nstream •r3.ck fin'3.i:~r tri<=d "':::) Ein'l a track in x 

ani v at the sa~e time. The tr~ck findAr started with a 
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list of all stereo spark rairs (from tha t~o sense ~lanes of 

:i. q iv Q n sp 'l. r k q a p ) 

coordinates, lav within the 2 by 4 ~etPr area of the 

:::: ham be rs. fJnpaired si:arks were discarde1. 

The proqram then start P,d ~own the 1 ist of x upstream 

tracks, qloballv paired tracks first, lookinq for a matching 

1ownstre1m track usinq the f1ct that when in a cylindrical 

maqneti:: fie 11, the impact parameter (the 1 istance of 

closest aoproach to the maqnet center) of the track before 

and after the maqnet stays the same. Test lines were formed 

from the impact oarameter of an upstream track and with ·~ach 

spark in the pair list as shown in Fiqure 3-3. (The spa.::::k 

displac;?ment from the track has been increased fJ!:' clarity.) 

The intersection of each test line with a projection plane 

in the ~iddle of ~he sparks chambers (5.8 meters from the 

CCf1) vas calculated. If a qroup of x spa!:'ks formed p~rt of 

a track, these proiection points would cluster toqther. 

Hence the metho~ consiste~ of searchinq for a cluster of 

sparks in the proiection plane. A cluster was defined as 3 

or more points within Smm of each other. 

The ster00 spark pairs founi in an x cluster we!:'P then 

oroiecte•j in v -!:o find a y cluster with a width :>f less than 

2 Smm. ~hen th? reference upstream x track w1s part of a 
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qbfl::i.l tI"ack, S•:?TTPr:'l.l .1iffer~nt assu:npti::rns about the y 

~omponen-: of the '!o'Nns'tre::.m :r:ack wer:·? tried. in a~~empting 

to finJ a y clus~er. The first assumption was that the y 

aownstr3am tracK had tte same y intercapt at the cc~ as the 

rcfer:en::~ upstr8am qlobal track. The sec::rnn was that the 

track had the same y slope. If both of these failed or if 

the upstream track 1.1as not a alobal track, the program tried. 

to fin·~ a y tra::k tha1: pointe•j at the targe~. 

The spar-k pairs found in a double (x and y) cluster 

.,ere 11s9d in a least sau~res fit to for~ a candidate track. 

~a~h plan~ was searchea for the closest spark (if any} 

within i1.75m~ of this candidate track. If this new set of 

sparks containci at least 3 x sparks, 1 u spark, and v 

spar:k ani th~ r:~snl-+:inq traci< coul"l link with some permitted 

cornbina~ion of x and v upstream tracks, the spark s?.t was 

fit to a line which thE=>n hecame the new :::andidate track. 

rhe tPst was thPn ::epeat~d on the caajBate track with a 

3.75~m ~indow. Should the track failr several ~ifferent 

variations on th~ iaitial tn:::k parameters were trie<l in the 

sp:i.rk search in an attempt to fina a qood :J.nwnstn~arr track. 

Once the proqram had a good candidate trackr it checka~ 

that the tr::ick pointed at a hit F :::our:tar ...,ithin ~7.Smm in x 

an1 75~m in y. If two tracX.s had more than 2 sparks in 



5g 

common, the tra~k with the qrPa~er nu~her of sparks was 

ke o t. Given e'.:lual :i.umber of sparks, the track with +:he 

small~st chi square ·.ras picked. ?in ally, tr3.ck had to 

pain~ within 410mrn of a hit 2 hodoscone counter, loose 

because of t~e scatterinq in ':he Rochester i:r;on. The range 

requirement so imoosea assured us that the downstream tracks 

were muons. The hodoscope checks also s~rve~ as timinq 

::becks on the tracks. 

The resulting set of upstream and downstream track 

seqments then needed to he linked toqether. Linked track 

seqments had t~ree pararoetecs in common: the x impact 

parameters, the y intercepts at the CCM, and the y slopes at 

the ('I"'~ - ._ .. , . 
The proqram first tried linking the downstream tracks 

to qlobal upstream tracks using as a chi square for linkinq: 

where: 

2 2 
')( = (L::~X/S } 

x 

~ = 3.75mm 
x 

s = 3 5. 4m n 
v 

2 
+ (L~Y/S } 

'f 

5 - 5 millirarlians 
s 

2 
+ (l:~S /S ) 

y s 

Links must have haa a chi squarP less than 3C. 

(3-1) 

Each 

do11nstr~3.m ':ra~k was allcwed -:o link with only ::>ne ups-tream 
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track. If th~ links couli be ~a~~ in more ~han one way, the 

proqrarn tr:ied first to maxi:nize the r..11mber of links and 

then* it still har.l a choice, to minir.iize the link chi 

scrnare. If a downstream track vouli not link to an upstream 

qlobal track* tha proqram tried to link it to the unused 

separate x an~ y upstream tracks, including the individual x 

and y Pieces of unused qlobal tracKs. WhRn doing x ani y 

links separately* an x linl-': required that L':::..X be lEss than 

27.5mm and the y link required that the y portion of the 

1 ink: ch i square b e less t ha n 2 ~. The res ul tin:)' :x and v 

upstrea'.n trac.i<s had to noint at a o'lerlapping pair of J 

counters. Aqain, the number of links was maximize] when 

opt ions Fiqnres 3-5, and 3-6 show 

1.istributi0ns of thP. linkinq :tuantities for both beam muons 

an1. all mu0ns. The multiple scatterinq in air and in the 

chamber material caused the increased wi1ths in the all muon 

curv~s. 

A :noon's m'.lmentum was calculated from the ;,ell known 

formula for a particle in a cylindrical fiela: 

p = 
" 

1/:2 
(x: + c:>t(L~s /2) * fr*r - x*xl ) * B * 2.99711"'.='-4 

x 

? = momentum in ~~V/c 
J 

( 3-2) 



,., , 

l~s = difference in x slopes 
x: 

r = m a::r n ~ t i c f i E 1 d radius 

x = impact parameter (in cm) 

B = field strenqth (in kiloqauss) 

The last t WO x ups tr Earn cba:nbers were in sida the fringe 

field of the !!la qnet. So, once the approximate momentum of 

the muon was known, the spark positions inside these 

::h3.mbers we re corr Pct ed ~o where they ·i10 uld have been if 

there had been no field and the line refit. In t h is ref it, 

the entire track, upst re'i m 3. ni downstream, was fit at the 

sa.me time, ~oublinq the lever ar:n of the fit. 'Ibis fit 

forced the x im?act parmeters of the upstream an1 downstream 

track s~qments to be the same. After a search added any 

misse~ soarks ani threw out any sparks that were too far off 

this line, the line was fit vet aqain. The program then 

re= ale ula ted the momentum. Fiq ure 3-7 shows the 

re:::onstructe1 momentum spEctruu1 for beam muons. The width 

aqrees with that expec~e1 from the chambers' resolution. 

Firlallv, the momentum was corrected for the enerqy loss in 

the iron and in the target based on the momentum dependent 

14 
calculations of Tberict. 
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~~~2u2try~1i2n_~[figigg£~ 

Fiqure 3-9 shows the per=entaqe of triqqers in ~hich 

the proqram f~und two or more muons as a fun=tion of run 

number (aoproximately 1 1J000 triqqers per run). 'These 

numbers rent"esent the mini:num reconstru=tion efficiency of 

the proqram hec3.use some of the events actually had only one 

mu~n. ~ few runs had a low percentaqe of reconstruc~ed 

trioqet:"s. The i:r ob lem W3. S qenerall y caused by 

malfunctioninq <?g uip ment which was quickly fixed • These 

rnns renresen: only a very small fraction of the data. 

Of the events with two muons in the@ (as determined by 

scanninq a larqe sar.iple of events bv hand) that were not 

reconstructei, Table 3-I lists the main reasons why the 

proqram seemen to fail. rable 3-::r qives the aver::i.ge 

reconstr~cti~n afficiencies for thA ~ifferent targets and 

beam bas~1 on the scans. 

The mann::i.l scanninq :iefined a muon as a line of sparks 

in th~ 1ownstr?.am chambers th=:it J.ppeared. to point at struck 

F and P ho~oscopes. BPcause ~h8 proqram would find a 

:io...,nsi:rP.am track only i£ it hal alrea:iy found a o~-:cbing 

uostr~am track, the manual scan could oiGlc up those ?vents 

in which th~ uos~rcam track finier ha1 faile1 (usually due 

t o ":. o o ma n y o r t- o o f e .., s -r:;a r k s ) or in which the program 
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failed to fi~d an upstream-downstream link. Two physicists 

separatelv scanned 95CO events taken d11rin::r various parts of 

the E>Xoeriment. 

Table 3-I Reconstruction Failures 

Reason 3 Of Failed Events 

Blaste~ Event (too many tracks) 10 to 353 

Plane !nefficiencies 10 to 35'~ 

Linkin~ Failures 31) to 50 3 

TablP. 3-!I Reconstruction ?fficie ncy 

Beam/tarqet Effie iency 

.9 4 

-c .94 

-cu • 9'.) 

-w • 9 2 

A 11 .92 

Obviously the hiqh reconstruction efficiencies leave little 

room for any serious problems. 

~e carried out the reconstruction ~nd data preparation 

in s~ v pi ra 1 st e o s • First the rav data and reconstructed. 

tr~cks were wri~ten out to secondary ~apes. Next, tertiary 

taoes were created by writinq out only the reconstruction 
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infot'm::i.tion ~or evpnts with two or mace muons. Finally, the 

com pact Pd still f ur:ther by creating tapes 

~on~aininq only ~oo1 even~s (see chap~er IV). 

last set of taoes for the final analysis. 
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RECONSTRUCTED 
BEAM MOMENTUM 

FWHM=24GeV/C 

150 200 250 300 

MOMENTUM (GeV/C) 
Fiqure 3-7. Reconstruct@d bPam mom~ntum. 
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I NT3.0DUCTION 

This chapter 1escribes the methods used to convert th'? 

data from events with qiven kinematics to normalized cross 

sections. The first section describes the conditions we 

required of events to keep them in the :lata sample. The 

second section describes our use of the beam tagginq system 

to qet normalizations. The Monte Carlo program is then 

describe-I. 

<liscusse-1. 

~QT~ 

Finallvr the experiment's baclqrounds are 

The?- re w~ i:~ t.hree class es of cl early bad triggers that 

were easily removed by simple cuts: (a) events that 

containe1 ~ beam or halo muon, ( b) events that did not 

oriqinate in th~ tarqet, ana (c) events that did not satisfy 

the triqqer loqic. Figures ~-1 and ~-2 show the mass and 

momentum spectr,1 for part of th<? tungsten data before and 

3.fter cuts were applied to remove the above backgrounds. 

The first step was to qet rid of muons th1t come into 

the lab either in the beam or in the halo around the beam. 

The momentum spectra shown in Figur-8 4-2 clearly show an 

~xcess of hiqh momentum muons with the same siqn as the beam 

(in this case, p-) over- opposi~e siqn muons. Tha team/halo 
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cuts were designed to eliminate the hiqh-~omentum like-sign 

muons withou~ throwinq away 'real' ev~n~s, as indicated by 

the onposite siqn (ana presurnbly qood) m11:::rns. 

The halo muons were i'1.entifie~ by their axtrapolated 

position a~ the tarqet. Muons that werP -:oo far from the 

ta.rqet center (in the xy plane) llere cut. Because of the 

multiole sc:att~rinq in the tadron shield, the maxi mum 

allowec distance from the tarqet center for a muon was 

momentum d~pen~Pnt. The fin3.l cut, as shown in Figure 4-3, 

1i1as that th? projuct of the momentum and the distance to the 

center of the tarqet had to be less than 6 GeV/c-meters. 

The heaa muons were jefined as hi1h momentum muons 

<1hic:h h:i1. only a small anqle 8 with r-'<="spect -:o the be3.m 

iirection. The cut usea, as shown in Fiqure 4-4, was: 

o - ~ GeV/mrad * e < 1CJ GeV/c. 
jl 

( 4 -1) 

The fin~l momentum spectra {Fiqure ~-2), after all cuts, 

showGr1 no ::hara? asymmetry, indicatinq ':hat beam and halo 

muons had been eliminated • 

The ev~nts that .:I.~ 

u l. .L not come from the tarqet were 

eliminat~~ by cuttinq on the prohability that a pair of 

tracks intersected {forrred a vertex) in the targel:.. The 

~ifficulty in i~termininq if 3. nair of tra::ks pointEd at the 

t3.rqPt w1.s lu~ t:l multiple scattPrinq in 4:he hadron shield. 
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1 5 
The ioint oro~abilitv distribQtion P for a multiple 

sc1tterinq of anqle e and displacement x is: 
x 

( 4-2) 

2 2 2 2 3 
P(X,3) = exor4p X (9 /Z - 3~ X/Z + 3'{ /Z )/.J'.)4411 

x a x x 

where: 

z =The lenath of the scatterinq material (= 3m). 

x = The radiation length of the material (= 
0 

1. 76cm). 

p = Moraenturn of the particle. 

Since the momentum loss in qoing through the shield 'tlas 

about 4. 5 :;ev/c for muons whose momenta nnqed between 8 and 

225 :;eV/c, p was not always well defined. 
2 

Instead cf p , we 

use<l p p , where the subscripts mean before and after the 
i f 

shield. The scatterinq in y is independent of ttiat in x and 

the same distribution applies. Since prob::i.b ilitv is 

2 2 
orooortional to exp (-X /2), the X (chi-square) E or a set of 

cHsolacements in x and v can easily be calculated: The 

2 2 
. total )( is iust the sum cf the x and y )( • 

2 
If three or more muons 11ere in one event, the X test 

l ssu mea that th~ vert PX was in the center of the t arqet. If 

onlv two muons were in the event, the vert.P.x (in x and y) 

2 
#as chosen to minimize th~ sum of the x f::n· the two 'tracks. 

The req u i rem en ts imposed (shown in Fiqure 4- 5) were that no 
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2 
in:'lividual tra.c1< have a X qreater t'.i.an 7. 3 and that (in thP 

2 
cas8 of 3. two muon even":) tha~ the -::o-:al )( bt:> less than 

/ 
7. 8 • rho. trac!c pair x· distrih•1tion shoirn in ::"igure. 4-5 is 

for pairs that sur.vivea the siaqle track cut (hence the knee 

at 7 •. '3) • 
2 

Thg solution for the minimum )( (assuminq a z 

position at the tarqet) also gave the best quess for the 

track parameters {slopes and intercep~s) of the muons as 

thev left the tarqet. Thesa new parameters ~ere then use 11 

in calculatinq the event kinematics and 

* c ose ) • 

2 
The effectivness of the X method can be se~n by 

examininq in 1°tail two mass reqions in Fiqure 4-1. The 

2 2 
reqion from 2.7 ~eV/c ta 3.4 G~V/c is mostly J/V's 

2 
produced in the tarqet. The c ecri on 1. 4 to 1. 7 GeV/c is 

mostlv J/W's produced in the shield. The factor of 2 shift 

in the mass comes from forcinq the vertex to be at the 

tarqet. If one allows the z position of the vertex in the 

2 
vertex X minimization to shift also, ?igure 4-6 shows the 

::>riqin of these twc classes of events clearly. No~ e that 

the low mass iat~ set contains some real low ~ass evPnts 

~hat ~a~e from the tarcret. 
2 

Fiqure 4-7 shows the X 

confi:i_en-::-? level rlistrihutian for the two sets of events 

assuminq they came frore th~ tar1e~. Because the shield 
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2 
e v en t s h 1 d X. 1 s a b:J u t 10 times larqer than the target 

events., the shield events vere all at very low confidence 

levels and so were easilv separated from the q::>od events. 

