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inclusive muon pair production by 225 GeV/c T , T

and proton beams incident upon carkon and tin targets was
i
measured over a large range of kinematic variablss (2q« <
2 *
Myy < 10Gev/c , 0 < x_ < 1, p, < U GeV/c and jcos2 | < .3).
d'}

“ha2 value of the invariant cross section E; ——————7915
dm dy.d

©
r
N

ted as a function of these variables. The vector
me?ons./o,tbz, ¢ » J and ¢/' appear in the data aleng with
apparently ncnresonant #-pairs. By looking for additional
m4ons accompanying J— A4fq' "evants, a 1.3 percant upper

lirit cn production of pairs of charmed pacticles in

association with the J is obtained. Aspects of the
countinuum mucn pair data ares compared to Dr2ll-vYan wedel
. . +
calculations. The ratio of 4 -pairs produced by T L=an
pirticles to g -pairs produced »ny T b=am particles

supports eleactromagretic production at high mass,
!
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R I. Introduction

A. The Discovery of New Particles

Late in 1974, the discovery of a narrow resonance of
nass 3.1'GeV/c2 was anncunced simu1£aneously by the MIT-BNL
collaboration working at ths Brockhaven National Latoratory
Alternating Gradient Synchrotron and by the SLAC-LEL
collaboration2 working at SPEAR, the electron positron
colliding- beams facility at the Stanford Linear Accelerator
Center. The MIT-BNL grcup made the discovery ¢ty observing
el=ectron posi#ron pairs in a two arm spectrometer using 30
G-eV/c2 protomns incidént on Bea, They found a strong peak at

2 D _ '
3.1 GeVy/c with a width consistent with zero, The SLAC-LEL

group found a sharp p=zak in the cross sections

e+e- ——3 hadrons
ete” —> MM
ete” — eg'e’

2
They observed a width less than or equal to 1.3 MeV/c .

Each q:cup "gave a name to the new particle. <The MIT-ENL
group lapeled it J while the SLAC-LBI group called it ¢’.
Although opinions varied at the time as to what this
n2w particle was, there was ‘agreement that a massive
p;r£icle which was so par:omeeant that some kind of naw

physics was being discovered. a2 foew months later, a



i 3,4 . .
Pa2rmilav experiment ! reported J production from photon and

n:utron interactions with B2, From th= t (momentum transfer

sjuarsd) distribution of the photon induced production, th=2
4

{

authors concluded that the J was produced diffractively off
tho Be nucleus. The ratio of J signal to continuum in the
nautron induced data, ‘compared to that found at SPEAF}
indicetzd that the J was prbduced via t he strong
intearaction, supporting- the conclusion that the § was a
veCctor mesone. -
Even though the J had an undsually long 1lifetime, it
fit in well with some theories éf the weak intaraction.
Pcior to its discovary, Aail known sfronqu interactiné
pérticles uete thought to be composead of threes types.
(*flavors") cf spin 1/2 point ‘particles called "quarks;
i

wiich wer: bound together - Qy‘ spin one particles called
!

njluons”. The following table lists quark propertiszs.



QUARK_QUAKTUM_NUMBERS

Flavor . u d s c
Spin ' . 1/2 1/2 1/2 1/2
Charge 23 -3 -1/3 2/3
Baryon Number 1/3 1/3 1/3 1/3
isospin . 1/2 1/2 0 g
Strang&ness , 0 C ' -1 0

Charm ¢ ¢ 0 1

In the usual model, ﬁuarks have an additional wunbroken
57 (3) degree of freedom called “color". Each Qf the flavors
of quarks can céme in any of three colors while the g}uons
form a coldr octet, |

The existence of a fourth gquark flavor was predicted by
w2ak 1interaction gangs theories which were attractive
bacause they of fered 4 way to .unify the weak and
electromagnetic interactions., | These theories nad the
problem that they predicted the existence of weak noutral
currents, which had not been observed. zlthough neutrai
currents . which did nect change strangeqess were later
observed-in neutrino scattering experiments, exparimental
upper limits on strangeness changing neutral curr=nts wer:

below the level predictsd by the thecries, Thesz2 limits are
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i,

d2rived from measurem=nts of k{f**‘”tﬂ— and from tha2 K. - K
mass difference,

in elegant way cf supres$ing &tranganess chahging
nautral currents in the theory was to add the fourth quark
flavor. This new gquark was lakeled <¢ ahd garried a new
quantum nuimber called ‘“charm", With this addition many
massive long 1lived vparticles ;ere prediéteds, including
particles that carry the charm quartum number as well as a
family of c@ mesons with a spectfum similar to that of
positronium. The J is thought to be a 1- CT bound state.
it is analogous to tha 0 meson which is predominantly s§
and for this reason the J is sometimes feferred t¢ as the
Y, - éome of the charted patticles havée now been tound at

6,7 ‘ g
SPTEER and at Fermilab «

Assuming then that the J is a bound state of a charied
quark and a charmed antiquark, authors have proposed several
production mechanisms, Sivetrs and,,Géidmah9'1G éxamifed
production in the multiperipheral model and conéluded thit
mzcharnisms of the typs zhown in figure 1-1b shoiild account
for about 8¢ percent of the J‘s produced. The giark line
diagram shown in the figure satisfies an =afipirizal rile

11 12 .13
first proposed by OJkubo , Zweiyg and Tizukd . In the
Zweig-Iizuka formulaticn, the tule states  that any

disconnected quark line diagranms (figure 1-1d) are
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(a)

Chorméd Particles

ccllce|| | !

(b)

FISURE 1-1, Two QUARK-LINE DIAGRAMS FOR J
PRODUCTION, (A) THIS DIAGRAM IS NOT ALLOWED
BY THE 0Z] RULE BECAUSE THERE IS A DISCONNECTED

| QUARK-LINE, (B) THIS IS AN OZI ALLOWED
DIAGRAM. A PAIR OF CHARMED PARTICLES IS
PRODUCED IN ASSOCIATION WITH THE J ALLOWING
ALL QUARK-LINES TO BE CONNECTED.



sippressed. The allowed mechanisms of J producticn then
raquirse a pair of charmed partiéies in association with 1it.
0.1 forbidden production of J's (fiqgure 1-1a) and of hkigher
miss charmonium &states which ?QCay to the J, were said to
account for the other 29 petcent. The 02ZI rule Wwas
originally introduced to achun; for the small creéss
s=c*tions for production of S8 meSo ns arnd for their'deCay to
nonstrange hadrons, Y—pm and £ (1514) > T . Tt is also
tnought to play a larqe role in giving the J 1its narrow
width , suppressing J decay ‘to hadrons Lty more than a
faictor of 1000, Alt hough the 0ZI rule is vital in
e2xplaining the nérrov width of the J, its basis in theory is
n§t well uriderstood. Tt is not universally agre<d that the
2727 rule implies that charmed particles shoull be rroduced
t

in association with J's.

. 15 . :
EFinhorn and Ellis considerzd J production by several
¢

mzchanisms., They claimed that quark-antiquark annihilation
! _

and release of charm-antichatm pairs f£from tha sea in

ordinary hadrons gave cross s=2ctions too sgall to account
¢
t

for th=2 data. They also considered J production and 7?
i o)
i

productiorn by the glucns present in hadrors. Quantum rubber
considwrations requir2 that +the J can only be produced
directly via ~a thre= gluon process (figure 1-2a); hcwever;

th even charge conjugation (C = +1) charmonium states can

)




FIGURE 1-2. Two DIAGRAMS OF J PRODUCTION BY.
GLUONS. (A) THE J IS PRODUCED DIRECTLY IN THIS
DIAGRAM BY A THREE GLUON MECHANISM. .

(B) AN EVEN CHARGE CONJUGATION CC STATE (X)

IS PRODUCED BY TWO GLUONS IN THIS DIAGRAM, -

THE % SUBSEQUENTLY DECAYS TO THE J BY EMITTING
A PHOTON.




b= produced by 1 twc qluon metﬁéd, shown in figure 1-2b,
which 1s favored ovar the three §1ucn production. Carlson
16 ! -

and Suaya proposcd that the dorinant mode of J productiorn
was two gluon production of the C = #+1 stétes folloycd by
photon emission to the J. Then Essuming that th2 gluon x
distribution is the same as that‘of thé quarks, they were
anle to calculate (following the'same line Finhorn aﬁd Fllis
ha1d used for the 'Y?C) the total J production cross secction
as a function of s and also da-/;dx, . Here x is the function
.of a particle's nmomentnm that 1is <carried by a given
constituent parton and s is the total'center of mass #©nerqgy
sjuared (s=(p1+p2)2). The scaling vériable x? is defined to
h= the momentum along the beam direction of an cutgoing
particle divided by the maximur possible momentum that
particle '~ could carry consistert with quantum numter
conservation (xpz ZP,,/E). 1

coon after the discoveronf;the J, arnother largs narrow
r=sonance at 3.7 GeV/c2 was founa at SPEAR17 and was named
¢“. This 1is nov{understood to ke a radial excitatiorn of
tane cc 1- bound state.

Frodunctior of the ¢H should be vory similar +o that
of thz J because2 1t 1s a f%dial excitation. “ne major

difference is that the states of even charge conjugation

wiich can be produc2d by the two glnon proczss have masses




lower than that of the QD' . "Any that may 1ie‘above it ars
likely to have mass2s large enough to‘ also 1lie abcve .the
thfeshold. to decay strongly to two charmed particles. 1If
this is -the case, the branching ratio to the (¢' would be
small. |
B. Continuum Muon Pairs

T> investigate the structure of hadrons as bound states
of partons (quarks and gluons), it is ﬁseful to parform
experiments in which the ©partons <can be treated in the
impulse approximation. Under this approximation a parton is
tnought of as instantaneously free -during an interaction
that ﬁransfers a large amount of éneréy tc it from a
‘projectile. T his greatly simplifies - the kinematics
involved.