2 
The cut at X = 7 .8 corresponds to a confidence level cut of 

23. Also note -:h.at the flatness of the rlistribution for the 

tarqet J/f's inoicates that our formula represents a 

2 2 
leqitimate X • Thus the X test can tell if an event does 

not oriqinat~ in the tarqet. 

Finally, a check was made that the scintillator 

counters actually pierced by the muon tra::ks satisfied the 

triqqer requirements (the <ti.muon and m:iss loqic). This cut 

was very effective in elimina~inq low mass events that 

triqqered the experiment due to extra scintillator hi ts. 

The last two, and most obvious, event z:equirernents, 

that the muon pair oriqinate in the tarqet and satisfy the 

triqqer loqic, accounted for almost all of thE triqger 

reiections. For the mass reqion of greatest interest in 

2 
this r~poz:t ( t1 > 4 ';eV /C ) , the tarqet and logic 

requirem~nts wer~ r~snonsible for 97"1.. of the rejections. Of 

? 
the remaininq data above 4 ';eV/c- r only 15~ -was thrown out 

for cont:lininq a l:ea:n/halc muon. 

He corrected foe the re;ection of good events ~Y ~he 

above cuts by ~ ppl yin q these same c1Jts in the 11 ante Carlo 
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pcoqram that esti~at~d the 1~tection efficiency of the 

exo1?riment. 

The beam c:>mp:Jsition was taqqed by the four l::ea:n 

:eren~ov count~rs C • 
2 

C • c , and C (see cha~ter II). 
3 4 5 

Siqnals from these counters, •hen in coincidence with a l:eam 

timinq siqnal from the b8am d8fininq scintillators, were 

coun":ed with '.:'AMA: scalers. Also SG3.L~d were vac ious 

coinci~ences between the counters. The Cerenkov counter's 

threshol~s wer~ set iust bPlow proton threshold for all the 

neqative beam r•rns a.nr1 for the fi::::s-: positive beam runs. 

For the sc:cond set of positive runs, C 3.nd C were s~<: ;ust 
2 4 

below kaon threshold. The rnsultinq p.:irticle 11.efinitions 

w !? re: 
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TABLE 4-I 

Par<:icle Definitions for the : 3.r bo n 9uns 

,.... c c c ..... 
2 3 4 5 

?i rs+. positive run 

+ + 
Pi 3.Il cl K 

Proton J '.) '.) 

--------

Second oositive run 

+ 
?i 

+ 
K c 0 

Proton 0 0 0 0 

Neqati ve runs 

Zero or one counters on 

o· 
- 1 = not p 

?or the metal tarqet runsr the rates were too high for the 

counters to work effectiv~ly, so all particles were simply 

'iSsumed to he neqative pions. 

The lat~he1 Cerenkov couPter patterns from the carl::on 

runs (both positive and neqative> beams) were used to 

calculatG the efficiencies 'ind acciiental probabilities 

qi ven b? low: 
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'l'ABL: 4-II 

:erenkov -:011nter Per:forman::;e 

Count er ~ff Ace 

c .987 • 0 37 
2 

c • 9 B h. • '.) 17 
3 

c .977 .004 
4 

c .952 • 0 1 ·J 
5 

From this, plus ":he me:'lsured ratios of particle t YP ES in the 

b e3. m (so.e Table 2-T ~ , Ch apter II) , the contamin3. tion of any 

qiven + . • par ~l.C.Le taq from other typ~s of particles can be 

calcu l:t +:ed. The kaon sample con ta ine:1 about 13 of both 

pions an~ protons. The positive pion sample contained about 

a 1% kaon contaminaticn because during t.he first positive 

run kaons w<?r~ not separated out. The other possible 

conta~inations for the positive beam were insignificant.. 

F'o r the negative data , • F 
l. .. an all cou n-ters off 

definition for p is used, the expected contamination from 

pion s is • ., % • If events with one and only one count er on 

3.r:e includei in the sample the contamination increases to 

2~. This second definition is the one we actually usei. 

All of these contamination levels are smaller than our 

error in the ov?rall normalization and so will be iqnor<?d. 
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The noc :n a lizatio n factor {NF = 

picobarns/r event-nu.-:leus 1) is qiven by the focmula: 

--t/L 
N F = II./ P * d * t * B * f 1 - e l* { L / t ) l 

A 0 
(4-3) 

A = Tarqet atomic m:i ss number 

N = Avoqa1ro' s number 
A 

d = Tarqet density 

t = Tarqet lenqth 

33 
L = Absorntion lenqth fa!' given beam and target 

B = Inteqrated beam flux 
'.) 

Por the various tarqets: 

c 

Cu 

w 

TABLE 4-III 

Tarqet Pcoperties 

3 
t (c1:1) d (qm/cm ) 

+ 
pi 

L (cm) 

+ 
pi 

31.16 2.20 36.6 50.1 58.1 34.2 48.5 

15.24 9.96 14.8 18.2 21.2 11.7 18.4 

10.50 17.08 10.1 12.8 15.4 1(:.9 12.2 



32 

Expressinq NF as= D/B~, ~hen: 

'T' ABLE 4-I V 

Tarqet Normalization FactoL D 

1 1 
(picobarns/(evPnt-nucleus)) * 10 

+ + 
o pi K ~ pi 

4.32 3.91 3.76 4.44 3.94 

cu 12.8 11.4 

26.4 25.2 

'!'he inteqrate:'l flux (B) use1 was ~he m0asurecl flux (3) 

+- • .1mes 

J m 

a cor~ection factor k that took in to account various 

known problems with the apparatus. ~he problems included: 

TrtBLE 4-V 

Normalization Correction Factors 

(Al The computer's cccasional fail11re to res et the 

CA~~C scalers aftec each event, 

(B) ?ailure to count correctly ~ha number of ~articles 

in the beam when ~wo or more particles were in one 

'.learn bucket (This applied t0 the me ta 1 t arqets 

only. Th8 carbon runs vetoetl such buckets.), 

(::) Short term prorlel'.l in the ? h:JdosCJpe -:rigqer 

loqic which effectivelv t1u:-ned. off two of the 7 2 

coun~ers in the ban%, 

{Dl Pecons+:ruction efficiency. 
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The maqni tude of the correc~io ns used were: 

IT 3 :1 TAR'; "ST 

+-
c c Cu w 

(A) • 977 .9g6 • 98 2 .955 

( B) 1 • '.) '.) 1 • J '.) , • 20 1. 2 3 

(C) • 957 1. JO .92 0 1. 00 

( D) .94 • 9 4 • 9 IJ • '12 

k • 897 • 9 3 6 • 988 1. :)8 

Note: It~m (C), in parts of the analysis, was included in 

the Monte Carlo efficiencies instead of as a normalization 

, 1 
correction. Then I3 {in 10 particles) and NF 

" 
{in 

pb/(event-nucleus)) are qiven as: 

TABLE 4-VI 

Event N ormaliz ati on Factors 

c cu w 

+ + 
l? pi K pi p pi pi 

B 3.22 1. 45 .o 43 3 3. 28 .016 3. 1)7 q .17 
m 

B 2.89 1. 30 .0388 3. 07 • 0 15 3. 0 4 4. 50 
Cl 

NF 1. 5 ') ~ • ') 1 96.8 1. 28 290. 3. 7 5 5. 6 ') 

Error • 1 5 • 30 1 1 • 0 • 1 3 200. • 6 0 .90 

sec~use of problems with the beam scalers on th~ 

neqativ~ runs, the measured B for p was unreliable. 

Instead, "le used the results of Aunert et~..!·, and set 



84 

B (P) = .s + .15''; of B (pi). 
m - m 

The errors in the normalization were set a~ one-half of 

the qua~rature sum cf the niff~rence from one of the 

corre-;tion =a::;-:::>rs in Table 4-V pltts a 10~ error for the 

Monte Carlo ~nd other effe~ts. 

The acceptance of thP. >?XPP.cim2nt wa.s inv~stiqaterJ using 

3. L1onte Carlo or-oqram. The proqram func:tione,:l by generat:inq 

3. s::>t of events ;ilith some kinem3.tic parameters fixed {such 

as mass, x ~ p ) an~ others randomly selected (such as the 
f T 

rota ti0n of the o lan~ of the event ah out the be arr axis) • 

The oath of the muons in each qPneratPd event was trace'l 

throuqh the pro~ram's model of the apparatus. The number of 

tries that succ~ssfullv simulated a qood event divided by 

the total number of tries was then taken as the probability 

that s11ch an event ~ould be detected hy the anpaI:'atus. ?o:: 

each SP.t of fixed parameters, lCOO tries were maje or t=>nough 

so that the proportional t=>rror on the final probabilitv was 

less t:han 1J", which ever was larqer. 

The moiel of the apparatus used incluJed the effects of 

mul"':iple scat':~rinq and enerqv loss (with fluctuations) in 

the various materials in the experiment (iron, air, 

scintillators~ si~.). !\lso inclndBd Jet aileJ. 
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J.escription of the trigqer logic. These two sets of 

effects, multipl~ scatterinq and the trigqer logic. were 

very important in determininq if an event would succee~. As 

3. test of the importance of the multiple scattering, a set 

of ev~nts was qanerated with all of the s1me parameters as 

2 
the actual events with masses > ij JeV/c • 

only a 753 av~raqe probabilitiy of success. 

These events had 

(We ran one 

hundred tries for each event.) Since the acceptance for anv 

event inside our kinematic ranqe was qenerally between 10% 

to 40%, this test sho-ws that the c~ance scattering of the 

muons in an event ha1 comparable effects on the acceptance 

:i.s 1i~ the a~tual kinematics of the event. 

As a oroqram check, two separate Monte Carlo proqrams 

were ind~pen~entlv written an1 their results aqreed. 

A second ~heck, for internal consistency, was made on 

the effect of the mass logic cut. The mass logic cut was 

set at one of two values for most of the experiment, either 

1 3 
2 

(about • 75 ':ieV /c ) or 25 
2 

{about 2. 8GeV/c ) • (See 

l\poennix A..) The c~rbon tarqet runs were done at 13, the 

:netal tarqets rnns at 25. The differences in the efficiency 

for thP two cut values were well understood for ~asses atove 

2 
3 GeV/c and no problems were encountered. Figure 4- 8 shows 

this by ~omparinq the cross section at the J/' as a £unction 
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of x for- the cacbon d3.ta in whi~h the same set :>f data 'HS 
f 

cut first with the loqic set. at 13 thf'n at 25. !'he ratio 0f 

the cross sections as a function of x is ~learly consistent 
f 

with 1. J and indeoendent of x • 
f 

3.qree to within 13. (There is a 

3.ctual numh~r of events.) 

The total cross sections 

2 '.) ~ ii ff er ne c e in th e 

In the ~ass ranqe below the JI,, the situation 

dE>teriorated badly. Fiqure ti-9 shows the cr::>ss section 

+ . ra .. ios as a function of mass and x in the region 2. < '.1 < 
f 

2 
2.7 3eV/~ • In this reqion the proportional change in the 

efficiency (for a cut at 25) can b"'! 15~ t'J 203 or more in a 

mass interval ~f only 
2 

150 ~eV/c • ~oiel in g this change 

adequately with ~he Monte Carlo would have required breakinq 

this int~rval into many small mass reqions and calculatinq 

separate efficienciPs for each. Rather than usinq this 

expensive an~ cumbersome solution, we ~~pirically de~ived a 

cor!:'ection f.'Jrranla that changed the Monte :arlo efficiency 

so that the cr'.lss section remained the Sime in going from a 

cut of 13 to 25. The correction factor was a function of 

both mass anj x • The er- oss sect ion rati:> s with th R 
f 

corrected efficiencies are shown in Fiqqre 4-9. Below 2J1 

2 
GeV/c , no att~mpt was made to calculate ~ross sections for 

the 'Iletal ":arqets. :t should be repeatea that these 
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::on:ectie>ns were onlv used on the data below the J/lJ. '!'hey 

were not needed above this mass. 

~ante Carlo events were generated according to several 

B.ifferent schemes. In the first case, events were generated 

qri1 points in mass, x, and p space an~ in mass, x, 
f T f 

* :tn'i cose space. The distributions used for the r::i.ndo111 

variables were either obvious (such as a flat distribution 

for the azimuthal anqle about the beam) or arrived at by a 

boots~rap method combined with intelliqent first guesses. 

F iqu res 4-1 '.) (mass vs x) 4-11 (x vs p), and 4-12 (x 
f ' f T f 

* cose ) show various slices thcouqh these qrid spaces. 

* 

vs 

As 

can be seen, exceot for cose , the dependence of the 

efficiency is slowly varyinq over the kinematic region of 

interest. 

In the second scheme, th~ test evgnts were generated at 

x , p , and cose 
f T 

a s the 2 0 C 0 a ct u.a 1-the same point in mass, 

hiqh mass events. This second set of Monte Carlo pcints was 

used in the pion structure function analysis i:eported in 

Chapter VI. 
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The measured mass resolution at the J/lJ is qiven below. 

Ti\BL"?: 4-VII, :-lass R2solution 

2 2 
Seam/'!'arqet HIH'.'! (Me V/c ) :1 ~SS shift (t1e V /c ) 

p/C 320 15 

pion/C 3 30 12 

pion/:: u 310 23 

pio n/W 3 50 27 

The above nu~bers were found by fitting a Monte :arlo given 

shape to actual data. The Monte Carlo inJicated that the 

m:lss resoution was oroport:ional to the mass. The resolution 

measured in the carbon data was only slightly improved 

(abou!. 61') by the use of the target counter infor~ation (see 

2 
:hapter II). Given the loose dependence that the X method 

h11 on the exact tarqet position (on the scale of a 4'' 

target block}, as shown in Pigure 4-6, only a s:nall 

improvement was expected. 

The Monte Carlo was also used. t::> calculate t.he 

resolution in x and p • The resolution is only sliqhtly 
f T 

mass depcrn1ent. 
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Table 4-VIII, x an:i p Resolu:.ion 
f T 

x 
f 

p (>13eV/c) 
T 

Siqma Shift 

• ') 2 • '.) :J 2 

23'.J ~~V/c -3'.) MeV/c 

P (:!' :)) lJ'.) MeV/::: 
T 

The shifts were larqe at small pT because there was only one 

direction for shifts to occur. 