Examples of experiments‘that probe the parton nature of
hadrons using the impulse approximation are: deep inelastic
l=apton ‘ scattering, electron-positron annihilation to
hadrons, and massive lepton pair production in hadron-haéron
collisions. Much information has been obéained about quark
distributions' in nuéleons from deep inelastic 1lepton
scattering. From e*e- annihilation, knowiedge of the number
of quark flavors and of the quark charges has been yained.

18

In 1970, Drell and Yan stated that production of

nonresonant massive lepton pairs is dominated Ly



gquark-antiqudark annihilation into a ';imelike rhoton which

tnen dacays to the lepntcn pair. They found that the impulse
i
approximdtion is valid for quarks with momenta much greater
that 1 GeV/c in the center of mass of the ~collision. Tha
, .. - 19,2(’,21
Drell-Yan mwmodel las been discussed by many authors

bz2cause it predicts a simple relation between massive lepton
palr prodictioni cross .sections and hadron structure
functions,

) B A
détjx. = 3@» {S— Xt %p EX,ff(X,Q Xofr <x5)+x,&(x\x§ (xa)]}
F

2 ) 2 2
H=2re @ is the U-momentum tramnsfer squared (@ = a > C),
th2 sk is over quatrk £flavors, e' i the duark charge,
(x,dx; +4Q'/s ) xb—z.(—x +JxF + 4c/s ) s anid £ .(-x‘A)'
1

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

fraction xA of the mosientum of hadron A. The f's are simply

rzlated to striuctire functions ‘measured in electron and
x

nautrino scattering froms protons.

Dominafice o6f the Drell-Yaﬁ mechanism in production of
massive leptén pairs 1s a basic prediction of thé quark
model. Experiments m3asuring massive lepton pair producticn
can test this model and, if it‘is correct, they can mecasure
hadron structure furnctions wherel +hey hava not yet bheern

determined, for small x in the proton and for all x in




pions, Cne particularly good test oﬁ.the Drell-Yan model is
the measurement of the high @wmass leptoﬁ pair prcduction
cross section fop Tl'+ incident on an isoscalar nuclear
target compared to that for TT-. At large mass, the virtual
quark-antiquark pairs within hadrons should make only a
small contribution to lepton pair -production. Then, in
order to-have quark-antiquark annihilatioﬂ, the antiguark
must come from the pion because there are no valence
antiquarks in nucleons. Since the antiquark in the il ()

+
has twice the <charge cf the antiquark 'in the M (d), the

cross section for T induced lepton{pairs should ke four
times that. for 1T*. Because the target is isoscalar, m
induced production via the strong interaction must be equal
to ‘W+ induced producticn. |

The earliest experiment +to detect high mass lepton
pairs was performed by Christenson22 et al. who measured
muon pairs in the mass range 1.0 to 6.5 GeV/cz. éecause cf
poor resolutibn (about 11 percent at 3 GeV/cz), they
believed . the dimuons‘measured were nonresonant aven though
the J made a substantial confribution to the spectrus in tbe
three GeV/c2 region. Their resulfs were larger than the

predicted Drell-Yan fproduction cross sections. This was

probably due to unrecognized resonance production.
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C. Th

D

I

Experiment

This thesis is based upon a large acceptance, . high
r2solution experiment which measured inclusiva muon pair

_ ' 2 .
production at Js = 21 GeV/cC (over a large rcang=2 of
-' + - R .
kinematic variables) by M , M ard protons incident cn
carborn ard tin targets. Some results from a test run at
2

Js = 17 GeV/c’ will alsc be reported.

il d > -

T?T * /Sn MM ""X
The acceptance of the apparatus was large for

_ ' GeV /et
Z.m“ < ML < 12 GQeY/c
0 ¢ x. < |
P_‘_ 4'4-6¢.V/¢
=

and | cos 8" | <09
_ &
where @ is defined in figure 1-3. This thesis will d=al
mainly with the A -pairs vith masses greatar. than atout

2 '

on=2 GeV/Cc . Using these data, J production, V/
production and prcducticn of high @mass non-resonant mucn
pairs can be studiad. In addition, du= *o the large
acceptance of the apparatus, "unusual" =zvents with more than
two mucons can be observed. This is especially interesting
in 1light of the prediction that the J's should be rroduced

in association with chatrmed particles.

A

"he thesis of G. G. Henry (University of <Chicago) is

based upon the same experiment and will include important



Dimuon Center
- of Mass Frame

Dimuon

Beam Direction

/J;+

3t
FIGURE 1-3, 8 1S DEFINED AS THE
ANGLE BETWEEN THE M AND THE DIMUON

DIRECTION IN THE FRAME IN WHICH THE
DIMUON IS AT REST.

%_______'_\__4
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rasults not reported here. Principally these are high
r2s50lution mecasurem2nts of differéntial cross sectidns fort
production of Paw, ¢ and low mass ﬁonresqnant M-pairs,
"a. muon pair contrihutiorn *o the anomalous yield of singls
direct muons will he calcnlated from these measﬁfements ov=r
a large range of single muon xr and transverse mem=entum.

The data from additional detector elemants will be used to

ontain better resoluticn and to re2ject background.
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A. Qverview

———— T - —

o

The experiment was performed at the Fermi National
Accelerator laboratory in éatavia Illinois. Figure 2-1
displays the 1layout of the accelerator and beam lines., 1In
each machine pulse, atout 1.5 X 1013 © protons were
accelerated to an en=rqy of U40{ GeV in the_main ring of the
aécelerator, then extracted and divided among the Fkeanm
linss, The extraction method which is relevant tc cur Lean
is the "slow spill" in which protons-ére extracted hniformly

over a pericd of about 0.8 seconds. Cur experiment utilized

the Chicago Cyclotron Spectrometer facility, which ie in the

‘neutrino area and is lateled "muon spectrometer” in the

figure. This spectroweter 1is served by a bteam of secondary
particles prodhced when the primary proton beam strikes the
n2utrino area target.

Figure 2-2 ié a aiagram of the apparatus in the muon
laboratory.- A - right handed coordinate system was defined,
the origin of which was at the center of the spectromater
magnet, The z axis was along the beam direction: the y axis
was vertical; the x axis was directed toward beam laft.

Ir the beam line enclosures'upstream of the labgratcry
wzre three threshold bteam Cerenkov count2rs, two bean

defining counters (T1 and Tz,) and three pairs of'yeto jaws
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Target
Areq . o Targets

F1cure 2-1. THE ACCELERATOR AND BEAM LINE
LAYOUT AT THE FermI HaTIONAL ACCELERATOR
LABORATORY, UUR EXPERIMENT WAS PERFORMED
IN THE BUILDING LABELED MUON SPECTROMETER.

T~ Muon Spectrometer
Neutrino Area -,cé |

3 Beam Cerenkov Counters
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FIGURE 2-2. DIAGRAM OF APPARATUS IN THE
MUON LABORATORY,
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(V. ) which surrounded the beam.
jaw : :

The first elema2nt insidej the muon lab was a bheam
d2fining counter (Tu). It was félloued iomediately by an
array of counters (VM) that ua% used to veto muons cutside
of the beam. Final beam definit;on was done upstream of the
target by the counter (Ta). Xmmédiately downstream of the
target was a counter (TS) uséd to detgrmine whether an
interaction took place within the'target; A 2.2 meter thick
block of iron 1.4 meters downstream of the target, ahsorked
hadrons before a significant fracfion of them decay=d. DNext
ware e¢ight planes of multiwire propcrﬁional chambers (M®PC)

followed by the Chicago Cyclotron Magnet (CCM) and twenty

planes of =spark chambers. A thres inch by three inch

’

counter - (V, ) used to veto beam mucns vas placed just after

the first 12 spark chamber planes. Following the spark
chambers was a lead wall, which éas left by the previcus
users of the spectrometer, . éurther downstream was a 2.5
ma2ter thick wall, which improéed our hadron r2jecticn.
Finally, . the muon identifyingihcdcscope (P hodosccge) was
just downstream of a lead wall éhat -reduced hits in the
hodoscope from electromagneticéshouers accompanying single
muons. |

A large part of the apparatﬁs was assembled'hy Fermilab

experiment S8, a Chiéago-Harvard-Illinois-Oxford
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collaboration (henceforth refered to as E-28), which uséd
the detector to measure deep 1inelastic muon scattering.
Because E-98 was scheduled to run after we took data, many
constraints were plac2d upon our reconfiguration of tha
apparatus.

B. -_—‘h.e; Beam line

Primary protons, wusually with a momentum of 400 GeV/c
(30C GeV/c for 10 percent of the run), wereiincident ﬁpon4 a
twelve inch (one interaction lenéth) thick aluminum target.
Particles prcduced in this target, at 2.8 milliradians, with
momentum within two percent of 222 Gev/c, were accepted Ly
our secondary beam line,

Figure 2-3 is a diagram of the bean line, B=cause of
the long distaﬁce (aboﬁt 1500 feet) from the primary target
to tﬁe first focusing magnets in the secondary beam line,
the yield of particles in the muon lab per primary proton
was very small, During normal positive beam running
conditions, the yield was 5.0 X 10-7 particles per primary
protorn. For negative keam running, the yield was € X 10-
particles per primary proton., Because the path length fronm
the primary target to the muon 1lab was long, around U4
percept of the pions and 27 percént of the kaons decayed.