There were two main souc ces of backqro11 nd siqnal to be 

conside!"ed: (a) secondary production (i,g, dimuons produced 

from the interaction of hadrons that were themselves 

prod ucen in the t arqet) ana ( b) muons from unccrrelated 

sources (such as pions dEcayinq in the J.rift space between 

the tarqet and hadron shield). The lack of an effect from 

secondary prodnction can be se~n in the pcoductio~ of J/''s 

in the :::a rbon tarqet. Figure 4- 13 shows the ratio of :10"'/!TX -­
f 

for .J/1J' s fl:'om the first and th ira. target seq ments. If 

there were secondary production, the extn. events would show 

as an ex~ess at low x in the third tarqet seq~ent. No such 
f 

2 
effect is seen, the X for a constant value beinq g for 9 

deqre~s of free-1om. 'Ihe lack of an effect is not surprisinq 

because the J/JJ production cross section r1pidly decreases 

for secondary particles with momentum less than 100 'JeV/c. 
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See Fiqur8 4-14. 

sources of nncor:-relatej ;:iuons :.1oul1 be expEctecl to 

produce like-s iqn muon nairs al~ost as easily as 

1 7 
opposite-siqn nairs. As Fiqure 1~-15 shows, the like-sign 

2 
spectrum ~bove 4 ';eV/c in mass is ~bout 13 of the 

opposite-siqn spectrum. In this region sources of 

uncorrelated ~uons can be iqnored. Ee lo w th e J/ p ra ass , 

however, the like-siqn Dqckqround was important. We 

corrected the data for this by simply subtractin:J out of the 

data an amount equal to the like-sign component. 
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I !IT~ OlUCI' ION 

This ::h ao t '?r oresent3 the 1.at.a in. t.hc> form of 

dif fer-ential crJss sections anr1 qives :he results of 

selected fits to the ~ata. In narticular, fits are given to 

proiections which involve only one kinemati= para~eter. The 

next chanter (VI) continues the Jiscussion of the data in 

the framewor~ of the Drell-Y1n model. 

For th~ x an·1 p distributions, the 1ata have been 
f T 

iivided int~ several mass reqions. The regions, and the 

symbols !tsed for each in the qra.phs that fJllow, are: 

Tab le 5-I, '1 ass P. eqions 

1 • 5 To 2.0, Opi::_> Il trianql~s 

2.0 To 2. 7, solid scrua. r~ s 

2.7 To 3.5 (J /J) I open circles 

3 • c; To 4.J ( :p ' ) , soli:J. triangles 

4. ~ To 5.J, on en sqna res 

5.0 To 6.5, soliCt ci rel es 

6. 5 To B • '.), open diamon'is 

8.0 To 1 1. 0, solid 8.hmon:1.s 

In the ~ables qiven in this chapter, the error on a 

numb~r is qiven directly below that number in the table. 

"!;'iqnres 5-1 throuah 5-7 show thP ~~ss spectra (in 

2 2 
::::m /('Je'l/~ )/ntI::::lP.US) for the :1ifferent tarqets and particle 

t v p e s 3. Il'l far x > ·" 
f 

In the oion sp'}::;tr.:i displayed, the 



1) 7 

2 2 
bin sizes change fr::> m 1 '.)J ~eV/c wide for M < 5 GeV/c to 

2 2 2 
200 ~eV/c for 5 < M < 6.8 GeV/c to 3'.)'.) MeV /C f oc 

2 
'1 > 6.8 '.:-;eV/c • Fiqures 5-8 through 5-13 give the p 

T 

s pee tra for vari ~us masses, t~ rqet s, a:nd beams. The qr aphs 

show d \J" /(p dp ) • The actual p distributions (i_~, without 
T T r 

the 1/pT weiqht) qo to zero as pT goes to zero as shown in 

Fiqure 5-14. Fi_qures 5-15 throuqh 5-2 6 sll ow the x 
f • spectra. Two sets of x graphs are shown, one for dcr/dx 

f f 
cm 

and the o the r f ::> r E d 11"' / d JC • 
f 
2 

qenerallv have a lower X , 

cm 
Though the fits to E d V-/dx 

f 

the d r ;dx cross sections are 
f 

shown s::> that the x distributions can be used without having 

cm 
to unfold the p dependence (through the definition of! ). 

T 

The tabhs in Appendix B (page 224) give 

cm cm 2 
f E /(2 '7T"p ) 1 d 0- I (dx p dp ) for the J/lJ and. ,, for p, 

max f T T 
+ 

Pi , and pi beams. Also included is a list of high mass 

4 The x used h~ re is defined as the momentum of the pair 

parallel to the beam in the beam-target center of mass 

divided by the maximum allowed momen~um. The maximum 

momentum takes into account the need to divert some of the 

center ::>f mass energy into a final state baryon and the rest 

mass of the pair. This definition allows x to reach for 

3.nV mass. The next chapter on the Drell-Y:in model, however, 

uses the mass independent definition of x in which the 

maximum momentllm is simply half of the center of mass 

enerqv. The center of mass definition assumed that the 

~arqet was a sinqle nucleon of mass .938 GeV/c~ 



1) g 

2 
E'V~nts (> 4 ;~V/c ) by tarqet, for the pi be1.m, gi vinq 

mass, x , n an~ veiqhte"! cross secti'Jn ('.'.lb/nucleus) for 
F T 

Tabl~ 5-II qives the me~sured <p > and Table 5-III 

2 
qives <P >. Th? spectra were fit to two forms. First, for 

T 

p > 
T 

";eV/c, the fit (Table 5-IV) was to ~,:'.texp(-3*i:), and 
T 

second, for a 11 p , the fit (T:i.ble 5- V) was to 

2 
A*ex:pf-D (p 

T 

2 1 /? 
+ c ) 1 • 

T 

'!'he second for;n was usetJ. in or tier t. 0 

mo1el the flatteninq of th~ spectra at low c while 
.T 

retainin~ the exponential fall off at hi~h p • 
T 

Th~ results 

of the s°-cond class of fits are shown on th? graphs. 

Tables 5-VI and 5-VII qive -:he fits Jf the x 
f 

B 
iistribution3 ta the form A (1-x ) For all fits at low 

mass 
2 

(< ?. • 7 ':; e 1/ /C ) , 

f 

~he x fits were only done for x > 
f f 

• 2 

because the larqe subtraction of like-siqn bac~qround that 

\HS nee1e~ ta extract the yield below x = .2 male the 8.ata 
f 

less statistically precise. Th~ restricti::in of the fits to 

hiqh x ~as also applied at all masses to 
f 

the pion a at a 

because the actual cross sections S8emed ~o he flat~er at 

low x then the powP.r la10 fit would i:nply, especially 1.t the 
f 

J ITU. 

Ta~le 5-VIII gives the t~~~l medsured ~r~ss section for 

x > 1 for various masses. 
f 

Separate cross sections are 
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renorted for resonance and cantinuuc production at the J/~ 

As shown in Fiqure 5-27, ~he reqion around the 

reson~nces was fit with a power law back1round to repres8nt 

the continuum and a Monte Carlo suggested line shape for the 

J/l ani qr. The inteqrated results of th9 fits ire qiven in 

the tabl~. Because the fits ~ere not exa~t and because the 

tails of the res~nances extended beyona the mass limits, the 

sum of resonance and continuum did not always equal the 

total cross sec~ion for the m~ss reqion. 



11 ') 

T;:ibl<> 5-II 

< :> > 
T 

B~::i.m/ '.1ass -r:;aq ion 
T1. rqe t 

., ~ 

2 '"' 2.7 L '1 4. '.) 5. J 6.5 8. '.) . . .., . -· 
2.0 2.7 3.5 u (~ . , 5.0 6. 5 8. '.) 11. 0 

+ 
pi IC 0.77 J.83 1.09 1 • ') q 1. 12 1. 37 

• 1 IJ • , 0 • , c . , , • 13 • 1 6 

pi IC 0.76 0. 90 1. 0 3 , • 07 1. 1 1 '! • 9 2 1 • 15 

1 /) . - . 10 • 1 a • 1 () • 1 1 • 1 2 • 17 

pi /C.1 '). 90 1. 1 2 1. 1 5 1. 12 1 • 18 1. 13 1. 29 

• 1 0 1 ;"\ . '-' • , 0 • , 1 • , 1 • , 5 • 1 9 

+ 
oi /'iJ ,) • 9 2 1. 1 5 1. 2 , , • 17 1 • 2 4 1 • 13 1. 18 

. 1 :') • 1 0 • 10 • 1 0 • 1 1 • 1 2 • 1 2 

Prat on 0. 7 1 '). 8 3 1. ') 5 1 • '.'.' 5 0. 84 

• 1 ') . 10 • 1:) • 1 1 • , 2 

-+ 
r< IC 1. 1 2 

. 1 1 

p/: 1 JI? 

• 1 3 
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Table 5-III 

2 
(p ) 

T 

Pe1 :!!I '.'lass R2qion 
TarqBt 

1. s 2. '.) 2.7 3. 5 Ll • 0 s . '.) 6.5 8 • ') 
2.0 2.7 3.5 4. 0 5.0 6.5 8 .o 11 • 0 

+ 
Pi IC 0.87 0.95 1. 54 1. 5 7 1. 59 2.07 

• 1 !) • 1 1 • 1 c • 2 2 • 25 • 3 3 

ni IC 0.82 I. 09 I. 55 I. 5 2 I • 5 1 1. 10 1. 58 

• 1 !) . 1 ·'J • 10 • 1 2 • 1 4 .n • 35 

pi /Cu 1. 05 1. 6 5 1 • 8 ' 1. 7 !) 1. 86 1. 59 2.07 

• 10 • 1 0 • 11 • 15 • 20 • 31 • 55 

pi /!{ 1 • 11 1. 7 5 1. 9 8 I. 88 2.06 1 • 71 1 • 6 1 

• 1 (' • I 0 • 1 2 • J 3 • 16 .22 • 1 9 

Pro<-:on 0.71 o. 88 l. 4 3 1. 5 3 0.88 

• 1 i) . 1 ·"' v • 1 c .23 • 3 i) 

+ 
K IC 1. 56 

• 16 

Pl: 1. 4 7 

• 2 3 
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Table 5-IV 

Pits +-.~ ~ q- I (P dp ) ":: A e?:or-a~p 1 
'I' T T 

-2 2 -1 
A = !lb 3eV c nucleus 

-1 
B = Ge IT ~ 

B~am/ 
Tarqet 

Mass Reqion 

1. 5 2. ') 2.7 3.5 4. J 5. ) 6.5 8.J 
2 • () 2.7 3.5 4 !"\ . ~ 5.0 6.5 8. ') 11. 0 

+ 
Pi IC 
rl. 558. 2 5 6. 755. 4. u 0 3. 12 

280. 128. 120. • 8 2 2. 81 

8 2. 99 3. 19 2.44 1. 7') 1. 79 

.33 • 3 1 .07 .09 • 6 2 
, 
'-

>( /DF 9/16 13 /9 2 7/22 9. 5/6 1. 1/4 

L' i IC 
• Ll 1 4 • 3 1 6. 711. 26.4 12.2 2. 68 "' 

126. 10 6. 8 5. 8. 2 5.6 4. 48 

i3 2.67 2. 95 2. 34 2.46 2.54 2. ?. 5 

• 1 9 • 2 2 • 04 • 19 • 30 1 • 1 1 

2 
>( IDF 20/19 12 /8 6 5/22 8/8 s. 1/6 9/3 

Pi /Cu 

I\ 13 90 26 00 122. 36. 6 5q. 5 

5 l 1 419 4n , . 12. 9 l.i'J.f) 

B ?. • 7 5 2. 18 2. '.l8 2. 1 3 2.?6 

• 22 • 0 1 • 1 9 • 19 4 ., . '-

2 
)( IDF 14/16 71/25 25/2 4 6/ 10 7.4/8 
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Table 5-IV, cont. 

Pi /'N 

A 58 70 932C 2 94. 13 9. 8 2. 2.25 11. 4 

156) 154'.) 64. 2 [1. 28. 1. 65 9.8 

I3 2.93 2. 1 9 2. '.J 5 2. 16 2. 2 4 J.94 2.JJ 

• 14 • 0 2 1 ('\ . " • '.) 4 • 1 9 • 4!.l .56 

2 
')( /DF 13/18 146/27 20/22 22/22 11/12 3. 3/6 0. 7 /4 

Proton 

A 587. 267. 59 g. 6.75 '.). 55 

278. 17 3. 9 1 • 8.20 ·'.). 88 

8 3. 1 6 3. 22 2. 59 2. 12 1 • 3 5 
"').., . -- ._ • 4 8 • 'J7 • 8 3 1 • 27 

2 
)( /DP 8/i3 4/6 42/2'.) 516 1.4/2 

+ 
K 

A 267. 

229. 

B I. 6 4 

.59 

2 
)( /D? 1 • 6/3 



114 

'rabl~ 5-V 

2 2 1 /2 
Fits to d q- /(P dp ) = A exp(-3[p + .- ] ) 

'!' - T 1' 

-2 ,, 
- 1 

A = mi c :rob a r- ns GeV c nucleus 

- l 
B = 'Je V c 

c = ';eV/c 

B~:i.m/ 
'1''3.rqet 

'.'1ass Reqion 

1. 5 2 • 0 2. 7 3.5 4. '.) 5. '.) 6.5 8. '.) 
2. J 2.7 3.5 4.J 5.0 6. 5 8.C 11 • 0 

+ 
Pi IC 
A 1. co 13 • 4 23.2 9 8. 5 .0·').~6 

• 7 1 9 • r; 2.9 114. • J'.)31 

B 3. l q 4.24 3. 1 8 1. 2 .3 1.72 

• 3 5 .26 • 02 • 3 0 • 3 0 

0.42 1. 3 5 1. 63 1. 2 3 ".'. 36 

• 20 • 1 4 . c 4 • 3 0 • 5 2 

2 
x /DF 1 f, /25 13/13 3 5/31 , 8/ 1 '.) U/8 

oi /C 

A 0.95 32.2 99 • 4 '.'. 5 4 • C· 1 1 .·)023 

• 3 0 ~ 0 • 1 37. 9 • 3 8 • () 1 3 . c 'J 5 , 

a 3.1·') !l • 1 5 3.42 3. , '.) 3.89 , • 8 7 

• 13 • 3 4 .08 • 2 1 )0 . - . • 8 3 

- 0.40 , • 55 1. 9 2 1. 5 8 2.26 0 • 9 :J ~ 

• 11 ,, "'.') 
• L-..;.... • '.)7 • 17 .23 • i3 :2 

2 
x /DF ~7 /28 13/ 12 3 3/3 5 2J/1 2 6/1 '.) 1 '?I~ 2 
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Table 5-V, ccmt. 