This caused muon contamination in the ‘bkeam at a low level

(about 0.2 percent for pcsitive team) and a muon "halo"




):(é Y Focussing Quadrapole O = X Focussing Quadrapole A = Dipole, 28.7mr: bend
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S/A—-— Muon Lab
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P SR

—————Neutrino Beam ————————

FIGURE: 2-3. DIAGRAM OF THE- BEAM'LINE..




around the beanm. The total halo was about six percent of

the2 Lean rate4for the pcsitive heam., These halc mucns are
most 1ntense near the beam, but are spread. over the
transverse extent of the detecéor. |
ADQe to the radio frequency acceleration in the wmain
ring, the extracted protons were pot uniformly distributed
in tiﬁe. They were grouped in "RF bucketsﬁ that . were 1less
than two nanoseconds in duration and about tvwenty
nanoseconds apart. Because the usual running intensity was
3 X 106 “particles cper pulse (for negative beam, 5°X 10
particles per pulse), only Seven rercent of the RF buckets
contained mcre than one particle, '
We studied the beam composition at 22é GeV/c using the
threshold Cerenkov counters discussed ip{the hext secticn,
The results, shown below, are a combination of this study

o 23
and a measurement made by Aubert et al, at 300 GeV/c in

the same beam line.
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BEAM _COMECSITICN

paositive beanm protons | . 84

. L
™ . 138
. !
K .022
n=gative beanm ﬂ'- . 965
K .03
}
P 005

1

Three threshold Cerenkov counters were used to identify
bz2am particles, They were located in enclosures 1062, 103
aad 1C4 and areilabeled C2, C3 and Cu in figurei 2-3, Tha
beam pipes upstream of the céuntérs contained helium at less
than atmospheric pressure. The helium was us2d4 as a
radiator of Cerenkov light uhichtuas focussed by a paratolic
miTror on an ECA C3100CH photomuitiplier tube as shewn in
figure 2-4, A quartz window was used to separate the tube
from the partially evacuated counter to match th=2
phototubet's efficiency in the UV. The counters C2 and Cu
were built for our experiment, wvhile C3 had been used for
the studies of BAubert et. al. The design of C3 was Very
similar to £hat of C2 and Cd‘ Tﬁe major différeqce was that
the C3 mirror was only 10 inchesfin diameter,

The mirror orientation was ;djusted after the counters

ware in' pcsition by placing a iight bulb at the far =2nd of
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THE ALUMINIZED SURFACE OF A SPHERICAL LUCITE MIRRCR.
BEAM PARTICLES PASS THROUGH THE 1/8 INCH THICK MIRROR AND
A TUNGSTEN EXIT FOIL.

o
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the beam pipe upstreanm éf the counter,and viewing its 1image
at the photocathode position.

For ~positive"beamy running the Cerenkov counteis wer=2
set.to be efficient on rions andgkaons but not on Eprotons.
A sample btessure curve is shown in figure 2-5, For
neqative‘running, the Cerenkov iﬁformation was not used in
the amnalysis. By comgaring th% photomult;plier output for
. single photoeleétron noise to that from a beam ficn, th2
average number of phctoelectrons generated Lty a beanm pion
was determined to be about 15. The efficiencies and
accidental probabilities of the C=arenkov counters are
. discussed in chaptér IV,.section B
D. The Veto Gounters

Several qounters‘ vere used to veto false triggers
caused by muon contagination in the beam and the halo
surroundinqg it. First, at the d§wnstream end cf each cf the
three dirpoles in.enclosure 104, the kream passed ‘thrcugh a
four inch diameter hole in a ;aw counter, composa2d of two
scintillators uith semicircular ;ieces removed from = their

ends. A  halo particle hitting any of these six

. ; _
scintillators produced a pulse vj to inhibit the trigger
jaw ‘
%
logic.

Similarly, halo particles in the muon laboratory were

detected by a three foot high, six feet wide hodoscope V ,
' . , M
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consisting of eight 1€ 1inch square counters, <slightly
overlapped to aveid inefficiencies, A two inch square hble
vas left . for the bean. | This hodoscope was positioned
sufficiently far upstreém of the target (9 feet) to insure
that "bhacksplash" particles from an interaction in the
target arrived at VM too late to veto a trigger from that
interaction.

The two inch hble in Vﬁ was covered by a thres inch by
three inch counter (Ta). Triggers were vetoed if the pulse
h2ight from T“ w¥as greater that about 1.5 times that
expeéted from one minimur ionizing particle. To remove hegm
buckets with more than cne particle, a similar pulse height
raquirement was made on T3, a 6ne and one-half inch by ons

and one-half inch beawm defining counter (see next Section).

_Finally, mnuons in the team were vetoed by V4 , a three inch

square scintillator centered on the deflected beam line at a
distance eight meters downstream cf the center of the CCH.
Because the CCH polaiity’uas never reversed, V.,  had to be
repositioned each time the beam polarity vas changed.
E. The Beam Defining Ccunters

Four scintillation counters were used to define +thas
incoming bean. The first counter (T1) vas located in the

ubstream end of enclosure 104 and was three inches by three

inches 1in size, A tvc inch by two inch counter (T2) vas
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FIGURE 2-5. PRESSURE CURVE FOR Cq. AS THE HELIUM PRESSURE
IN THE BEAM PIPE IS INCREASED, THE INDEX OF REFRACTION IS
INCREASED  AND HEAVIER PARTICLES BEGIN TO CAUSE CERENKOV
RADIATION. AS SEEN IN THE FIGURE, A VERY GOOD SEPARATION
OF PIONS AND PROTONS WAS POSSIBLE. KAONS WERE COUNTED AS

PIONS UNDER NORMAL RUNNING CéNDITIONS.
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0,65 < M < 1,0 As A FuNcTION OF Tz ADC CHANNEL., THERE ARE
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placed in downstream 104. Anofhér th;ee inch by three inch
counter (Tu), which was around three meters upstream of the
target, was required in the beam: definition, although its
main purpose was to vetc bean pérticles accompanied ty halo
‘muons (see previous section). The final beam defining
counter (T3) was 1.5 inches bty 1.5 inches in size and 1.76
m2ters upstream of the target., The target was rfpositiorned
9.91 meters upstream of the magnet's center,

F. ‘he Interaction Courter (T )

5
A 2 1,2 inch by 2 1/2 inch counter (TS), placed five

M

iuchgs downstream of the  target, was used to determine
whether an interaction had occurred there., “The primary
trigger required that the pulse height in TS be gfeater than
or equal to two ‘times minimﬁm ionizing, In this way,
interactions which occurred in the shield would not cause
triggers. To assure that this trigger requirement did not
cause a significant inefficie;cy, a prescaled trigger not
requiring Ts was used. By latching TS' and recording ifs
pulse height on an ADC, an efficiency could ba calculated
for each ADC channel (figure 2-6). This efficiency along
vith the pulse height distributi;n fof good evants with 0.€5
G:—zV/c2 .< m < 1.0 CeV/c2 is shown in figure 2-6, Using

these data, we calculate a one percent inefficiency due to

T .
5
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G. The Multiwire Proportional Chambers

Eight planes of multiwire proportion;l chamkters one
mater by one meter 1in active area were located Jjust
downstream cf the first hadron aktsorber. They were used to
measure the direc£ion cosines of each muon before it entered
‘the fiela of the CCM. These chambers were built by the F-98
collaboration at the Enrico Ferni Institute and are
described in detail ih reference 4, Pour planes measured
the x coordinate ana fcocur planes measured the y coordinate.
The wire spacing in these MWPC'S was 1.5 mm and the
the§retical'chamber resolutién (0.43 mm) was consistent Qith

12 distributions from the track finding proéram. Typical
chamber efficiencies, computed from muon tfacks in good
events, are showﬁ in the follouing table, The effects of
the rather large inefficiencies in these chambers are

discussed in chapter 111, section F.
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Yy a.iu «83
X u.ée . 90
Y u.é1 .93
x 4,03 .89
Y 3.69 .93
X . 3.51 : .89
y 3.17 .86
x 2.99 .72

H. The Spark Chambers

Twenty planes of spark chambers,; built by the E-98
collaboration, were used to measure trajectcries of each
muon downstreém cf the CCHM, T%e, first twelve of thesa
planes, two meters in height bf four meters in width, were
built at the University of Chicaéo. ‘The last eight ©fglanes,
tWwo meters by six meters, w;re constructed at Harvard
University. O©On all of the plane% the wires were spaced 1/20
inch'apart and during nocrmal ope%ation the measured srgpark
chamber resolution was atout 0.5 mm, Of the twenty planes,
nine had vertical wires and the femaining eleven had wires

at an angle of + arctan (1/8) to the wvertical. The

following table summarizes the plane positioning.




Type - Djstance from Magnet Center (meters)

Tw6 by Four Meter Planes
u

X

X
v

Twd by Six Meter Plane;
u

X

v

9.20

23

The spark chamber efficiencies are discussed in chapter III,
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section B.

The readout of the two Lty four meter chambers was
designed to operate in the“f;inge field of the CCM. Each
chamber wire was the input to one kit in a shift register,
After .the RF noise from the- spark chamber pulse had
subsided, the data were shifted alopg through -the readout
system and bits were interroéated on2 at a time by &
"scanner", The details cf these chambasrs, their readout,
and their pulsing system, are de;cribed in reference 25.

The twoc by six mete; chambers were read out by
conventicnal magnetostrictive wands. Their details along
with their pulsing system and readout are described in
teference 26,

All of the chambers were operated with essentially the
same system as described in the references. One important
exception is that the pclarity of the central D. C. clearing
fields on the two by four meter chamters was reverssd., This
caused the memory time of these chambers to decrease frem

abnut ten microsconds tc one microsecond.