Pi /Cu 

.~ 6. 7 5 S6. 6 11 • '.) • 3'.)2 • 8 ') '.) 

4. 37 9. 1 5. 5 • 4 '.}3 • 9 5 1 

B 3. 1 4 2.85 3.49 2.66 3.23 

• 1 8 • 02 • , 4 • 38 • 3 l 

~ 1. '.)2 1. 6 '.) 1. g '.) 1. 27 1 • fi 5 '-

• 18 • I) 2 • 1 1 .39 .25 

2 
x ID F' 2)/25 3 8/3U 44/3 3 9/,4 12/12 

pi /W 

A 12 2C 42 1. 27.4 278. .71:') .0072 • c 61 

199 6 8 I 20 I 5 251. • 6 1 0 • 004 4 • 1 ~ 1 

B 4. 11) 2. 9 6 3. ') 5 3.72 2. 6 5 1.63 3. 58 

I 08 .02 • 1 8 • 16 .24 .38 .45 

r: 1. 77 1. 8 4 1. 9 6 2.46 1. l 7 s. 21 2.83 

• '.) u • '.) 1 • 1 6 • 16 • 25 .SJ I U9 

2 
x ID F' 25/27 61/3 6 2'.)/31 38/31 13/1 6 lJ/1'.) 2 .4/6 
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Table 5-V, cont. 

:>r'.)ton 

A • 6/J. 7 S. B 11 9 J 97. 5 .JJ5 

.375 1. 4 2 4 34 139 • • ~ ') 1 

3 3. 13 3. 8 2 4. 1 2 2.80 2.65 

• 3 (I • 25 .07 • 4 8 • 3:J 

... J. 37 1. 35 2.32 1. 43 '.). 7 3 ~ 

• 19 . 1 4 • Q 6 • 3 5 • 2 1 

2 
'I. /DF 1U /22 8/1'.) 19/29 1 J ;1 '.) 2. 7/6 

+ 
K 

!\. 2.3.4 

4.6 

B 2.64 

• JS 

c 2. 14 

• 05 

2 
x /DF 2.8/7 
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Tabl<?o 5-VI 

'3 
Fi ts to 1 ~ /'l.x: = i'.(l-x) 

f 

- 1 -1 
A = nh (x unit) n uclous 

f 

8 ea :n I ~ass Peqion 
Tac qet 

1. s 2.0 2.7 3. 5 4 ("! • v 5. '} 6.5 s.c 
2.0 2.7 .3. 5 4. () 5.0 6 • 5 8 .:> 11. 0 

+ 
pi IC 
~ 27 2. 78.8 30 4. 6.33 2. '.)9 

50. l3. 5 36. 1. :rn • 4 0 

B 3.95 2.9C 2. 3 4 1 • 61 1. 80 

• 3 3 • 2 4 • 'J 7 .23 J " . "- .) 

2 
x ID~ 11/10 18/ 13 8/14 2. 316 4.4/3 

pi /C 

~ 258. 119.2 302. 7. 4 4 2. 8 U 1 • ;) 5 

36. 9 • 8 3 5. 1. 14 .63 • 2 6 

3.30 2. 3 0 2. 22 1. 5 7 1. 31 1. 3 9 

• 17 • 1 4 • 0 5 • 14 • 2 3 .27 

2 • 
)( /DF 14/ 12 28/ 13 17/ 14 15/ 1 3 7/6 11/6 

pi /CU 

A 4 18. 15 20 52. 4 1 5. 3 6. 1 u 

7 8. 250 9.6 3. 1 1. 39 

9 ~. 63 2. 3 8 1. 9 s 1 • 2 'J '.). 8 8 

• 15 .cs • 1 2 • l u • 1 5 

2 
)( /DF 1n / 13 31/14 1Q/1 3 4. 5/6 3.3/6 



pi /W 

11. 

D 

2 
)( /DF 

Pr:-> ton 

A 

2 
)( /DF 

+ 
K 

A 

8 

, 
)( 

p 

A 

B 

'2 

ID~ 

X /DF 

1J1J 

174 

2. 00 

• 1 J 

Uf;/1 4 

23 6. 90. 

39. 1 4. 

!+.75 U.67 

.27 .23 

1 1 8 

Table 5-VI, 

4':) '.)J 129. 

7 5'J 22. 

2.25 1 • 4 1 

• '.)ti • )7 

39/14 2J/1l; 

3)). 5. 5 ~ 

32. 1. 05 

4.32 3.27 

• )7 • 34 

cont. 

57. 

1). 

1 • 1 8 

• '.)8 

13/14 

'J.7Fi 

• 2 1 

1. 4 2 

• 3 F, 

5.4/9 14/q 45/16 3.8/7 5.2/6 

290. 

56. 

2.97 

• 3 2 

2 .5/6 

SC 2. 

37 4. 

4. 30 

• 58 

5. 7 /5 

2 5. 9 6.2J 3. J1 

s. 1 1. 75 • 9 G 

1. ')6 0. 97 0. 6 0 

• 1 2 .22 • , 8 

7.2/6 4.7/6 6.9/6 
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Table 5-VII 

cm :3 
,..its to E d 'T /::lx = .\ ( 1-x) 

f 

- 1 - 1 
\ = nb '.;eV ( x 

~ 

unit) n11cle11 s 
1-

Be3. !11 I 
Tarqet 

Mass Reqion 

1. 5 2. 0 2. 7 3. 5 4. ') 5 (", . ·-~ fj • 5 8 • !) 
2.J 2. 7 3.5 4. '..) 5~'.) 6.5 8.J 11 • J 

+ 
pi /: 

]\ 6'.) 2. 2, 8. 11 4 ') 28. J 8.65 

103. 3 6. 124 5.7 3.65 

B 2.63 1. 9 5 1. 7 5 1. 17 1. 10 

.3'.) • 22 .C6 • 2 1 .55 

2 
x /DF 8/10 13/13 1 4/14 2.5/6 3 .S/3 

pi /C 

A 0 24. 20 8. 11 50 3 1 • 4 13. 2 6. 25 

8 '.). 26. , 2, 4. 5 2.7 , • 6 5 

B 2. 18 1. 46 1. 6 5 1. 0 8 0.83 1 • , 0 

• 15 • 12 .04 • 1 3 • 20 .26 

2 
x /DP 7/12 15/1~ 14/14 Hi/~3 5. 3/6 12/6 

pi /Cu 

A 12 2 0 556 0 2 '?, 
~ J. 75.8 37. 9 

2 21 923 4 J. 14.9 8.3 

3 1 • 7 r::., 1. 7 7 1. 4 3 '.). 8 3 ::>. 6 5 

• 1 3 • 0 4 • 1 1 • 1 2 • 13 

2 x /D? 1C/13 20/ 14 21/1 3 1l. 9 /6 3. 8/6 



pi /W 

A 

2 
)( /DF 

A 

B 

2 
)( /DF 

+ 
K 

A 

B 

2 
)( /DP 

p 
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Table 5-lfIII 

Total Cross Sections 

(nb /nucleus .. x 
f 

> 0) 

+ + 
~1ass pi pi pi pi p K p 

c c cu w ,... ,... c .... ..... 

1.5)>2.0 5 5. 4 h 3 • 3 . 45.1 

F). 8 s . 7 5.5 

2.0)>2. 7 17. 8 22.5 12 2. 3 7 5 • 12.5 

2 " • -+ 2.5 20 • 6J • 1. 7 

2.7~1.5 8 2. 5 q ').2 4') 3 • 135'.) 54.5 7 2. '.) 9 2. '.) 

9.2 9., 6 4. 216 6 • 1 12.J 64.J 

J/TJ M. 2 '36. 4 38 5; 13~0 52.7 

1 o. 4 1 0 • 2 61 • 200 6.8 

J;,,- en~ 2.8 4.5 21 • 1 72.7 1.80 

.7 .7 3.4 1 3 • 1 . s 8 

3.5)>4.0 2.04 2. 88 15. 1 54. 3 1 • 2 9 

• 23 • 35 2.5 8.7 • 2 1 

11 ' 0.96 1. 54 8. 85 10. 5 0 • 6 1 

.23 .25 1. 6 3 4. 9 • 14 

" ' cnt Q. 53 (). 92 5.55 19. 9 0.32 

• 1 2 • 1 4 .97 3.6 • 1 r) 



122 

Table 5-VIII, cont. 

4.0~5.0 '.J.73 1 • 29 6. 81 24. 7 0.13 

.23 • 2 1 1. 1 0 4.2 .07 

5.0~6.5 0. l 4 0.40 J.06 11. 7 .047 

• )4 • 09 • 5 9 2.0 .029 

6.5)>8.0 • J ~ 1 • '.) 9 1 o. 4 8 2. JI) 

.021 .029 • 14 • 7 1 

3.J3>~1. • J 21 • ) 64 :>. 28 1. 8 4 

.020 • 0 33 • 1 0 .48 

c:nt - Gontin1111m in '.!lass reqion 
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':'ha depenrl9nce of tbe pi cross se~ti::>n on thE atomic 

nu!Jlber ')f the tarqet, parar:iaterized in the form 
.::>(. 

u A 
0 

, is 

shown in ~iqures 5-28 through 5-30 as ::i. functicn of 

different kinematic parameters (mass, p,., 3.D'iX). 
f 

The 

errors inclnde the systeme!."tic errors listed in Chaptei:- IV 

for the normalization. The cross section in the various 

kin.ematic intervals "Was \iel1 represented bv ~h~ power law 

cepen<len::e as sh:> wn in Figure 5- 3 1. 

Fiqure 5-29 shows the dependP.nc~ of ~ on p at 
T 

various masses. A s yst ernatic rise of ()( with p is seen in 
I' 

the J/'J interval bnt not for the regions ::ibove or below the 

J 11. Similar rasults have been reporte:l in oth?r inclusive 

1g 
ha1ron production experiments, particularly for pi- induced 

18 
J/l 's. ?iqure 5-]J shows no siqnificant variation in o< 

with x • 
f 

The mass dependen::::c {with x > J) 
f 

of shown in 

6 
Piqure 5-28 includes previous measurements at lower mass. 

The main f-?ature is a rise in oc. with massr reachinq a 

Pl3.teau :>f Q( = 1.12 + .,'.)5 at :nasses above th~ J/1J. .I\ 

si~ilar plateau in has heer.. o'riserved in the protoG 

6, 2J 
data, shown for comparison in Fiqure 5-3~, although ther~ 

the plateau value is 1. J2. 



Usinq the measure1 atomic mass nu~ber aependence fo= 

the oi rlata, ~hP different tarqets were combined to give 

pee nucleon cross sections. The combine:! mass spectrum is 

shown in fiqure 5-33. 

h 
to the form do-/dM = aM • 

2 
The c·Jntinnum 3.hovf' 4 GeV/c was fit: 

The unsilon re1ion was fit as 1 

2 
1aussian of er 

m 
= 38:> ~eV/c (the width calculated hy the 

Mo~te Carlo oro~ran). The result w~s b = 5.6 ! .J5 and 

B ~ = .4 + .35 
unsilon -

Ph/nu::leon. This gives a 95% 

confiden~e limi': of B G7- < l .4ob/nucl~on f:n· inci1.ent Pi at 

2 2 5 GeV /c. The sensi':ivity of this result can be compared 

to the reported limit on proton induced upsil~ns at 2JJ 
') 

'JeV/c. In 1.0 ~~V/c- wide ma~s region, we find 

4 
8 ~ /c::>ntinuum = .4 + .4 while Yoh gt :!!.!.. 1 report .1 + .1. 

In ?iquro. 5-34, the mean transverse momenta for pi 

in~uceR even~s wi~h x >) are plotej versus pair mass. 
f 

Data fr::Jm other measurements ar·~ shown for compariscn. The 

2 
me3.n P in-:;reases vith ma::;s up to "i = 4 3eV/-:; 1 where it 

T 

reaches a pla-:ean value of approxi:aately 1.2 GEV/c. A 

similar plateau was seen foe the proton induced lata of Yoh 

st-~l~, ~Ut ~t ~ Vclue 200 MeV/c lower. ?r~ton induc~d data 

fr'.lrn our experiment also exhihi':s a lower <p > :it. 11 = 4 
- T 
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2 
'.; eV /C . The dependence of (p > on x is displaved 

T f 

5-35 for several in terv:i. ls of pair mass. 

un=~rtainti2s of : 100 MeV/c, no variation of <P > . 1' 

is ohserved. 

~f Q.gQ~gJ.gn.Gf 

in :?iqure 

Within 

with x 
~ 
~. 

I'h2 x sn~ctra for both pions anj pr-otons (aqain see 
f 

Piqures 5-15 thr::>uqh 5-25) show a steady flattening in x as 
f 

the mass increases. !he chanq~ in the fitted power with 

mass is fairlv monotonic, except for some of the fits in 

which the J/' x dependence is somewhat steeper than the 
f 

mass reqions bel:>w it. 

+ 
~t the J/~, we also have x distributions for ' and K 

f 

beams. The~ ~istribution resembles the proton distribution 

+ 
where3.s the K l:>oks somewhat like the pion CT.ata. 

A detailed treatment of J/~ production will be 

1iscusse1 in the thesis of Kari Karhi of ':'he University of 

Chi ca qo. The hiq h mass data is best discussed in the 

framework of the Drell-Yan moiel, the subject of the next 

ch::i pte r. 

Th::- final kinematic pan::neter of int2rest is the polar 

inqle. This is 'lefi ned as the in ql e bgt 11een th~ posi ti VBl y 

charqed muon ani some vector p mRasured in the res~ frame of 
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the muon pair. In the annihilation reaction shown in Fiqure 

1-2, on2 should use the qq collision axis as p. Th~ qq 

collision a~is is just the hadron :::ollision axis in the 

1 n1iv 0 ' Drell-Yan rn:>rlel in which o = O. 
'.:',quark 

]o 1oe ver:, 

axperim?.nts have shewn th:i.t :iuon pairs, ani h~ncE: the the 

collidinq quarks, have larqe p • 
T 

:1ot"eover, because the 

reaction proqresses throuqh :i.n intermediate one-particle 

state, informati:>n is lost concerninq th? momenta of the 

quarks. In oar~icular, the p of the individual guarks (and 
T 

thus 1irt?~tion of the qg axis) cannot he dedu:::?.d from the 

kinematics of the final s~at~ muons. ~enerally, one tries 

to qet around this problem by defining 13 in ter rrs of th;.3 

direction of the hadrons t.hat contain the :tuarks. 