I. The Chicago Cyclotron Magnet
The magnet used in the spectrometer was that from the
300 MeV University of Chicago synchro-cyclotron. The field

had an effcsctive diameter of 5.18 meters and the gap between

the pole tips was widened to 1.29 neters for wuse at




Fermilab. This gave the magnet an aperture slightly larger
than the acceptance ir the vertical direction and much
larger than the horizontal acceptance of the rest of the
d2tector.

The magnetic fieid was arproximated as a h§rd edged
cylinder with B=6,984 kilogauss inside a radius of Z.59
m2ters and B=G. outside. We determined_tpese numbers by
computer tracking of particles thrbugh thé magn=2t using
field maps obtained from E-98. The field at the center of
the magnet uas measured ty us with an NMR probe,

J. The E Hodoscope

The P hodoscope was a key elément in the dimpon trigger
(see section L of this chapter), and was used, in +the
reconstructicn ( chapter III Section C ), to assure that the
tracks downstream of the magnet were due to muons in tim=
with the trigger., PFigure 2-7 is a diagram showing the
positions and sizes «c¢f .the F hodoscope cdunteré. Tha
assymetries of the arrangement were ﬁecessary because of the
position ¢f "the E-98 fast electronics. There were €3
counters in all, each four feet long. The counter widths
varied, being smailest rear the bean and larger away from
the beam. This arrangement reducedAthe acceptance lost Lty
raquiring two nonadjacent counters in the trigger. - The

counters were overlapped slightly and were no more than 3,4



§ o 13 | 13 [13112 | 12]12 | 12 [11 |11 |11 [s|6|6|6]6[s|66| 11 [11]12 | 12|12 |12 {12]13 ) 13
>_.
_4_ . -
| I l l l 1 L | L | L. ]
-2 -0 -8 -6 -4 -2 0 2 4 6 8 10

FIGURE 2-7. VIEw oF P HODOSCOPE FACING
UPSTEAM, THE X AND Y SCALES ARE SHOWN IN
FEET AND THE COUNTER WIDTHS ARE GIVEN

IN INCHES.




inches downstream of an €eight inch . thick leaa wall +that
apsorbed electromagnatic 'shovers which accompaniad muons.
Beéause cf lead's short radiation length, only showers which
weré pfdduced near to the'ﬁodosccpe conld have an cffect,
These shcwers were unlikely to have spread out enough to hit
more than two adjaceht ccunters.

The scintillator used was Filot ¥ in either 1/2 iﬁch cr
1/74 inctk ttickness, ‘light uas'collected from each counter
through an adiabatic lucite light pipe and datected Lty .an
RCA 857t photomultiplier tube. Phototube <signals were
discriminafed and latched. We reasured tha  counter
efficiencies by triggering on =guons near £he point where
light collection was wcrst. Phototube voltages were set to
be 100 volts above the efficiency hlateau,

K. The J Hedcscope

The J hcdoscope was employed to reduce the trigger rate
of the experiment sc that higher bean intensity could‘he
use2d (see section 1L of this charptser). It imposed a rminimum
A-pair cpening angle requirement in the trigger. Wher the
-J hodosccpe cut was usgd, beam intensity was not limited by
the tfigqer rate. This requirement drastically reduced the
acceptance for A4-pair§ with masses less than 500 mev/c2 and
for ’/q-pairs coming frcm the hadrcn atsorber, whiie leaving

th2 acceptance essentially unchanged for masses greater than




2 .
1 GeV/c . Fiqgure 2-8 is a diagram’ of the J hodoscop=2

showing the arrangement and; sizes of counters., The
hodoscope' consisted of eleven counters measuring the
x-position of a hit and nihe‘ counters measuring the
y-position.

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

Since most ccunters vere narrow, only simple 1light piges

were needed. These had a 90 dégrees bend so that the ECA
8575 photomultiplier tubes could be easily shielded from the
fringe field of the Chicago Cyclotron Magnet. The shielding
was provided by iron rripes spaced akout one-fourth inch
outside A -metal shields which covered the phototube.

Using a .muon beam, we set the voitages of the
photomultipiier tubes sc¢ that the output signals ware four
times the 100 millivolt discriminator thresholds. Counter
and latch efficiencies were checked us%gq tracks in the one

by one meter MWPC'!'s,

L. The Trigger and Fast Electronics

Using the counters déscribed in previous sections of
this chapter, ve developed a system of electronics to
trigger efficiently on muon pai;s produced in the target by
a beam particle. Stated simply, the +trigger regquirements

were: one and only one team particle incident upon the

target, two or mcre particles leaving the target, and two or
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more mucns vith enough erergy to reach the F hodoscope. For
some of the running, a minimum fq-pair opening angle
upstream of the magnet was also required.

Eidurg 2-9 is a diagram of:the trigger electrornics.
Some intermediate logic levels are éhown uhich I will define

here.

Bt =T * T * T *7T
1 2 3 4

B' =T * T *T_ *T * (B")

1 2 3 4 delayed one RF bucket
V=YV +V +V + (T + (7))
M X jaw (3)_>_2'(u2
E= B *V
B =B' *xV x (T )
I 52 2

e}
H

tvo nonadjacent P hodoscope counters
J = two nonadjacent J counters in either x or y

J' = one or more J hodoscope counter in x and in y

To generate P, the discriminator output signals from
all of thé F hodoscope counters were summed and the sum wWas
discriminated at two levels (sum 2 2 counters and sum > 3
counters). The discrisinated counter siénals were inputs to
a veto circuit which returned a veto output if any two
adjacent counters Qere hit.‘ A coincidence betwéen any. two
of the three signals, sum > 2, sum > 3, and V wera

adjacent

required to give P. A similar procedurs was followed for
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cach of the J hodoscope rplanes and the results wer= CFed to
give the J signal. |

.When_we ran with a higﬁ intensit& heam, two types cf
triggers were simultaneously ﬁaken. They were B * F * J

I

and (B * P * () « During low-intenéity running,. the
rrescalzd - _
two tricgers used were BI * F *x* J' and (3 * F %

J') The prescaled triggers were taken mairly to

prescaled. .
b2 used to check elements of the -detector and %o tune up
analysis ta2chniques.

After each trigger, a "dead <time”" of around 290
mnillliseconds was imrosed so that all +he data could te
traﬁsférred to the computer and to allow spatk chamters to
rzcover from having been pulsed. Cyring this time no
triggers were accepted and scalers were gated off.

¥Yany coincidences beéides those discussed abcve wersg
generated and scaled using CAMAC scalers during ttke 1live
time of the detector. These were used to normalizs the data

to the 1incident flux cf particles and to monitor detector

parformance. The pulse heights of ccurnters T;' Tq, Tr, C ,
: J P4

811 detector inforgmation was transfasred to a SIGM2A IIIX
oa-line computer via CAMAC. The ccmputer racsived the data

from CAFAC and wrote it 1in 2ssentially the samc= fcrm on




magnetic tape. The data were vrit;en in 600 wcrd (16
bits/word) records. Each event was composed of cne or more
records, depending on the ‘number of hits Ain " the spark
chambers and propoitional chambers.

The Sigma III also performed other tasks to check
detector operation. It monitored scaler ratios, .chamker

efficiencies, chamber . readout errors, Cerenkov counter

. efficiencies, and trigger errors. A large number of data

displays were available using a CR1T. These included chamber
and hodoscope multiplicity distributions; counter ©pulse
height distributions, raw data 'printouf, and many event
displays eithe:.Ashovinq an overall picture of an event or

enphasizing one part of the detector,
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CHAPTER 1I1. Event Recopstruction

The objective of the reconstruction program was to find
muon tracks in the spectrometer. 1In the MWPC's upstream of
the magnet, tracks (groups ofvhits in chambers which fit to
a straight line) were found in the x viev and the Yy view
separately. Tracks were found in three space in the séark
"chambers downstream of the magne%. A muon ;rack was then a
track in the spark chamters ;hich'linked to an x-track and a
y-track in the MWPC's upsttégﬁ of the magnet and which
poiﬁted to a hit in the P hodoscope.

A. The Upstgeap Track Einder

The track finding started in the 8 planes of
proportional chambers upstream of tha CCM (sée chagpter II
section G). There were four x-planes and four - y-planes so
the tracks could only be found in each view separately.

TQ. find three or four point tracks, in x for example,
all pairs of hits in two planes vere used to get an initial
line and extra hits vere looked for in a 10 millimeter road
about the initiél line. This vas done for two pairs cf
chambers so that any fhree point track would be found. A
stfgiéht line vas then fit to the three or four hits. if
the probability that this waé a good tréck, as computed from
the track Mz

. | 2
== gﬁx%;:.




and the number of degrees of freedom, wvas less than'Z
percent, the track was rejected. If a four point track sas
rejected, .each of the four points was dropped in turn to see
if. there was a three pcint track satisfying the profability
r2quirement. If two good tracks héd two or more points in
common, the track haviqg the higher Z:z was dropped.»

211 the hits that were not used on a threa cr four
point tracks were used as input +to the +two point track
finder. This ¢track finder made tracks out of all pairs of
hits that could have been produced by a muon coming from the
target.,

In general there were more than just two x-tracks and
two y-tracks found upstream. The gcod upstream tracks were
picked out by requiring them to link through the magnet tc a
downstream track. The additional tracks were mainly two
point traéks formed froer uncorrelated hits in the MWIC's.