Th3re an" s? veral different ways to define r> in terms 

of the bea'll ( fj ) a nG target (p ) tr.:i. j ectori es in th~ 
b~am tarqtC't 

Pair rest fra~ e. Some commonly used direc":ions for 1' are 

shown in Ficrure 5-"36 c.nd 3.re defined (in terms of uni~ 

:'lirection v~~t:Jr.s) as: 

15 = f) (t-channel) 
beam 

( 5 - 1 ) 

-= f) (u-channel) 
tarqet 

:: r>. + e (s-cha.nnel er r-gcoil 
::iea!ll , tarqP.t 

channel) 

= !' - " (:ollins-Soper). 
beam tarqe~ 
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These various directions are all the sarne when th2 p 's of ,. 
the quarks (and thus of the muons) a re zero. The 

21 
:ollins-sooer anqle was propose~ to give the a best guess 

of f) for p ;i! '.) by ::i.ssnming the p~ co11es f::::Jm the two quarks 
T ., 

in equal amounts. 

Th~ 1istribution of the oolar anqle has been examined 

2 
for the mass r~qions 2.0 < ~ < 2.7 GeV/c, 2.7 < M < 3. 5 

~ ? 
GAl//c (the J/1J), and M > .1.5 GeV/c-. Th~ 1is1:ributions ar~ 

shown in Fiqures 5-37 throuqh 5-!l') (reproduced from .+:he 

thesis '.)f Cathy Newman) "ith +:heir best fits ":o 

2 * 
1 + )\ cos A • Results of the fits are given in ~able 5-IX. 

l'he c'Jntinuuill r~:rions above anri below the J/fJ sho• stronq 

* * Jependence on 3 reqardless of the definition of e use~, 

whereas the J/J data is consistent with a flat anqul~r 

1istrihntion. 

:aecause of the indeterminate so11rce of the pair's o . T 

3. nd the possi 'c le dependence of the prod net i~ n mechanism on 

p , 
T 

it shoul'i b~ noted that we se1~ no significant 

differen::es in the polar angle d istributia ns E or sa.m pl es 

with p 
T 

< 1 • () ::; ~ V /C Ver- S US p 

and 5- 4 2. 

'" L 

> 1.0 3eV/c. S •?e ? i q ure s 5 -!J. 1 

Th? mass di::>oi:>ndence of these nis-::-ibu~ions rEflects -:i. 

::l?'il:' ::h:inq::! in the underlyincr pl:'oduction :nechanisr.is for the 
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J/~ comoarei with thP continuum. In'leed, the continnum 

r<:>sults a':'!'? C:)nsistent with the p!:'edictio1& of" = i in the 

1Jrell-Y1n mo1el where two spin 1/2 feniofls annihila~e into 

a 1 intermeJ.atg stat~. 
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Table 5-IX 

HELICITY ANGULAR DISTRIBUTION FITS 

Angle Flat l+cos2e* l+Acos2e* 
x2 /DOF x2 /DOF ). x2/DOF 

2.0 < M < 2. 7 GeV/c2 µµ 

s channel 77.5/9 15. 7/9 1.10±.16 15.3/8 
t channel 67.4/9 15. 7/9 .71±.11 8.8/8 
u channel 102.5/9 34.2/9 1.72±.22 22.4/8 
Collins-Soper 79.7/9 25.6/9 1.14±.17 25.0/8 

.J/V, 

s channel 19.0/9 240.0/9 .03±.06 18. 7/8 
t channel 36. 7 /9 101.0/9 .33±.06 2.2/8 
u channel 12.3/9 131.0/9 .• 09± .07 10.7/8 
Collins-Soper 7.0/9 212.0/9 -.10±.07 4.7/8 

M . > 3.5 GeV/c2 , all ·pr µµ 

s channel 32.3/9 104.0/9 .05±.10 32.0/8 
t channel 49.7/9 11.1/9 .82±.15 9.8/8 
u channel 47 .8/9 17. 7/9 1.31±.26 16.2/8 
Coll ins-Soper 44.6/9 6.6/9 1.30±.23 4.9/8 

M > 3. 5 GeV I c2 , Pr > 1 GeV I c . µµ . 
s channel 11. 7/7 25.4/7 . .16±.19 11.0/6 
t channel 30.4/9· 15.8/9 .65±.17 12.4/8 
u channel 29.4/7 13. 7/7 1.42±.39 . 12.5/6 

Collins-Soper 36.4/9 11.2/9 1.47±.32 8.8/8 

Mµµ > 3.5 GeV/c2 , Pr < 1 GeV/c 

s channel 13.1/7 11.9/7 .50±.22 7.4/6 
t channel 26.0/9 3.3/9 1.05:t:.24 3.3/8 
u channel 28.2/9 12.6/9 1.11±.31 12.5/8 
Collins-Soper 31.6/9 12.6/9 1.17±.29 12.2/8 



Th~ oth~r cl·:.ar prediction of t:he l)rell-Yan rro.lel, 3.S 

mcntione~ in Ch~pter I, is tha~ the cross sec~ion ratio of 

+ 
pi to oi inci1ent on an is:)SC3.lar tarq2t (such as carbon) 

should qo to 1/~ a~ hiqh mass. Fiqure 5-43 shows the 

ll!easured ratio as a func'tion of pair mass for x > 0. The 
f 

ratio is consistent with unit1 at the J/U, as expecte1 for a 

2 
stronq pro1u:;ti::rn mochar.is:n •. lbove 3. 1 ;2V/c the ratio 

falls to~ard 1/4 as predicted. 

Bee a use the .'!a t::i. ind ic3. te that the 1' is not produced 

+ 
with the same cross section for pi and pi , a small 

::orrection was calculat€d and appliei to the J/tJ ratio to 

take into account the unequal con~ributions from the 

f 
r~1::tions pi- C 31> '1' ~ J/fJ + anythinq. This correction was 

based on our measurement of total q• nroduction ani the 

22 
measured hranchinq ratios. 

The solid curve on the qraph is the predicticn of the 

Drell-Y1n mo1al usinq the pion structure function derived in 

the nex~ chapter. The sh~pe of the curve, however, is more 

sensitive to the assumed sh3.Pe of tb~ nucl~on sea.. :-Iere we 

have us?i th~ s~a qiven by the Columbia-~~rmilab-Stony Erook 

4 2 
collaboration becaase it is me'1sured i!'l n. 1 r91ion closer 

to our own than are the fits base1 on the de~p inelastic 
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scatterinq experiments. (The curva shows a clear dependenc"' 

on which sea is assumed and the C?SB s?.::i fits onr data 

best.) 

Th~ t:'3.tio of pi to proton cross secti:Jn, with its rise 

2 
to ov"'r 10J at a mass of 1'.) '.;eY/c (see Figure 5-44), is 

also in 1ramatic aqreement with expectations. {The proton 

results a:re fro'.ll Yoh,~!. al.) 

Th~ la st two sections on t ha production ratios and 

oolar anqle clearly indicate that the data are in good 

3.qreement wi:h the Jrell-Yan :no'.iel. The implication then is 

th3.t the moi.~l -:an be applied to the .:ht'l t'.J deduce the pion 

stl:'uc~ure function. This is iiscussel in the next chapter. 
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As seen in :haptet" V, the pi on nata 3. re consistent with 

the Drell-Yan model. This chapter iescribes how the model 

was aoplied to deduce the pion st!:'u::;ture function. A 

dPt3.ile:l d!=>s::riotion of how the data were processed is given 

and then the results are presente1. 

In orner to qet the most statistical power from our 

experiment, th~ pi induced cross sections from all three 

tarqets were combined into one data set. Our measurei 

1.12 
:i.tomi:: m3.ss number dependence of 1\ was used to express 

the data in pic:>barns/nucleon. The data points :ire shown in 

Fiqure 6- 1 where the variables are define1 as: 

M = Invariant pair mass 
2 1/2 

{~eV/c ) = f ic x sl 
1 2 

{ 6 - 1) 

-112 
x = 2p s == x - lC . p in ::~nter of mass 

-F II 1 2 • I I 

2 2 1/2 
x = r x + (X + 4M /s) l/2 = x: 

1 f f pion 

2 2 1/2 
x = r -x + ( x + 4 M /s) 1/ 2 = x 

2 f f nu::;leon 

rwo methois were used to fit the 1.ata. In the first 

methon, the data were binned an1 fit to a functional form hy 

a least squares method. The se::ond method used the da~a as 

3. s~t 01= points 3.Tir1 foun0 the function3.l form that qave t11~ 

maximum likelihood for that 1ata set. 



17 7 

Bin '1 e th :J d 

In the bin m~thod, th~ data were fir- st binned 

s e pa r a te 1 y b v t a:: q et t y pe • Zach event was assigned a 

wei qht: 

where: 

2 2 2 
w = (NF / eff) * x x s 

i 1 2 
(6-2) 

NF= c~oss section I nucleon I ~vent for a given 

tarqet 

eff = acceptance efficiency 

2 2 2 4 
x x s = M 

1 2 
whP.n p ef:ects ar-e ign:>ced. ,,, 

.I. 

Foe a bin Band target i with N events, the bin value and 

error w1 s: 

N 
Bin v:i.lue = A =.~, w I Area ( 6- 3) 

B,i i= i E 

2 N 2 2 
Bin -grr or = p = . .z, "' I l\ ce a ,. 

B,i i= i E 

2 
+ (A * EA * ln(\N.)) 

B,j J 

Area = Area of bin B (in x , x units) 
B 1 2 

AN = Atomic mass number of target j 
i 

~A = vrror on atomic mass number dependence. 

The tarqets were th~n combined accorriinq to: 

3 2 
D = .2, 1 I E (6-4) 

B ]= B, j 

3 2 
A = 52 1 

A IE ) I D 
B 1= B,j BI j B 
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2 
E = 1 I D 

B B 

13 in centers we r~ the weiqh t ed a vera qes of the even ts in the 

hins. 

2 
::'or a criven value of the function, 7 , at bin E, the';< 

B 

was formen an1 then minimized. 

2 2 2 
X = ~ (F - A ) /E 

0 Bins B B B 
(6 -5) 

~anv of the bins had very fev events in them Ci~. to 

3) and we felt that the error assiqned to the bins should be 

moLe carefully defined. In ?oisson statistics, the error is 

proportional to the square r-oot of the eicpected number of 

* * events N. The definition for E assumes N = N , the 
B B B B 

actual number of events. We defined two conversion factors, 

w and w' , that r elate N to E :ind i\ : 
B B B B B 

A = w ... N (6-fi) 
B B B 

2 

"' = ~ I * N 
B B B 

so w was an averaqe weiqht for the events in that bin. 
I3 

Then we 1.efined a new 'expected number ::>f events' using this 

aven.qe :.reiqht: 

* N == F I W 
B B P 

an1 a n~~ ~stima+e for the expected error: 

*2 
E 

B 
* = w I * N 

s r 

( 6-7) 

(6-8) 

These erro:-s were used in the minimizati::>n. Note that w 
B 

and W' stayed the same. We found that some type of error 
B 
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re1ef ini tion method was necessary to insur~ that the 

minimization routine came up with the correct answer when a 

known 1 ist:- ibuti on was put in as a test sample. The above 

method accomplished this. 

The likelihood of a .:;et of un::;::>rrelated even ts 

happeninq is ;ust the pco'1.uct of the probability of 

occurence for each event. In the maximum likelihood method 

we trie:i to find an event probability distributi~n (which is 

proportional to the cr::>ss section times the prob1bility that 

an event will be seen) that matche1 the actual distribution 

of :lata points. The pcobability that an event w~uld be seen 

a t some x , x is : 
1 2 

P ( x , x ) = F { x , x ) * e ff ( x , x: ) / Norm 
1 2 1 2 . 1 2 

(6-9) 

where: 

F(x ,x) = Functional form beinq fit 
1 2 

:::ross section) 

(differ en tia l 

eff { x , x ) 
, 2 

= Acceptance efficiency (probability that 

~ v e n t wi 11 be s e en ) 

Norm = The normaliza~ion constant for the given form of 

1" (X ,x ) 
' , 2 

Th~ n')rm3.lization is calcul'l.ted by summing up F(x ,x) 
1 2 * 

eff (X ,X) 
l 2 

for a set of :1 points uniformly scattered over 

the reqion beinq fit: 



130 

'."! 
Norm= '5(F(x ,x) * eff (x ,x )) / !'.'! 

- 1 2 1 2 
(6 - 10) 

Tb a like lih J od L of a qi ven set of 'I points actually 

oc:urrinq was then: 

N 
L = -yr- P(x ,x l, or 

i=l 1 2 
(6-11) 

~7 

ln r L 1 = '5 1 nr p ( x , x ) 1 
i:l I 2 

N N N 
= '5 lnrF(x ,x) 1 + '5 lnfeff(x ,x) J - 5 ln[Norm] 

i=1 1 2 i=-1 1 2 i= 1 

'l.T 

= j lnf P (x ,x ) 1 - N * ln (Norm) + constant 
i:Ol 1 2 

where the constant is independent of the functional form of 

F. The likelihood was then m3.:ici:nized by minimizing -ln (L). 

Minimization in both the bin an<l likelihood methons was done 

usinq the MI~UIT minimization proqram. 

J\s stated in chapter I, the Drell-Yan cross section 

for:-mula is: 

2 
d. 0-/(dx dx) = 

A B 

4· 2 
( 4 1T 0( ~s I ( 9M ) ) '5 { e 

I i 

A B A B 

(6 -12) 

r x f. ( x ) x f ( x ) + x f (x ) x f ( x ) 11 
.Ai A B1 B AI A Bi B 

There are a number c:if simplifications in its application to 

this experim~nt. For- a pion, charqe con'juqation and isospin 

invariance imply that the quark '.l istributicin function is the 

same for bo<:h of the valence quarks ( '1 and 1I for a pi ) • 

F u r th~ r, if th e k i n Pm at i c re q ion i s re st r:- i :::: t e d t :> x > J • 2 S , 
1 
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the contribution of sea quarks in the pion is expected to be 

neqliqible (we estimate less t:han 43) in this re:Jion. Then 

for pion-nu=leon collisions the sum over quark flavors 

reduces ta two terms corresponainq to the two valence quarks 

in the pion. The cross section becomes: 

or since 

~ 

4 2 
ti d <r / ( d x dx ) = 4 T« ,,_s/9 • 

1 2 
( 6-13) 

pi N ni N 
r 419 x u. c x ) x u c x ) + 1 ;9 x a" c x > ic a c x > l 

1 1 2 2 1 1 2 2 

_pi pi 
u ( x ) = d ( x ) : 

1 1 
4 2 

d a- /(dx dx ) = (4 'Tro<i.S/9) 
pi 

F { x: ) G 

pi 
F' { x ) 

N 
G ( x ) 

2 

, 
1 2 1 

pi 
= X iI (X ) 

1 1 

N N 
= 4/9 x u (x ) + 1/9 x "J (x ) 

2 2 2 2 

N 
(X ) (6-14) 

2 

There are ":. wo useful sum rnles that apply to the 

valence quark distribution of the pion. 

A.) )
1 pi 
ii ( Xl 

I) 
dx = Nu~ber of TI valence ( 6 -1 5) 

quarks in the pion. (Should equ:il 1 if the color 

assumption is correct.) 

B) 
_pi 

XU ( X) dx = Fraction of pi on momentum 

carried by the ti valence quark. 

r, xii(x)dx I 
'.) 

(
1 

u(x)dx = <x>, average x 
0 

the TI valence quark. 

of 
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In extractinq the structur-e function by the bin method~ 

two different '4ays of defining the bin edqes wer2 used. The 

first used bin edqes cf constant x: and. x (r ect angular 
1 2 

bin S) • rhe second definition used hins of constant x *x 
1 2 

and x - x {constant mass an~ x: when p is iqnored) qi ving 
1 2 f T 

See Fiqure 6-2. In both cases th•? fits 

were done in the x ,x plane. ?or both the bin and maximum 
1 2 

lilrnlih:rn1 math'.)js, the mass ceqion was cut at '.L 0 < M < 
2 

8.75 Gel//c. The limits wece set to avoid contributions 

from the re so na nces {the J/1f, tf' and u psi lo n) • 

~s a first test, the rectanqular bin method was used to 

test the hypothesis that the cross section could be 

factorize1 'iS in eauation 6-14. The range of x (0.25 < x 
1 1 

< 1.0) W!s divide1 into 14 bins an~ the ranqe of x {.05 < 
2 

x < .28) ..,as divided into g bins. The 85 populated bins 
2 

were fit to 2 3 variables, 14 of which repri?si:>nted values of 

pi 
F. { x ) , N 

an:l 9 ::>f which rePt:'esented :; {x ) • 
2 

Each bin -was a 

pro1uct of two of the variables, one from each subset. This 

reoresented a test of the fa:::torization hyp::ithesis f:ree of 

any assumed functional form f.::ir the structure functions. We 

2 
foun~ a '{ of 65 for 61 deqrees of fr?eiom for this fit, 

iniic-3.tinq q::ioi aqreement with the factori:ntion hypothesis. 



We still needed ac1itional information to fix the 

separat?. normalizat.ions of the pion ard nucle)n structure 

functions. To do this, we forced the nucleon structure 

function, as qiven above, to have the same normalization as 

the nucleon stru=ture function derived by others from deep 

23,,24 
experiments inelastic lepton scatterinq and proton 

4 
induce1 lepton pair experiments. In particular, we used 

the valence quark distributions of Buras and 3aemers {with 

2 
~ = 

2 
-~ ) and the sea distribution of the 

:olumhia-Fermilab-Stony Brook collaboration. As stated in 

the previous chapter,, we prefer the CFSB sea over the sea 

qiven by Buras and Gaemei:-s because it more accurately 

+ 
reproduces our measurement of the pi /pi production ratio. 

Piqure 6-3 shows the data points qiven by the factorization 

test for the nucleon function normalized t.o the same area as 

2 
the theoretical curve. The aqreement is eiccellent (a 'X of 

5.1 for A deqrees of freedom). Also shown are various 

n 
curves of the f'.)i:-m ( 1-x ) ,, also normalized to the same area 

2 

over th?. reqion .05 < x < .28. They df?rnonstrate the fact 
2 

that we had very 1 it tle levei:- arm in x 3. nd so we could not 
2 

N 
1-istinquish between clifferent forms of ::i (X ) • r·ndeed, the 

2 

theoretical curve usinq the sea of Buras and Garners matche1 

the data points almost as well as the hybrid form ~e used, 
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the onlv difference beicq a 2J~ chanqe in the normaliza~ion. 

Be:::ause of the insensitivity of the ;la:.a to the exact form 

N 
of G (x ) , we have somei:imes simply parameterizei the 

2 
n 

nu:::lf>on fun::tion in the form (1-x ) , letting the minimizinq 
2 

routine fin1. the best value for n. The pion normalization 

was then fixed by forcing the nucleon fit. t:J have the same 

normalization as the theoretical curve. 

The 1.ata were first fit to the followinq 

parameterizations: 

N 
:; (X ) = 

2 

Pi 1/2 b 
1" (x ) -= a x { 1 -x ) 

1 1 1 

c a (1-x) , d = forcen norm3.lization 
2 

(6- 16) 

( 6-1 7) 

25,26 
The theore~ical predictions for b range from 'J to 

Pi 
2. The lea1inq square root term in F' follows the 

27 
suq~estion of s~veral authors 

oi 
that 1 im F (x) 

x~O 

1/2 
= x The 

1/2 
x term also allows the sum rule (6-15A) to have a finite 

value. The results of the fits are given in Table 6-I, and 

are in f3.ir aqreement for all three methods. 
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Table 6-I, Co moar isi on of 11ethods 
") 2 

a b c x /DF #pt <'.1 > 
curved edqe J. 73 1. 28 3. 30 69/75 1970 25.7 

• '.)5 • '.)8 • 5 ') 

Square e:I::.r2 0. 58 1. 10 3. 00 64/81 1 3 72 28.3 

• 05 .cs • 71) 

Max L. H. 1.37 4. 05 2057 

.05 • 4 0 

The diff~rences in the parameter V3.lues between methods qive 

a better represent3.tion of the sys~ematic err~rs in our 

methods than do the statistical errors quoted. on the ~asis 

on this comparison of different methois, we have increased 

the error bars ::>n the pion fits b"f a factor of two in the 

work that foll::> ws. Fiq ure 6-4 shows the results of the bin 

method with the points from the factorization test for the 

pion. 

~s a ~he~k ::>n the sen3itivity of the pion fit to the 

N 
assumen shape of G (x). we fixed the ~arameterization of 

N 
:; (x) at sp~~ifi~ values and r.hen did the minimization. The 

results were: 
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N n 
Table 6-II, Pion Dependence on ~ (x) = ( 1- x) J 

2 
n a !) x /DF Can. 

Level 

2 0 • 71 1. 2J 75 /7 f, J. 5'.) 

• 10 • 1 4 

3 0. 73 1 .26 69/76 0.69 

• 11 • 14 

4 '). 75 1.33 71/76 0.63 

• 11 • 14 

5 0. 79 1.40 91 /76 ('. 3 6 

• 12 • , 4 

Theory '.). 71 1. 21 72/76 '.). 58 

• 10 • 14 

Con. level = confide nee level 

No stronq de p9n1e nee was seen. 

As a consistency check, the pion and nucleon structure 

functions obtained 1. b ove we re used to :: ale ulate the muon 

pair cross section as a function of x for various mass 
f 

n::.qions. I:'. .. iqur'-" 6-5 shows that the calculation is in qood 

aqreement with the da<:a. 

Fiqure 6-6 sh:>ws the structure function applied to the 

whole mass ranqe M < 
2 

11 -:;ev /c and x > .1. 
f 

The 

6 

x 
f 

limit 

was chosen so that data from earlier experi~ents could be 

includeL The calculation falls below the da<:a by a facto[' 

2 2 
of 2 at 2 GeV/c and a factor of 15 at J.6 GeV/c • 
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We have investiqated the sensitivity of our results to 

28 
transverse momentum. We were prevanted from doing 

elaborate checks 1ue to a lack of statistics, and so 

investiqated the p effects in only t~o simple ways. First, 
T 

we 1ivB~a the 1.ata into two samples of PT < :;ev/c and 

p > 1 Ge V/c. We also forced the parameterization of 
'l' 
N 3 ,.. - {1-x) because there was not enouqh data in these ,, 

N pi 
sm;tller samp l?s to fit both F anr'l ,.. As Tal::le 6-III 3 . 
shows, the pion f unction was the same within statistics. 

the 

p 
T 

is 

Table 6-III, Pion Fits verses p 
T 

2 2 
a b c X /DF Jt pt <M > 

p < 1. 0 I). 3 2 1. 18 - 3 87/75 1069 25.4 
T 

.06 • 16 

p ) 1. 0 0.37 1 • 21+ - 3 62/69 90 1 26. 1 
T 

.06 • 14 

In the sec'.Jnd method., we trie~ to include p effects in 
r 

model (t houqh in a very n1ive way) • In our model, the 

is assume1 to come from the 0 Of the 
T 

quarks. Each g uark. 

assumed to have an intrinsic p 
T 

= 1 '.ie V /c, so that the 

total p qoes frJm O to 2 GeV/c. Events with higher o are .T T 

dr'.Jpped from the sample. We assumed that the cross section 

stays exactly the same as 6-14 E>xcept that now ;:he 

distribution functions also contain a Jelti function for the 
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q ua r k p , i~, th e er oss s PC ti on w a s the n: 
r 

(6-18) 

6 2 2 2 ~ ~ 
a ~ /(dx de dp dx de dp ) = 4 7io<7 (9t'! ) h (p ) h (p ) 

I 1 T,1 2 2 T,2 1 1 2 2 
)o 

lC h (p ) 
t 1 1 

)o 

x h (p ) 
2 2 2 

pi 
= F (X) &(p - l)/(l+T 

1 TI 1 

N = G (X) l(p - 1)/(!J"1T") 
2 T,2 

After inteqratinq over p , one qets: 
T 1, 2 

2 
1 er I (d x dx ) 

t 2 
--, pi (X ) GN(9' ) = l+'iTo<'\./(9x x) ~ ... 

1 2 1 2 

2 
or, setting H (X Ix ) = x x s < 1 /r-1 > . . 

1 2 1 2 PT 

2 2 2 2 '\,. pi N 
x x s d u /(dx dx ) = i+ Tr()( s I 9 F (X ) G ( x ) 

t 2 1 2 t 2 

(6- t 9) 

H (x , x ) 
t 2 

Note that in the case that p is iqnored, the above 
T 

equations ce,luce to what we ha~ before (i,g, n (x , x ) = 1). 
t 2 

For the o ~odel we used, H reduced to: .T 
2 _, /2 

H{x,x) =xx (A -4) {6-20) 
1 2 1 2 

2 1 /2 2 l/2 2 
A = r (P + 1) + {p + 1) l - p - 2 

L 1 L 2 T , tot al 

1/2 
= x s /2 

1 , 2 

rhe values of x were found using NPwton• s rrethod to 
1 , 2 

solve: 

2 2 
M = (p + p ) (4 vectors) 

t 2 
(6-21) 

x = x - x 
f 1 2 
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The fit was done in the reqion 4 < ( x x s) 
1 2 

1/2 
< 8.75 GeV. 

The in:::lusi::>n ::>f p caused x 3.nd x to assume lower values 
T 1 2 

than when p· was iqn orea.. Bee a use x x s was qenerall y less 
T 1 2 

2 
then M and because the bin edges vere defined in terras of 

2 
x and x , about half of the events with M > 4 GeV/c failed 

1 2 

to make the data sample. 
pi 

F was again fit to the form in 

equation 6-16. The results were: 

p =O 
T ,.quark 

p = 1 
r,.quark 

• 

Table 6-IV, p '.1odel Fits 
T 

2 
a b c X ID~ 

<). 73 1. 26 - 3 69/76 

• , 1 • 1 4 

0. 45 1. 44 - 3 , 15/ 73 

• 08 .20 

The pion fits d::> not change significantly. 

2 
#pt <M > 

1970 25. 7 

876 3 3 .5 

Neither method of including p appe1rs to affect the 
T 

pion str net ure f u net i en si qni f i:::a n tl y. '.1ore sophisicated 

treatments of the effects of p are proo3.hly not iustified 
'T" 

qiven this insensitivity and th3 limited amount of data we 

h3.Ve. 

The mass 1ependence was investigated in a manner 

similar to ~he first method describea in the previous 

sect.ion. The sa!'lple was div iJ.P-d into tw::> sets 4 < M < 5. 3 
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? 2 pi 
3eV/c and 5.3 < M < 8.75 3eV/c and F fitted to the form 

of 6-16. The r~sults were: 

Table 6-V, Mass Dependence Fits 

2 2 
a b c x /DP it Pt <11 > 

M < 5. 3 0.73 1. 22 - 3 26/33 14 18 20. 3 

• 1 2 • 13 

M > 5.3 0. 6 9 1. 29 - 3 40/39 552 39.6 

• 1 8 .22 

The results show no siqnificant mass dependence for the pion 

structur-8 function. 

The effect of Fermi motion was investiqated with a 

Monte Carlo that qenerated ~wo sets of data ~ith the 

4 2 1 5 
a.istribution '.1 -1 ~ /(dx dx ) 

1 2 
(1-x) {1-x) 

1 2 
One SPt 

in:::lude1 the effects of Fer;ni motion in qene ra tinq th P 

kinematics of an event (tiasically by smearing the value of 

s), the other 1i1 not. The tlfo sets were -:hen put throuqh 

the fittinq procedure. The results were: 

Table 6-VI, Fermi Motion Effects 

Pion Nucleon 

No Fermi 11otion 1.J3 + .'.)6 4.9 +. .4 

~ith Fermi motion • 9 8 + " r • .J 0 4. 7 + • 4 

No siqni ficant ef feet lfas seen. 



19 1 

Finally, the s 1Jm rules qiven earlier in the chapter 

pi - 1/2 1. 2 8 
were in+:eqrated usinq the fit u (x) = • 73x (1-x) 

Sum A) 

sum B) 

r 1 ni 
if' (x)dx = .25 + 

.25 
• C7 

( 1 pi 
) XU ( X) d x -= • 1 1 !: • l") 3 

.25 

{6-21) 

Note that a 2J% normalization error has heen folded in to 

reflect both the uncertainty in the nu=leon normalization 

an1 in the atomic mass number dependence. 

One would like to continue the inteqration ::>f 6-21A to 

x = 0 to see if the integral was consistent vi th color (see 

equation 6-15). The integral, however, depends heavily on 

~he low x behaviour of u(x). To stuiy this, we fit 

pi e b 
F' = a x ( 1-x) for several values of '?. The cesults of 

the fits an1 th2 value of the sum rules for x =O "' 1 were: 
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~able 6-VI!, sum Rule ~esul ts 

2 
e a b c x /DP Con. Sum A sum E <x> 

Level 

'.). ) '.) '.). 4 '.) ').97 3.5 7 4 /7 'i •}. 5 1 oO 0. 20 O.GC 

• 06 • 1 4 1 • 0 • 04 

'.). 2 5 '.). 54 1. 13 3. 4 71/75 J.62 1 • 7 IJ o. 18 c • 1 1 

.08 • 1 4 1 • 0 • 34 • 0 4 • 0 2 

'.). 5 '.) '.). 7 3 1.28 3.3 69/75 o. 6 6 0. 9 1 c. 1 6 ') • 1 8 

• 1 1 • 1 5 1 • 0 • 1 8 .03 .04 

'.). 75 ).99 1. /~ 3 3. 1 70/75 0.54 '). 6 5 o. 15 n.23 

• 1 4 • 1 5 1 • 0 • 13 • 0 3 • ('4 

1. 00 1 • 3 5 1. 59 3.0 7 2/75 0.55 0.52 o. 1 5 I). 29 

• 2') • 1 6 1 • '.) • 1J • '.) 3 • J6 

All of th~ fits qi ven ace fairly qood. The wide range 

in the V3.lue of sum rule A (.5 to infinity) means that we 

:::annot make any firm statement about ::::Jlor without first 

assuminq a specific low x dependence. :onversely, • .f= 
i.... one 

believes i:i c'.Jlor~ so that sum A - 1, then we can make a 

statement about the probable low x dependence of the 

strucLure function. 