B. Downstream Irack Finder:

The pext step in the reconstruction was to find tracks
downstream of the magnet where there were 20 planes cf spark
chahbers (see <chapter I1I section H). With this 1large
redundancy. we were able to withstand sizable inefficiencies
in some cf the chambers. The inefficiencies that occured
made it impossible to start the track search in a specific

subset of the chambers, tecause trying all pairs of chambers




124 to a very large numter of cdmtinafions.thereore Wwe ucsed
a more sophisticated method involving the impact parameters
of the upstream x-tracks.

Seg:ched for first were x-tracks in the nine ©planes
which measured x. This was dorne Ly projecting the x sparks
ip all the chambers cntc a plane of constant ' 2z, which was
near the average of the downstream chamber positions. Since
in a cylindrically symeetric magnetic fieid t he ingéinq and
outcoming impact parameters of a particle are equal, an
upstream x-track could be used to do the projection. Given
the impact parameter and a point on the track, the track is
datermined. After the sparks were projected, a cluster of
sparks all falling within a harrow window in x (about 3 mm)
was searched for., If a cluster‘&f at lecast three sparks was
found, a search was made in the tilted (u and v) planes.

Every x plane had a tilted plane very near to it in z.
In fact the tilted planes weré fhe other side cf the chambker
gap. For each x spark found .in the prior se€arch, the
program calculated y fpositions using each spark in the

1

corresponding tilted plane. A y value calculated frcm an x
{

spark and an uncorrelated spark in a tilted plane could

ussually be rejected for teing outside the y limits of the

chamber because the tilted wires were at only a small angle

to the x wires, Each gccd y value was projected onto the




same 2z plane using the assumption that the track pointed

back to the target. A searqh was then done for a cluster of
y-values within a somewhat wider y window (12.5 mu). The
extra width was necessary because the ra2solution in y in tha
spark chambers is 8 times worse than in x. TIf at least
three y-values w=re within the window then the sparks in the
tilted planes that génera£ed the y-values and t he
corresponding x sparks ueré used as input to a routine which
fit a straight line to the spark positions.

After the first fit was made, all sparks within 19 nm
of the line were refit., Then all sparks within 4 mm of the
n2w line were fit again. If there were at least thrée X
sparks and three u or.v éparks left and if they had a 1large
enough lever arm (62 cm) to define the track adequately, the
track was addaed +tc the list of dcwnstream tracks and ;he
search for clusters of proijected x sparks was resumad. Thea
program made a seérch usinq each upstream.x-track to proiject
the sparks. |

C. The E Counter Requirement

¥hen the track finding was complete, th=2 nekt task was
to determine which downstre;m tracks were due io muecns.
This was done by looking fof a hit in the P hodosccpe (see
chapter I1 secficn J) that could have been produc=zd by a

maon with the trajectory of the downstream track. Since the
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angles upstream of the magnet were small compar=d to the
angles of low momentum tracks dovwnstream of the magnet, the
momentum .was inversly proportional to the position far

downstream of the magnet. The X position of +the track at

the P hodoscope could therefore be used as an indication of

i
i

the momentum. To allcw for nmrultiple scattering, the
counters were given an extra width and hejght of one-third
of the x intercept at “the P hodoscope or 40 cm whichever was
qreater.' Any traék th%t was wiﬁhin this distance cf . a hit
counter was considered tc be a QUon track.
D. Linking

The mucn tracks downstream of the magnet were then
linked to upstream tracks in both x and y. To link in x it
was required that the impact p;rameters.of the upstream and

]

downstream tracks be within 25 mm of each othar. Pigure 3-1
snows a distribution of impact pérameter differences.

In y both the intercept_at lhe center of the magnet and
the siope could be checked because the vertical bending of
the maqnét vas negligible. B2 cut was made on th2 overall

|

©CrOr, Listributions of the y intercept difference and y
!

slope difference between upstream and downstream tracks are
, By, /a8yl \?

shown in figures 3-2 ard 3-3. The quantity (",3?,,",‘.3"’(005)

¥as required to be less than 25.0 for an acceptable y link.

If there was a linking ambiguity it was resclved by
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linking the maximum number of tracks. For example, 1if

downstream track (A) satisfied the linking requirements with

upstream' x-tracks (1) ard (2), and downstream track (B) did
b

with (1) only, then the result would have been, (A) linked
1

“

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

E. Momentum Calculatiorn

After the track linking was completed ﬁhe muon momentum
was computed for each lirked tra;k. from a beam trigger run
the momentum resolutiocn (O vés meaéured to be 12.8 GeV/cC
at 222 GeV/c, which is censistant with chamber measgrement
erLr OrSe. If the spread is due only to measurement error,
this gives a 1.3 percent resolution at 50 GeV/c.

Since the momentnm was measured downstream of the 'ircn
absorber, it was necessary to cogrect fo; energy loss in the
absorber. e made a mcmentum dependent correction using a
simple fit tc calculatiors made £y Theriot27, which included

4 ' i
the effects of collision losses, pair groducticn,
bremsstrahlung, and nuclear intefactions.

F. Recopstruction Efficiency

As a check, two independent reconstruction programs

1]

were written and were compared event by event before the

N
primary analysis was done. Reconstruction inefficiancies
. !

vere found in both of the frrcgrams. These were then

corrected- and the cormparison was made again, After the
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programs were tuned up in this way, each showed a two
percent inefficiency in reconstruction when using events

reconstructed by the cther program as a sample. An

~additional two percent of the events were found to have

significant differences 1in the reconstructed tracks.
Although this gives only an upper limit on the
reconstruction efficiency, since thgfe couid be correlations
between the two programs, it indicates the reccnstruction
pfoqram§ had a high efficiency.

For parts of the run the readout on thg tvo by six
maeter chambers was not functioning. EReconstructicn was then
doqe dbwnstream with only the two tky four meter <chambers.
This caused a five percent inefficiencyAin reconstruction
due to chamber inefficiency. We reasured this by c0mparing
the numker of events teconstructéd with and without the éx6
meter chambers using a sample of data where they wers
working fproperly.

To chack for problenms with scme parts of the data, the
nunber of.good events per incident Lteanm parficle was rlotted
as a function of run number (figure 3-4). This quantity was
conéfant, aside from the obvious dependence on target
thickness, to vithin ten percent, This of céurse also
checks for trigger efficiency fluctuations.

From the above checks on the 'reconstruction'vwe found
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tnat there were no protlems with the program or interrmitent
equipment problems that caused a significant inefficiency.
The absolute reconstruction efficiency was measured ¢ty

displaying the chamber and counter hits on a CRT and

‘recording the number of good events missed. This could te

-done easily because of the large number of spark chanmter

planes (20) downstream of the magnet, Here we were sure to

get enough sparks to see a track. By then imposing a P

counter requirement tke efficiency wupstream, where the
potential problems lie, could be measured. T he effiéiency
measured was 85 percent (includes the 2 percent progzém
inefficiency). The track reconstruction efficienéy of tthe
MdPC's calculated from the measured pléne efficiéncies was
97.8 percent per track., 7This gives an event efficiency of
91.2 percent since four upstream tracks were required. We
expact ‘the inefficiency tc be larger than the simple nunmter
calculated from the plane efficienciés because of ccnfusioﬂ
from electromagnetic shcwers coming out of " the iror which
caused the MWPC readout to overflow in some cases.
G. Data Handling

The reconstruction tooﬁ placehin threé steps. In the
first step, the primary data tape was read, track finding

was done and the derived information along with a ccpy cf

the primary data was written on a secondary tape. For each
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primaty 'iaﬁé one seccndaty tape was written. In the second
step all two mion events were vritteh,in a compressed forn
onh a teértiafy tape. A1l events with more than twc mucns
Wwere written ih the format of the secondary tape on another
tapee. This teduced +the volume of data from 240 primary
tipes to ;bbﬁt 10 tapes. In the third step of the 1anaiysis
the good data wWeté binned, normalized and cuts vere inposed.
This step could be rerun many times becduse it used

relatively little conputer time.
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CHAETIER V. ANALYSIS

2
A. X = pit To Upstrean Slopes

The largest contritution to Am, the measurement errcr
in  the mass, was multiple scattering in the iron atbsorber.
In order to get the best resolution possible we assumed that
the _-pair came from the center of the target alcng the
beam direction and that toth muons came from the same point,
Then, the slopes wupstream of fhe absorber were calculated
from the positions and slopes dovwnstream of the absorter ty

P 2
minimizing a X°.
- (3 * . - . 3 28

The joint ¢fgrobability distribution for the multirle
scattering angle 6 and the multiple scattering displacement

X

X is

F*)(o( 9: -'iggi “+ éﬁ;f)

o e £

~lE

P(X)9x3= Q--

where z is tke length of the scattering material and )(0 is
the radiation length. Scattering in y is independent of

that in x and the same rrobability distributions apply.

. K72 2 . .
Since P oC e . the li cculd simply be written as

y2_ PXX, [ Bx 38 .x  3x* gt Y,
X ’c.oz.«)f( 2'——:‘;;"'_2:“'}1" gz -;,_)',—

| . 2 3
E + Ih X, (_9_&. _ 3B X, 3 ey,, _36 \',_
‘ (.o21)* 2 z'
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2 : .
This X can be rewritten in terms of measured quantities,
namely, the position of the vertex, initial slopes of the

muons, slopes of the mvons downstream of the absorter, and

positions of the muons downstream of the absorber. By
2 <

requiring a X minizum, the x-y vertex position arnd the

initial suon slopes were computed analytically. from the

momenta and from these fit slopes the event parameters nm,

3
xF, P ,and cos & were calculated.