We can als::> make a fairly confident statement about the 

per:::entaqe of a pion's moment~m carried bv the two valence 

quarks. This pet"centaqe ( = 2* Sum B = .3 to .4) is not 

stronqly 1epen1ent on the low x behaviour of Ti (x:). The 

other 60 to 70% of the momentum is pr~sumably carried by the 
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se3. quar:-ks an1 qluons. 

This exoeriment has made siqnificant advances in both 

experimental technique and in the understanding cf harlron 

physics. On the experimental sU.e, ollr use of a very fast 

:3.n1 ::;omplex triqqer loqic has demonstrated the feasibility 

of the use of intricate, real-time, logic to select for rare 

events. 

In the realm :Jf hadron physics, our measurements have 

presented evidence for many interestinq effects. 

(1) We find that thP. atomi:; mass number dependence of pion 

inducej dimuons increases with mass up to masses of 

2 1. 12 
about 4 GeV/c , where it reaches a plateau cf A 

This power law dependence seems ·1ef in i tel y to be 

qreate!:' than 1, as opposed to the proton dependence 

which appears to plateau at a value of 1. 

(2) We have set thE> first limits for the produ:=tion cross 

section of pion induced upsilons: B VX < 1.4 

p b/n uc leo n, 
1/2 

9 S °' con fide n:; e 1 i m i t at s = 2 0 Ge v • 

(J) We have sh:Jwn that thB p of pion indu:;ed dimuons 
T 

reaches a plateau of about 1.2 3@V/c at high masses, a 

value 200 MeV/c higher than the proton induced dimuon 

P plateau at similar enerqies. 
T 
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( 5) 

, 94 

We ha v~ p r~se nt ea 1ata on the prod. uc ti on of J/if 

+ 
particles with various beams, inc lud i nq ' an i K beams. 

We have found dramatic agreement bet ween th!? 

predictions of the Drell-Yan model and experiment. The 

important features of the data an1 some of their 

implications are: 

2 * 
(1) A. 1 + ~os e dependence of the cross section at 

hiqh masses. This indicates the existence of spin 

1 / 2 p a rt i c 1 es ins id e of the h a a r o n s th at can 

interact. i:ogeth er through a 1 i nte rmed ia te S1: ate. 

+ 
(1)) The pi /pi ratio. The value ~f this ratio at 

hiqh masses and the manner::- of appr~ach to this 

value has several implications: 

i) The aqreement with a high mass limit of 1/4 

indicates that the ch~rges on the d and u 

quarks are of the ratio 1:2. 

ii) I'he manner of approach to the ra:Lio indica1:es 

that the nucleon sea quark distribution goes 

10 2 2 4 
as (1 - X) for IQ I > 4 Ge V /c a;i d x < • 1. 

N 

iii) The fact that ~he ratio is not indicates 

that the reaction is basically 

2lectromaqnetic ~nd that the 1 intermediate 

state is prob:=tbly a virtual photon. 



1 9 s 

(c) The pi /oI:'oto n rati·'> is one of the first clear-

in11 ica t ions that one of the valence quarks in the 

pi o n is i n fa ct an 3. n t i gu a I:' k. 

(6) We have us~:l the framewor-k of the Drell-Yan rrodel to 

make the first clPar 1erivation ~f the pion structure 

fun::tion. 

(a) We have shown that for x > .25, xii(x) aqrees 
pi 

i;2 b 
well with the functional form x ( 1-x) , with t. 2 

<b<1.4. 

(bl We have shown that the nor-malization of the 

str-uctu re function indicates th1 t 30 to 403 of t.he 

pion's momentum is carried. by the valence guar-ks. 

(::) An3 we have shown that if one assumes that 

lim U (X) 
x~'.) 

-1/2 
= x , then the data are in excellent 

aqr-eement with the color hypothesis and that color 

is important for- mor-e then just bookkeeping. 
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Piqure 6-5. ~~vnman-x distribution of pi induced muon pairs 

2 
with m:isses b~te~n LJ.0 an1 8. 75 ';eV/c • The curves are 

basen on our fits for the structure functions. 
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Fiaur~ 6-6. Co~oarison of Orell-Yan model to th~ measured 

cross section. The low mass points are from reference 6. 

29 5 
The pion sea was assume·~ to bP. 0.1(1-x). 
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A ppenrlix A 

,, 
Desiqn Of A Pas~ ~ass Dependent rriqqer 

r h~ new physics accessible to ex per in en ts that produce 

lepton pairs has encouraq~d a number of groups to search for 

even ts of higher and high er leoton pair 'll'.!.SS and he nee lower 

4,6,1'.) 
cross sections. These qroups seek answers to several 

intriquinq questions such 3S the role oE the Dr ell-Yan 

me:::hanisrn in th~ production '.)f m11on pai!:'s and the existence 

of resonances with masses qreater than the J/~. Our group 

investiqated ":hese an(l other questions in a recent. 

experiment at Fermilab that used a 225 -;ev/c hadron beam t:o 

stuny the reaction: 

+ 
ha-1.r::rn + nucle11s ~JI )1 + anvthing. (A- 1) 

The sp~ctrometer, shown in Fiqure A-1, consisted of a 

vr:>ry 13.rqe 1ipol? analyzing maqn<?t. (fonerly the Chicago 

:yclotron Magnet) •ith multi-wire proportion1l chambers 

forward of the magnet and spark chamber-s after the magnet to 

m e:t sure tra::: ks. Larqe iron absorbers protected the 

spectrometer from the flood of hadrons, :tnd identified the 

mu::>ns bv a ranqe ·requirement. The inf~rm~tion for the 

triqqer cam~ from three larqe scintillator ho1Jscope banks 

i ~his Aopen1ix has he~n su~mitted as '.!. sepacate paper to 
Nu:::lear Instrum?nts an•1. Methods. 
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labelled ,J, ~, anr'l. Pin Fiqure A-1. The resultinq appaI:'atus 

:i.c~epte:i about a quarter of '\ll muon pairs (a "dimuon'' 

eventl, independent of mass. The app:i.r3.tus ac~epted muons 

2 + -
from the decay of the p (75J l'teV/c ) ~ µ p. e1ually well 

as those from th~ dE=>cay of the T 
2 

(9. 5 ~eV/c ) • With low 

mass dimuon production about 3. million times more common 

th3.n the events of interest, t"ecordinq every :iimuon event 

~ould have required unacceptabl~ amounts of time fot" data 

takinq and analysis. 

We cl? a r lv needed a mass de pendent trigqer. The 

desired triqqer determined the dimuon mass by co!llbining 

three di:feI:'ent ::i uantities, the momenta of the two muons , p 
1 

and o , and their relative ope~inq angle, e, accordinq to 
'2 

2 
M = 2p p { 1 -cosS) • 

µp 1 2 
{A-2) 

These ~uantities, which depend on the ohserve~ muon tracks, 

:tr~ usually :::al:::ulated. "off-line" with the aid :>f a large 

computer. Additionally, the ~rigger incorporated the 

followinq features: 

(1) Shc:1rt 19cision time: under 500 ns after an event, 

includinq siqnal transit time as well as time for the 

mass calculation. 

(2) ~o bss of acceptance or lenqtheninq of the 

1ecision ti~e ~u~ to a1ditional particles in the 
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(1) Tmmuni":v to rf noise from larq~ spark chambi?rs only 

one meter away. 

( 4) Short desiqn and construction time (uniler 9 

months} • 

our solution was to use qate matrix techniques to generate 

the three kinematic quantities, p , p , and s-. from the 
1 2 

pat tern of the muon traiectori~s observed in the 

scintillator counter banks. A simple h~rdwired digital 

pr~cessor th~n calculate~ the mass. Section II of this 

report 1escrihes the triqqer concept in 1etail, section III 

describes the circuit desiqn, and section IV 1icusses the 

o er form an c e of the tr iq q er • 

The triqqer can. be divided into two parts: th.E dirnuon 

loqic, whi:;h r~:fuired that two or more nllons be produced in 

an event, an~ the mass loqic, the rnain subject of this 

rPport, which actually estima•.cd the invariant !!lass of the 

pair. rhe entir2 triaqer loqic had to be comoletecl in 1inder 

300ns, a tim~ constraint impose1 on ~he triqqer hy the 

memory time of the trackinq chambers ~nd ~he prooaqation 

time 1el~y of si1nals qoinq fcom one en~ of the ~pparatus to 
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the othPC. 

'rhe dimuon tciqqec haa. two staqes. Staqe 1, called the 

pretriqqer, started the mass calculation. It required that 

the J scinti ll'itor bank (se~ F'iqure A.-2a), which was divide1 

into fa ur sectors, have hits in '1iagonally opposite 

quadrants and that the F bank (see Figure A-2b) have hits in 

both its top and h ott om halv~s, these conditions b~inq 

n ece ssarv to do the mass cal cu lat ion as will be explained 

b el ov. Stage 2 ::> £ the di muon logic ':'an in parall~l to the 

mass loqic and further checke1 foc the pcesence of two muons 

hv requiring horizon+ally separated hits in the F and? 

banks. This parallel logic also imposed 1 minimum openinq 

anqle requicem~nt at the J bank. The mass logic later 

reguirei a lacq:?c op?ninq anqle. The aLuuon loqic was built 

alrnos~ entirely with standard NIM loqic modules. Each stage 

lasted 15 0 ns. 

The ob-ject :lf the mass loqic was to obtain a coarse 

estimate of the loqarithm of the mass of the muon pair from 

the formula: 

2 
loq (~ /2) = lo::r (P ) + loq ( p ) + loq ( 1-cose) • 

PP 1 2 
(A-~) 

We chose to tri::r::rer on the loqarithm of the mass as th~n. 

onlv ar1ditions rather than multiplications nAed he 

PE'!rformer~. The mass loqic ~1lculated th~ loqarithms of the 
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qu~ntitL:-s p 1 , p , and ( 1-cose) as well :i.s the :nass itself 
2 

in less th-:i.n 12J ns. The remainder ~f this s ec~ion 

~iscusses th'? ::-alculation of these quantities from the hits 

observed in the J and F hodos::-ope banks. 

The first ~f the hodoscope banks used in the ~ass 

loq ic, the J, was pla ce-1 in front of the magnet. It 

consisted of two parts, ( l) 24 horizontal position rrteasurinq 

=ounters calle~ the J counters, a.n:l ( 2) l Fi v PL' t i ca 1 
x 

position measurinq coun-ters called -:he J counters. S8e 
y 

? iqu re A. - 2 a. N::>te that each counter onlv ex:ten<led half way 

across the acceptance of the spectrometer. By considerinq 

only evQn~s that have muons qoinq through different 

quadrants of the J hodoscope we avoided ambiguous solntions 

for tht?. location of the two muons. As a further check that 

the hits ::-ame from two or m::>r:-e muons, we required that the 

hit auadrants be diaqonally opposite each other. 

The second counter bank, c:=i.lled the F bank -:1.nd shown in 

Fiqur:e ~-2b, ha1 56 horizontal position me:isur:inq counters, 

divided into 28 top and 28 bottom count~rs. 

"~ss u mi nq h:::> th muons oL" q ina ted in the t arqet, the 

si::>p::i.rations of their bits in the J an<i J h1nks determine.'! 
x y 

their :::>peninq anqle. The relative displacement of the muon 

hits in the J an~ F tanks, which lie on either side of the 
x 
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maqnet, determined the muon momenta. T:J make -:he linking 

between hits in the J and F banks unambiguous, we required 
x 

that one muon q:J throuqh the top half of the count.er arrays, 

the other thr:Juqh t~e bottom half. Pi gu re ,I\- 3 shows a 

typical event that satisfies these requirements. 

The ess~nce of our mer.had was the way in which a 

coincidence between a pair of counters that measured a 

1 ua n tit y o f int er<:> s t (mom?.ntum or openinq angle) was 

converte1 into a diqital measure of that quantity. The 

loqic formed all possible two-fold coincidences between the 

elements of two counter banks usinq a larqe matrix of A~D 

qates. Each q a+:e in the mat ri :x: represented a value of the 

quantity computed, either a momentum or an angle. The range 

of possible v~lues was quantized into a small number of 

bins, and the our.puts of all qates i\Ssociated with the same 

bin value were ORed together. Fiqure A-4 shows 3. simplified 

d i a qr a m of a c i r c u it t ha t d. o e s th is • The ORed outputs 

formP-1 a set. of. lines labellen in ascendinq order of value. 

in event tha~ satisfied the pretriqqer requirements wouli 

have one or: mace of these lines true. (:'.'!ultiple:hits in~ 

~ount@.r bank can tur:n on more than on~ line.) 

We then fed the output lines into the input channels of 

a priority encod.er circuit in their labell2d order, i~, line 
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Jne went into input channel one, an~ so on. The encoder 

cir:::uit put out as a diqi:.al number the channel numb8r of 

the hiqhest true input. The qroupinq of the matrix bins and 

the sel~ction of the sc~l~ of the quantities computed were 

caref11llv chosen so that the channel number was the value of 

the quantity wanted. The number of ch;innels usecl was chosen 

to match the r:-esoluticn of the measur:-ement. To take a 

specifi:; cas~, ~very combination of an upper J counteL" 'With 
x 

an upper- F counteL" cor:-responde~ to some value of log(p ) • 
up 

Each combinati::>n was assiqned to an encoder channel 

a ccordin q to 

Channel number= 1'.)loq (o ) - 7, 
. 10 up 

(A-4) 

which qave fif~een channels for 7 GeV/c < p < 160 GeV /c. 
up 

Two st9ps wer:-e reouirec1 ~o measure the opening a.ngle. 

First, coinciience matrices found the horizontal and 

vertical separations. All Dossible two-fold combinations of 

the cutout of these matrices formei a second ~atrix which 

qrouped the output lines by the value of 1 0 1 o q ( 1 -co s e) 
10 

3-:i. We imposed a minimum openinq angle :::ut at this point by 

not connectinq up the line for- the smallest openinq angle. 

The resultinq twenty output lines for 35 :nrad < e < 320 mra1 

w Pre fei int::> an e nco r1er:- • 

Takinq the three diqital numbers that corresponded to 
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loq ( p ) , 
llp 

loq (p l, and loq { 1-cosa), a simplE diqital 
down 

adier described below then produced a number which increased 

monotoni:::allv with the d.imuon mass. The mass loqic then 

accepted or cut an event based of this mass number. 