4

After the x-y position of the vertex has been
calculated by the X 2 method, .the calculation of the fit
slopes with the XZ is equivalent to an easily visualized
m=2thod. If the .tracks downstream of the albsorber are
extrapolated to a "magic" plane in the absorber and their
intersections vith that plané are conﬁected to the vertex
with straight lines, the slopes.of these lines are the sanme
as the fit slopes (see figure a—%).

In some cases mucn pairs produced in the shield or
uncorrelated muons were reconstfucted, with the result that
an incorfect masé was computed from the fit slopes. Ffor
example, muon pairs which cone f}om fhe shield have a "fit
mass" which 1is about half their actual mass. Ic remcve
M -pairs that did not come from the target, cuts were

: 2
imposed. First a cut was made cn the x- discusszd above.

The cut was mass dependent since high mass events which do
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not come - from the target have very large X 's. Events

vere cut for 12 > 6 ¢+lmwith m in GeV/cz. Figures 4-2,
4-3 and 4-« are scatter plots of the X:z for an event with
the assumption that it came fro; the target vs. the ;{2 for
the - event with the assumptio; that it came from the
absorber. In the first plot ( m < 0.525 ) most of the
events have low target and ats;;tér Xﬁz's, It is gt
possible to separate target pairs from abscrber pairs in
this mass region (Use of additional information frcm
chambers upstrean of the h;dron absorber allowWs the
separaticn to be made., See the thesis of 6. G. Henry). In
the éeccnd plot ( 0,52% < m < 1,0 ) most of the events have
l>ow target Xz 's and are distributed wuniformly over a
-large range of atsorber 'Xz 's. Here a partial serparation
ot tafget and absorber could be wade; however, it is
apparent that almost all of the events come from the target.
This 1is reasonable since evehts in this “fi; mass® range
which come from the absorber would have actual masses
batween 1.0 and 2.0 GeV/c2 where the 4 -pair production
cross section is about a factor of seven lower than that 'in
the 0.525 to 1.0 GeV/c2 .reqion. In the third figure
(m> 1.0 ) most of the events h;ve small‘tarqet 112 's and

large absorber ) 's. Fere it is easy to separate target

and absorber.
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i
Additional cuts were applied mainly to eliminate high
1

RasSS pairs where one muon was fros ar accidental in the teanm

halo. This was possible because halc particles populated a
i r
very small segment of the phase space for good events,

First, nc muons were allcwed with momentum greater than }95
GaV/c, Second, events ha&ing mucns with angles from the
b2am less than six milliradians ;ere cut if the muon had: a
momentum greater than 120 GeV/c, Pinally a wmomentum
dzpendent target cut was gmade o; individual - muon trac£57
The projection of a 10 GeV/c muon track had tc be within‘ 15
cn of £he beam in x and also within 15 cm in y at the =z fcf
the target center. The limit irposed was propqrtional;to
the inverse of the momentum (see figure 4-5),

Figure 4-6 shows a mass distritution for <cut events,

There is no noticeable enhancement at the J or P masses

vhere ve see streng p2aks in good events. This indicates
4
: ! ,
that very few g -pairs from the target ware cut (I estimadte
J . .
l2ss than one percent).

B. Normalization and Beam Particle Identification

Beam particle identificétion was accomplished by using

t .
the three bean Cgrenkov counterﬁ C2, C3 and Cu (see chaptér
II section C). If two or more Cerenkov latches vere set,
the beam particle was said t; be a pion. If zero or one

t .
ware set, the beam particle was said to be a proton, For

i
{
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the negative beam running, all particles were assumed to ke

hll 's, ~For a typical run, ‘the efficiencies ard

accidental probabilities are given beiow.

CCUNTER EFFICIENCY ACCIDENTAL PROBABILITY
C «921 .013
2
C .83¢ .010
3
C «992 . 006
i

The probability éf misidertifying a pion as a p;bton is then
0.00417 and the probability of misidentifying a protcn as a
pion is (.00027. These probabilitieslére so small that they
may be neglected.

The beam normalization was done by using thev.CAMAC
scalers. AThe coinci@e;cés B, B * C2, B * C3, B *C,
B*CZ*C3, B*CZ*CQ,B*C:’*C“ and B*CZ*C3*CM
were scaled, where P is defined in chapter II, section L.

From these the numbher of protons and the number c¢f f[fions

could be calculated:

N., = (B¥C *C )4+ (B*C *C )+ (E#C *C ) =2 (B*C *C *C

“(23)(2u)(3u)(2'3u)
N =B - N
p W
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The efficiencies could also be corputed:
. < 1
e = B°G-CiCy
L] B\. ; — )
C‘ 'Caz ,
Also scaled 'were, B * c2 (delayed), B * C_ (delayed) and

ete.

B * CW (Qei§ied)i‘ vhere the delayed sigﬁai is w®many RF
buckets out of time from the VE sighals From these the
accidentéi'ﬁfébﬁbiliﬁiés.of the Cerenkov counters cculd be
calculdted:

_ (8 Co)taloged
4 B

, etc.

A-ééi&!fffé"i ¢

Well uﬁdetéﬁé&d:COrtectioﬂs were made to this normalization
for a few tunis .due to wmalfunctions in the electronics.
Afﬁér‘ ﬁdkiuqlﬁﬁése Gortections the fraction of pidms in the
bsam held constafit thrcughout the run.

Tatdet thicknesses and densities wvere measureds  The

-

followirnig tdable summarizes the relevant normalization ddta.
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N-REAL;ZATLCE_QAEA
" Target Matérial C C c Sn
‘Length (cm) 7.6 12.54 13.97 5,08
Dansity 2.188  2.188 . 2.188 7.31
Exposure J' Triqger in Units of 1010 Particles
Proton"s 1.092 1.712 4542 <1601
L .229€ 0. 909719 903319
T 0. 1.047 0. 0.
Exposure J Trigger in Units of 10 Particles
Protons 5.035 .1598 .1.037 1. 61
T .9864 0. .2066  .4159
m 0. 0. 0. 0.
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The following table summarizes the normalization results.

v

NORMALIZAT ION_ RESUITS
!

target C(7.46) C(12.54) C(13.97) Sn(5.08)
Proton o< .927 . .882 .870 .90
Pion e< . 894 .830" .813 . 880

Sensitivity J* Trigger in nanobarns/nucleus/event

froton . 1250 .€511 1765 3.677
+

AU .5735 .6872 .7707 17.60

T .7863

Sensitivity J Trigger in nanobarns/mucleus/evant

Proton .02712 . 07731 .3077
.

m . 1335 . 3626 1.404

"

The rows lébeled o¢ give the coefficients used tc correct
for bean attenuation-in the targét.
C. <IThe J Irigger.

For data which were takén with” the J trigger
raquirement (chapter 1II, section K), it waS'necessary to
impose a softwvare J :equirem%nt since electroragnetic

showers or other spurious hits could trigger the apparatus

on 4 -pairs that would not satisfy the J requirement.

During a iarge fraction of the rur, the J counter latches

S /
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.had a slight inefficiency. Thereforé'fhe only requirement
:imposed in the analysis was that the tracks of the .« -pair
‘in the 1X1 meter fproportional chambers intersect 'a 1leqal
combiration of J coﬁntefs.

From the portion éf the run in which-the J latches wvere
working optimally, the J ;ountet positions and efficiéncies
waere checked. As aﬁ additional check, the sanme soffvaré J
rzquirenent uas‘ imposed on data taken with the J' trigger.
The ratio:of good events to incident team particles uas
plotied versus run numter ( figure 3-4 ). . No systematic
difference between J and J! ériggers wvas noticeable. This
shows that there was no significant trigger inefficiency.

D. Backgrounds

The  most common kackground is from -pairs produced
in the shkield., These trigger the apparatus 1in essentially
the same way as events from the target and appear at akout
half their actual mass. This backgfound is éliminated ky
the XLZ and vertex cuts fof passes greater than about 1

S 2
GeV/c .

Other bacﬁgrounds vere approximatly measured in the
like charge muon fair data (adfa ot "y, These
backgrounds_uere rémoveq by subtracting +the 1like <charged

events from the ofppositely charged events. The chief

backgrounds in this category are muwnic decays of two.



hadrors produced in thke target and a single hadrcn decay

accompanied tkty a halo muon. Most events 1involving halo
a .

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

! -

heoight requirement in Tu. Due to two particle correlations,

.

the double decay probability was? slightly lower for like
charged pairs than for those ogpositely charged. For m;ss
greater than 1.0 GeV/cz‘these correlations ;re small ,

L like charge mass spectrum is shown in figure 4-7
along with the opposite charge mass spectrum for the same
data. For mass greater than 2.0 GeV/cz, the number of 1like
charge events is very spmall,
E. The Mopte Carlo Progranm

An extensive Monte Catlo calculation was dcne to
-deterﬁine'the acceptance of the 'spectrometer. This Monte
Carlo included multiple scatte#ing, energy loss and energy
loss fluctuations in the materiai. It took into account the

1
detailed gecmetry of the spectrometer and Arequired that
accepted events satisfy the trigger. The calculation Qas
checked Ly comparing it uitha an 1independently written
program. Theltwo were in excellént agreement.

Using the Monte (arlo program, we made a study cf
resolutions and shifts in the ki;ematic variables measured:

*®

mass, X _, P and ccs ® ., The following table gives the

results of this study.