The mass loqic, built at Princeton University, used 

3 1 
i1ECL 1 '.)K int eqra t eel circuits. We mountei the inteqrated 

32 
circuits in A uq ut :ECL wire-we a p boards. These boards, 

which have built-in sockets already connected to ground and 

vol ta qe planes ( botC. -5. 2 V and - 2V) , simplified the 

construction and debuqqinq of the circuit. Signal lines 

were wire-over-~round transmission lines terminated through 

100 ohms to -2V. The circuit divided into four sections, 

( 1) the input latches, {2) the matrix-encoders, (3) the 

:i.dier-comoarator, and (4) the testing cir:::11it. Fiqure A-5 

shows a flow diaqra:n of the circuit. 

The basic input latch circuit, shown in Fiq~re A-6, had 

:i. NIM-to-MECL translator built from a differAntial amplifier 

with the threshola set at -.2 Volts and a type D 

:nast er-slave flip-fl o o. This circuit r~quired a data siq na 1 

at least 8ns lonq. !he -.2V :::ame from a two resistor 

voltaqe nivi1er between qrouna and -2V with a .O I uF hypass 

capacitor to qround. Each four channel amplifier chip ha1 
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its own v.Jlatqe divider network. 

separate J anfi F latch siqnal:;. 

The latch output then fe~ the matrix-encoder boards. 

I'he bi'lsic ma<:rix bo:ird, as shown in !iqure A-4, had four 

parts: fanout qates, the AND matrix, fanin gates, and an 

encor!e:r circuit. We based the enco''ier circuit on the 

MC1')165 prioritv encoder chip. When da t3. was pr~ sent, the 

encooer chip put out as a diqital number the loqical 

comnlement of the hiqhest nrio ri ty ch 'l.nne 1 number. When 

':hen:. w~s no input, the output was the same as the output 

for the hiqhest priority channel. Because of this strange 

be ha vio ur, we foll owe a th is ~ h i o wi th a circuit that 

inverted th~ output, but only when there W3.S data pr~sent 

and no data into hiqher order encoder chips. such higher 

::>rde:r chips, not shown in the fiqure, wer~ used when more 

then 8 :;hann9ls were needed. 1'he encod~r circuit forrne<l the 

low order three bits of the final diqit~l output by OR'ing 

the output of the individual i11v~rter circuits (as cnly one 

cir::::uit woulr1 be non-zero). The hiqh o rdei: l::its w-er e 

<1etermined by which inverter circuit was non-zero. We used 

3. four bit nu:nbet" for the momentum an·l. a five bit numbei: for 

the opP.ninq anql~. 

The aclcl~r used two Arithmetic Loqic Units (MC10181) to 
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form the four low o!:'der bits of the doubl9 sum. The carry 

bits from each adder chip alonq with the high order fifth 

hit of the openinq anqle number formed a 3 hit address used 

to look up the two hiqh orc'!.er bits of the sum in a 8x2 bit 

memorv made from two 8 channel multiplexer chips ( :1C1 '.)1 64) • 

A six bit comparator, made from two MC10166 ccmparator 

:;hips, t~sted the final sum aqainst a number set by front 

panel switches (the "cut value"). See Figure A-7 • If the 

sum (called the mass number) was g-reater than the cut value, 

3. true siqnal, translated to NIM levels, was sent to the 

master triqqer. 

Becaus~ of the large s:;ale of the :;ircuit (about five 

hundred :;hips), we also built into the mass logi:; a computer 

controlled on-line testing circuit. This circuit used a 

series of niqital counters ind decoders that cycled through 

3. set of input :;o mbinations that tested every gate and wire 

in the system at least once, but not ill combinations of 

inputs as that would h3.ve t3.ken too much time. The order of 

the combinations trie1 was hardwired into the tester, the 

computer providinq only ,3.n intializinq siqnal and a stP.p 

clock. l<"or each combin3.tion, +:he comp11ter read back thcough 

:i simpl~ CAM:AC interface mo1ule the output of each 

matrix-encoder board, the fin~l sum, the cut value, ~nd the 
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::omo;:i.ris'.)n I"esult. The cornnuter compare1 -:hese numt:e['s with 

the expected ['esults. 'Iwo test cycles we['e used, one to 

test the on~ninq anqle boa['i, the othe[' to test the momentum 

boards. ':'he enti['e tPst took about thr-~e sec:>nds and was 

['Un app['oximately eve['y four hou['s. 

As a fu['the[' check, we compa['ed the mass logic results 

while takinq actual data with that of an '.)ff-line computer 

p['oqram that simulated the same loqic. This comparison ~as 

done with the mass loqic both in and out of the master 

t • _ ['l.qqer. Between these two svstems of checks, we can 

confidently say that the mass loqic neve['ed f!iled during 

the four months that cur exne['iment ran. 

This loqic wo['ked quite well. The redundancy in the 

t['iqqer to insu['e the exist.ence of two separated muons kept 

the triqqe[' very clean. Inde8d, in some runs, the final 

off-line analysis reconstru~tei two O[' ffi'.)['e muons in up to 

953 of the t['iqqers. A reconst['ucted muon was defined as a 

tr~ck a set of hits in the chambers both before and 

afte[' the maqnet) that pointed at struck scintillate[' 

countP['S in all th['ee hodoscopP banks. F u rt h e r rr-0 re , th ~ 

acceptance efficiency, shown in Fiqure A-8, was la['ge ani 

'.)nlv sl'.)wlv chanqinq in the ['eqion of iaterest. The entire 
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triqqer loqic to:>k about 300ns~ the mass loqic t!king about 

half of -:his. 

With only six bits to cover the mass range of zero to 

2 
twentv ~eV/c , we did not expect qreat mass resolution from 

the loqic. Fiqure A-9 shows the line shape of the p and 

J/l as calculated by the loqic. The nomin:il mass scale in 

2 
GeV/c is also shown. This f iqure sh:> ws tha <: r ei ectin g 

events with a mass number of 25 or less will cut about ~6% 

of the .e~ and leave 88% of the J/lf's. The mass resolution 

incl url es the effect of extra hi ts iP. the counter banks {from 

ielta rays, third muons~ overlapping counters~ gtc). 

:Jecause the loqi:: would use thE? combination of hits that 

':fa v e the hiqhest mass, the extra hits ca used high mass tails 

which were the main source of ineffectiveness in th~ 

t riqqe r. 

To quantify the effectiveness of the trigger, we used a 

fiqure of merit defined as the number of events the trigqer 

accepted for each qood J/fJ recor-de'1. Table A-I presents 

this number for various triqger cuts. The first entry in 

6 
the table is from a previous experinent of ours usinq 

basically the same ~et UP, but which did not try to sunpress 

lo•.r mass events. The secon:J. entry is from onr prP.sent 

expprimen-: with just the tJ.imuon triqqer requirements. The 
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other entries came from runs that reiected evAnts with a 

~~ss number l~ss than or equal to the indicated number. The 

wine ranqe (7 t'.) 20':) in the fiqure of merit for the present 

experiment demonstrates the flexibility of ~he trigqer. 

Table A-I 

'l'r iqq er Fiqur e Of ~er it 

Triqqer D i SC r i pt i 0 n Triqqers Per J/V 

p . _ rQ Vl.O US 1:' • + '""'xp er1 men - lOCO 

This ~x. No Mass Loqic 2'.)'.) 

'.'lass cut = 1 3 10 0 

:!ass Cut = 2 '.) 2'.) 

:-!a SS Cut = 25 7 

This mass dependent triqqer loqic provided a rejectio3 

f~':'tor of UP to 150 aqainst l'.)w mass ev?-nts. This permitted 

the collection of a manaqable amount of data (about three 

million events on tape) with no si:Jnificant loss of 

efficien~y at hiqh mass. It seems clear that as physicists 

try ~o study rarer even~s, complicated triqqers such as 

:J.escrihe:1 here .,..ill become more and more necessary. The 

SU':'~Pss of this particular exctmP18 points the way to the 1Jse 

of such syst~ms in future ~xperiments. 

~- .. 
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HIGH MASS EVENTS HIGH MASS EVENTS HIGH MASS EVENTS 

TARGET MASS Xf PT CROSS TARGET MASS Xf PT CROSS TARGET MASS xr PT CROSS 
SECTION SECTION SECTION 

w 6. ll .887 .760 21 .. llO w 4.07 .121 1.099 28.926 w a.25 .641 1.764 26.2Sl 
w 4.15 .• l37 1.262 23.293 w 4.70 e.319 1.468 18.986 .. 4.02 e469 lel07 16.172 
w 5.04 .579 1.274 12. 712 w 4.62 e6S4 1.199 12.970 w 4.27 .796 2.062 42.586 
w 5.73 e6!>6 .376 ll e 142 w 4.09 e247 .471 20.087 .. 4.64 .oo9 1.120 20s. 111 
w 4.14 .539 • .382 27ol76 w 4.97 .S42 .s12 12.926 w 4el9 .474 2.101 18.696 
w 4.80 .41:16 1 • .33'1 13.JOlt w 4.07 .651 1.S74 16.275 w 9.62 e45S .429 11.so1 
w 4.39 .527 .427 11.744 w 4~20 • 212 le646 52.'l90 .. 6ell .ssa .102 11.12s 
w 4.08 .191 1.957 60.922 w 5.0l .626 l 0844 lS.089 w 4.28 .481 lell8 17.622 
w s.01 .2t1l 1.933 ll.654 w s.os .2n 1.188 28.664 w 4.08 .629 l eS89 24.881 
w 4.d2 .!>28 2.934 32.619 w s.ol .654 1.971 15.676 w s.l1 .387 .206 27.S7J 
w 4.40 .105 lo924 25.984 w 4.0l .JJ4 ell4 17.668 w 7.l9 • 772 1.1s8 l4.S29 
w 4.07 • lll 1.051 55.575 w 4.lo .104 1.540 11 l.49l w l0.65 e4ll .an 19.S5S 
w 8.44 .160 le964 47.964 w 4.79 elAO 1.321 4l.ll4 w 4.75 .449 .BS6 14.248 
w S.2l el6l .047 53.581 w 6.01 • 459 .817 10.812 .. 4.78 .297 • 771 l8.S29 
w 4.ll e33l 2.012 27.326 w 4.SO e41l .JBS 11.289 w 7.l2 .470 1.8so 2S.298 
w 4.81 .239 e4S9 22.814 w 4.42 el4l .256 l2.415 w 6.02 .200 .964 29.917 
w S.04 .835 .617 22.263 w 4.47 .282 .97.J 32.466 w 7o ll -.114 1.021 218.705 
w 4.54 .607 .161 10.982 w 4.18 .106 1.238 65.840 w 4e2l olBl .S61 l9el64 
w 4.2l .222 .359 36.039 w s.18 .l9S 1.908 17.806 .. 4.ll el23 1.ssl 20.88l 
w s.02 .307 .997 21.531 w 4.00 .622 .819 15.549 w 5.11 .206 lel98 4l.624 
w 7.62 .201 .449 29.923 w 4.07 0442 1.824 23.089 w 4.47 .lol l e6SS 2l.024 
w s.93 .241 1.010 26.063 w 4.ll .373 .102 18.934 w 6.66 e29S .696 39.067 l\J 

w 4.26 .016 1.112 255.490 w 4.01· ·21·4 1.943 84.796 w 6.07 el2S le90l 29.68l f: 

w 6.26 .lfl4 lo l 98 20.204 w S.90 e3fi5 .S71 54.647 w 4.01 .660 .os6 ll.90l 
O' 

w ,,. 4.73 .4"14 .42 7 16.996 w 6.81 .422 .321 19.406 w 4.09 e419 2.162 22.28l 
w 4.59 .568 .384 llebSO w 4.45 .606 .400 11.527 w s.01 .l62 1.95S so.sol 
w 4.28 .404 .22s 10.706 w s.41 .533 1.956 l6e520 w 4.79 .011 1.269 104.lSl 
w 4.32 .756 0840 13.962 w 4.01 .354 .989 17.290 w S.66 .608 1.908 ll.620 
w ~:.so • !>t. l .920 17.662 w 4o4l .414 1.099 ll.l54 w 4.oo .l96 l 0422 2lol73 
w I e29 .786 0683 10.706 w 4.Sl .s·14 1.611 15.060 w Soll olll .682 4l.OS1 
w ''4. 75 .485 2.579 33.328 w 4.36 .751 lel36 23.158 w 4. ll ol54 lo299 BS.787 
w s.2J • 772 .814 llo940 w 4.99 .491 .804 38.714 w s.s1 0269 .111 l4.908 
w 4.01 .809 .201 23.243 w 4.60 .625 1.049 12.797 w S.06 0429 .l56 29.l69 
w 4.16 o 165 .672 37.0SO w 6.96 .549 1.509 87.166 w 6.l6 o49l le42S 2S.466 
w 4.81 .413· .808 137.963 w 4.06 .JSS .738 14.377 w 4.11 .494 .472 13.887 
w .6.89 e4!>6 .274 l4.5llt w 6.37 el95 1.839 42.724 w 6029 .l4l 2.262 27.216 
w 5.04 .4'19 o28H 10.706 w 4. ll .011 lel54 97.444 w 4.41 .690 .412 11.579 
w 5•58 .490 1.os5 11.150 w 1.21 .094 2e4lJ 127.646 w 6.05 .492 .511 10. 7l6 
w 5.20 .22J .831 42.476 w 4.05 .481 1.608 l6ol72 w 5.67 .620 1.020 27.976 
w 4o9U .• 493 1.12s 17.226 w 4.23 0614 1.506 22.814 w 4.54 .055 .625 l09.2S9 
w 4.40 .252 1.241 83.9!;2 w 4.lo .7~9 lo269 25.891 w 4.88 el27 .44l ll.212 
w 4.19 .393 l o30J 16.477 w 4.94 e'lOA .462 21.430 w 4.72 .046 1.s10 123.278 
w 4.96 .JtJO .314 11. 713 w 4.14 .6t.8 .303 14.657 w 4.18 .lol .l26 14.298 
w s.tu .209 .594 24.802 w 4.37 .!:>1:14 .815 lb.737 w 5.14 e402 lel21 14.117 
w 4.12 • Of\4 . .812 69.60J w 5. 7ts -.1es le60!:>l403o.ll6 w 6.22 .472 .652 20.279 

w 4.42 .506 .562 22.413 w . 4.02 .572 .441 39ollU w 4.26 .231 • 71l 29.762 

w 4.76 .2c;9 lo451 51.611 w S.47 .022 .1ss 82.35b w s.01 • 712 .S76 ll.S79 
w 4.10 .i:;oo .1111 15.209 w 4.61 .690 1.021 13.331 w Soll .726 l.048 69.686 

w 4.03 o't9) .24l 20.830 w 4.21 .111. .443 21.295 w 4.6l .62S .l26 llo9S9 
w 4.J!:> o l H6 1.397 41.!>53 w ·1.92 .!:>13 2.040 1 S.42J. w 7.88 .480 .OS3 21.001 
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