‘_4; - ﬂ ' | . | ‘ . (/
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#ASS_BESCLUTION (MeV/c )

P N .1 .3 .5 .7
i
0. 176 198! 243 256
0.25 163 201 234 263
0.5 16§‘ 198" 238 251
1.0 143 207 236 - 255
1.5 182 193 245 265
2.0 183 201 240 263
X, .ra;.sgigz.x.gﬁ

P e 4 .3 .5 .7
0. .009 021 040 057
0.25 .009 .029 .038 .058
0.5 .009 .ozé 039 .056
1.0 .009 021 .039 .057
1.5 .012 .018 .039 .061
2.0 011 .020 . 039 .058
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Ba__RESOLUTION_(HeV/c)

o .3 .5 7
121 153 193 243
146 194 232 275
160 226 291 338
165 244 330 416
201 256 © 361 446
226 287 378 473
* .
€O0S_ & RESCLUTION
.1 .3 .5 T
+ 05 .06 .08 .09
.05 .07 .08 .09
.Qs .06 .08 .08
.04 .07 .08 .C9
«05 .06 .08 .09
.05 .06 .08 .09
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BASS_SHIFT _(zszzsf )
) {

'§~;X, .1 .3 .5 .7
A — — ‘ S
0. -42 -87 -101 -133
t
.25 -38 -85 -101 =137
0.% -43 -82 -101 -136.
1.0 -27 -84 -112 -133
1.8 ~i6 =77 -114 =135
2.0 =52 -85 -110 -132

52
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Eh __SHIFI (MeV/C)

o, |

PL'XF .1 .3 .5 .7
0. 207 319 - 453 585
6.25 59, 137 27 381
0.5 27 57 121 233
1.0 -2 4 35 76
1.5 -20 -2 -15 7
2.¢ T -31 -u5 -34

*
CCs_ € SHIFT
Ye o1 ! .5 C L7

R .
0. .001 -.002 002 002
.25  .002 -.002 0. .60
0.5 002  -.002 -. 001 -.602
1.0 .002 C =.001 .0C1 .G03
1.5 -.001 - .001 - 001 =001
2.0 o001 o, L0071 . .C02

Th2are is a mass shift of around 60 MeV/c2 towérd lower
maés, due tc bremsstratlung and pair produétioﬁ energy lcss
, in the absorber. 1In the firal results, thas masses have Lean
shifted slightly upward to correcf for this. The mass

resolution is also inflat=ad ky these énercy lcss




’t:u'

fluctuations. Figure £-33 shows the J line shap=2, generated

by the Monte Carlo program, supegimposed on the data. The

agreement . with the data is egcellent. The full width at
' 4 ' 2
half maximum. of this peak is 275 MeV/c corresronding to ‘a

2
T of 117 MeV/c .

.
0

The shifts for the x measurements are very small and
P :

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

‘

due to Fermi motion in the target nucleus, The higgést

effect is at low xF where the resolution is about (.05, ‘
The shifts for the FJ_ peésurement are rather large.

They are worst at high XF and in‘ggneral shift events toward

higher PJ_ . This causes a depletion at the low end of the

, ) *
gl distributions. Theé uncertainties and shifts in cos 8

are small.

I3
%

To measure the efficiency as a function c¢f the
. ot :

variables m, x _, gL and cos & , the Monte Carlo program

was run for two millicn tries. Events were generated flét

in mass over the reqion 0.2 < m ¢ 4.2, flat in PJ_ cver the

3 * 1

region 0 < PJ; < 4, flat in cos 8 over - the region
* . , ! : , :

-1 < cos @ < 1 and with a protatility proportional to (1 -~

XP) in the region -0.1 < xé <q)0.9,‘ ;xhis generatién

populat2d the entire reqion'neariy“unifoimiy‘iith successes.
! :
‘The events were veighted roughly according to their cross

section.
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o ‘ 4-m = (3.5=1, Ul (M) ) B, =Um
Weight = (1=x ) " Pue ( A B

Eesults were accumtilated in orfder to calculate fcur
types of cross seéctions,

1 dmdxg 29 EBins in xZF afid 89 bins in mass:

2E54:%& . 20 Bing ih P, and 80 bins in masss
3E£i_‘_.":-*—,,. 20 Bins in x‘F amd P_L and-12 bins in @ass.
Thé tvwelve macss bins dre:

0521 < m < Q.45

e‘us’< i < 0.65

0.65 < m ? 0.9¢

0495 < < 131

i:1 < o ¢ 1:5

15 < m € 1.9

] 3¢9 < i < 4.2
de | *

U dmdx,d(mse”) 20 bins :L;n 'X'F and-cos A& dnd 12 tins

ih masss

Events were dGcumiilated separately fct the J' and J triggers
becaiise efficiencies differed at low wass.

The Monte Carlc picgram was used to cortsct for the



shifts discussed earlier. The "efficiency" calculated was

weighted successes using toconstructed quantities

weighted tr1es tsing generated quantities

*

. The "generated quantities™ are the n, XF' PJ_ and cos €
values with  which an evant was generated, The
4 . «

"reconstructed quantities"( are .the nm, xw; PJ- and cos 6
that would have been nmeasured after multiple scattering,
energy loss and other effects had been simulated. The

gznerated and reconstructed variables ware used to determine

into which bin the success or try should be added.

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

¢xample, on the average, events are shifted to higher EL .

If the efficiency definition akove is wused, the weighted

successes at low P

) will be smaller because of the shift,

Thais will céuse'the efficiency to be smaller and therefcre

when the cross section is calculated, the low F

1 daﬁa will

. b2 raised relative tc those from a simple efficiency

calculaticn,

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

where



Car

weighted successes using qenerated quantities

weighted tries using qonerated gquantities

and

weighted successes using recomstructed quantities

weighted successes using generated quantities :

The "distortion" factors D were usually near one énd
Qere well hehaved; " Figures U4-9 though U4-1z are contéur
plots of the efficiency and distgcrticn. “

As seen in figures U4-13 through 4-15, the efficiency of
the spectrometer is 1large anﬁ slowly vdrying in most
rzqgions. An excepticn is the low xF region, where the
2fficiency drops nff rapidly due wmainly t§ limited “WPC size
upstream of the magnet and enhergy loss in th2 haaron
avsorbers. Because of this rapid variation, most resuits
are presented for xr greater than C.1 or 0.15. !

For data taken with the J trigger reguirement impOséd,
the efficiency vari=2d rapidly iﬁ the 1low mass regicn.
Figure 4-16 is a plot of the ratio of d?ﬂm as computed frcm
J triqqer'data to that computed from J°! trigger data. Abé?e
a mass of G.5 GeV/cz, the two éré in good agresment, Fiqdfe
4-17 is alpict of the J versus J' ratio of dd'/dxF in the QJ€S

]

< m € (.95 mass bin. This ratio is within errors «c¢f <cne

except at the highest values of x . Therefore we conclude
F
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ACCEPTANCE vs. MASS
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FIGURE 4-13. ACCEPTANCE AS A FUNCTION OF MASS, THE
MEASURED X AND P, DISTRIBUTIONS ARE ASSUMED TO CALCULATE
THIS CURVE. ONLY EVENTS WITH Xc GREATER THAN 0.1 ARE
CONSIDERED,
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FIGURE 4-14, ACCEPTANCE AS A FUNCTION. OF Xe
AT A MASS OF 3,0 GEV/c2, THE MEASURED P,

- DISTRIBUTION IS ASSUWMED TO CALCULATE THIS
CURVE,



ACCEPTANCE

o

.-b .

ACCEPTANCE vs. P, at M##‘- 3.0 GeV/C_

[ 1 | | f

1.0 . 2.0 3.0
F’l GeV/c

FIGURE 4-15. ACCEPTANCE AS A FUNCTION OF P

AT A MASS OF 3.0 GEV/cZ . THE MEASURED Xe
DISTRIBUTION IS ASSUMED TO CALCULATE THIS CURVE
EVENTS WITH X > 0.1 ARE CONSIDERED.
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FIGURE 4-16. THE RATIO OF S5 AS CALCULATED FROM DATA

TAKEN WITH THE J TRIGGER TO THAT TAKEN WITH THE J' TRIGGER
..IS SHOWN.AS. A. FUNCTION OF MASS. [HIS TESTS OUR UNDER-
STANDING OF THE ACCEPTANCE WITH THE J TRIGGER REQUIREMENT
AS WELL AS THE EFFICIENCY OF THE J TRIGGER.




18 Comparison of J and J' Triggers .65<m<.95
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FIGURE 417, THE RATIO OF —5o= (0.65 < m, < 0.95)

FROM DATA TAKEN WITH THE J TRIGGER TO THAT TAKEN WITH

THE J' TRIGGER IS SHOWN AS A FUNCTION OF X



. 2
that the J ttigger data is useful for - m > 9:65 GeV/c .

Statistical errors cn the :efficienCy and distorticn
w2r2 @1sc calculated and wer= fclded in with the statistical
arrors con the data to give the f;nal errors, The =2fficiency
arrors, however, make cnly a Ve;y small contribution tc the

ovarall error, Since the efficiencies are weighted tha

calcileticr of the erftor 1s somewhat complicated.

S
o g
D

following is the formula uced:

. et = w -+ (|—2e)2 w
-2 4
O-E e L tridg . ‘ SucCesses .
S W
“tries

"he efror on the distortion D was vory small And  was
calculated in a similar way, &ith <correlations letween

distorted aid undistorted successes taken intd acéount.

-+
o>
T

The data were binned inh the sane wa 'y as
efficiercies 4&nd weiglted with Eﬁﬂ_ for cross sectiocns 2

and 3 of the four types listed atove, Cross s=2ctions were
]

comput«d with tha normalization, = efficiencies and
!

distortions described,

F. Secondary Productior

"ha data from cartcén targets of different thicknesses
were compared to measure the offect 6f secondary production,
Figure U4-18 shows the ratio of d¢kﬂffor the 13,97 cm tarcgst

t> that for the the 7.4€ cm target in the L-w mnass regicn.
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FIGURE 4-18. THE RATIO OF S— (0,65 < M < 0,95)
COMPUTED FROM DATA TAKEN wxmxﬁ 15.97 cM CARBON TARGET
TO THAT COMPUTED FROM DATA TAKEN WITH A /.46 CM CARBON
TARGET AS A FUNCTION OF Xc. A sIGNAL OF SECONDARY
PRODUCTION HERE WOULD BE RATIOS GREATER THAN ONE AT

LOW XF'
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There 1is né surplus at low x_ ip the 13.97 cm data as wculd
i

be expected if sSecondary produ;tion played an important
i .

roles fhe following table shows total cross sections for

L-w and J production for the various targets.

Total.ﬁuand J Cross Sections for Various Target Thicknesses

(x‘F > .1) (nanobarns / nucleus)

_,Target Beam
Thicknéss (cm)
7.46 £ 134 ¢ 2 2,03 # .10
12.54. p 125 & 2 1.81 + .15
13.97 £ 133 + 2 1.82 4+ .15
A . .
7.46 ™ 152 ¢ 3 4.02 * .27
12.54 m 153 *+ 4 3.87 + .69
_+ i ‘
13.937 v 153 + 3 3.55 + .37

Again there is n6 evidence of secondary production in thése

f

results.,
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In this section, I will preéent differential cross
sections as functions of mass, xP and tranverse ncmentunm.
Because cf the large acceptance of the CCM spectrométer, the
amount of informatcn to be displayed is wvast. I will
present this informaticn, here, in figures and tables,
leaving the géneral featurés -of these- results to tLe
- discussed in section B cf the chapter.

In fiqures 5-1 and £-2 d¢kn\(xf > 0.1) is plotted for

the five interactions listed below.

p +C =-===- > UM+ X
+ T

T ¢+ C ===~ >MuU + X

M +C ----- > Mu"+ x

p + Sn ----- > MM+ X

77 4 sn —-==> M4+ x

The five spectra are similar in general characteristics, all
snowing peaks due-tc kncun vector mesons which decay tc muon
pairs ( prowe and J). The ¥ and U)imesons also make
visible contributions.

Figures 5-3 through 5-16 display our measurement of
E do:ix" in seven mass bins chosen to isolate resonant and
continuur reqions. Fits ¢to the fornm A(1-xF) are also

shown. The above fucticnal form is used in the fits because
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FIGURES 53 ol 5-9.  PLors oF E g7

4+ -
FOR ™', ™ AND PROTGNS INCIDENT UPON A
CarBON TARGET.  FITs TO THE FoRM A( 1-x)N
ARE SHOWN, |
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FIGURES 5-17 THRousH 5-23. PLots oF Ef %g:

+ -
FOR ™ , ™ AND PROTONS INCIDENEPUPON A CARBON
TARGET. FITS TO THE FORM A € ~* ARE SHOWN.
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FIGURES 5-24 ToroueH 5-30. Puots oF &= &%

FOR " AND PROTONS INCIDNET UPON A TIN TARGET,
FITS TO THE FORM A € ~* ARE SHOWN,
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it represents the data well and because it is gensrally used

by other experimenters and in parton model calculaticns,

2
. . a
Shown. in ftigures £-17 through 5-32 are plots of t :;;
. 4
: o . -RE, ' :
(x > C¢.17 and tits to the form Ae » also for the five
. “ . . -BP__L .
interactions and sever rass bins. The form Ae , which

is commonly used by others, fits the data w=1ll in all ¢Gtut

the lowest P bins., The two lowest tins were excluded from
the fitting so that the parameters obtained would hetter

represent the overall picture. This exclusion mads a small
s 1 . ' 2
difference in the fit parameter B, In the 2.3 to 3.5 GeV,c

mass birn (J)} the‘parametef changed from 1.84 + .03 to 2.05

+ .09,
‘ . - da d*c
The parameters of the fits to E dxg and E Tgpr  ar=2
P
given irn the fcllowing table., The normalization constants

from the two fits were combined Jiving an cverall

normalization constant A for the form
E dla -RP,_ T
2 = o - .

dX; dPJ. Ae (1 X?)

Attampts to fit E'f;%ﬁ;r failed for nmasse
, ¢ dFy

~,

Z
GeV/c because of low statistics.

ahcve.1.5

in
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n 7t BEAM T BEAM PROTON :BEAM
“MASS
TARGET  INTERVAL A '8 € A c A 8 c
(Gev/c?) nbiGeve/c> (6ev/c)”! : nb/Geve/c3 (Gev/e)”! nb/Geve/c3 (Gev/e)™!

C 0.65 - 0.95. 8.8 « .35x 103 3.87 : .06 1.35¢ .08:|7.45: .33 x10° 3.81: .05 .92 .07 [1.14 ¢ .04 x 0% 3.66+ .06 3.14 + .08
095 - 11 | 126+ .00x10% 3.57 .07 1.67 & .17 [1.09 .09 x10° 3.5 £ .09 1:60 ¢ .16 |1.55 ¢ .09 x 0% 3.39+ .06 3.82+ .14
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1.9 2.3 59 8 1.36 ¢ 48 .2.30 £1.30 219 = 83 242+ .29 3.59 : .80
2.3 -2.7 ] 160 = 165 178+ .76 420+ 188 47 £ 29 2.2+ .35 2.53 ¢ 1.2]
2.7 -3.5 | 513: 8 1.78 « A5 150 ¢ .28 ¢ 7762 161 2.02+ M 401 2 37
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Cur results for incident protons are in fair agreement.
_ | 30 ¢
with the -measurements of Binkley et al. who performed a

'similar experiment using a broad btand neutron beam. Recause
of the spread in neutrcn momenta ir their beam, their x

F
distributions are probakly less reliable than ours.

B. Geperal rends of the Data

In this-éection, 1 vill_discuss the mass dependence of
three feaﬁutés of the data. These are the -"slope"
‘parameters of 4the x_ distributions, the average transverse
momenta and the dependence of production cross sections on

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

5-31, 1 have fit the data to the form

~ do - N
-d——x-;:z A(l XP) '

and plotted § for the usval mass bins. The T

and T
rasults are théAsame within errdrs for all of the mass bins.
The proton result differs from that of the piohs. It is
interestinq‘.f§4 note that, for the entire mass range,
Np = Nﬁ,* 2 is corfeet within statistics even thouqh'some'of
the mass_ bins'.a£e 'dcninated by resonances and other mass
bins seem'ié,gpnté}n nonresonant A4 -pairs.
Figﬁ;é?éiﬁézshows.the average F,  for each mass bin.
Unlike 4theté;é-:disfributions, the value of (P.Y is

independent qﬁfincident particle. It increases smoothly

with mass, again showirg no difference between resonant and
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nonrsscnant A -pairs.
we celculated th2 M dependence cf A4 -pair rprcducticn

using the cross secticns on the carbon and tin targsts.

ol

b

Th:se crcss sections were assumsd to b2 proportional to 2

3

(9%}

andl oL was calculated as a function of mass. Figqure E£-

+ . . , D
shows o« for p ard T induced events, Fer both 1incidznt
pirticles, o sStarts at albout 2/3 at 1low mass, 1lacreasing
swoothly to avout 0.¢ ir the J mass region.

A  suprising vresult here is the smooth variaticn of ¥,

N

<P_L> and e over the mass range (3,65 < m < 3.5 GavV/c .

-~

Z da
Also cuprising 1s the ccnstant ratio of - (1-x ) betweenlzai}
P

tor pion induced recacticns and for proton induced reacticns
evaen though one might expect Y-pair prcduction mechanismes to
differ between mass btins dominated Ly vactor mesons and mass
bins dominated by contiruunm, Ihe dataA suggast that thsa
mechanisms prouucing 1lcw 'mass vector mesons, high mass
VZCEOL mesons and continuvum mucn pairs ars similar ir sor=
Way.

C. J Preduction

. ., do . .
“he x distrihbuticns E fcr J production arc shcwun
- dx, p

e

e d'c
in figures 5-15 and 5-1€. The p distributions (I‘j?f )

v

are shown 1in fiqur=as 5-29 and 5-3C. Thke shapae of thsga

distributions fcllow *the cam2 pattern as in otter mass hins.

$ince no dramatic difference is seen hetwsen J  preductica
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W

and  prcducticn of mucr pairs 1in othar mass reglors (s
figures £-31 and %-32), *he X and PJ_ dis=riputicrs ars
pcohatly not very useful in dat;rmininq +h=2 sp=acific
m:chanism by which J's are produced, “hey may, howaver, b2
uisful ir rulirng out scme productiorn mechanisms that arsz nct

1Ts5,

jo¥)

gimilar tc *those 0f 1oWwer mass muycn D
. s da , .
Ey 1itting ITx . the total cross sacticn psar nucleus
d,(F ’ . !
tor J production arnd decay to M -pairs  for x > & was

dztarmined tc be

frat
'v\
[Is%
10
L+
i
(@]
=]
'
‘I
S
b~
H
i
|
Y2
4
it
<
1=
it
In

M+ C 12¢ + 5 nb 372
+
w o+ < e+ 12 ot 438

P o+ O 71 # 3 nt 1607

tle wrrors quoted are statistical only. Thzsc values

I$%

wihor

D4}

ar» mod«l independent becauss of the large accagtance of cur

dzt~ctor.

iy

Figure 5-34 shews the first significant m=asuctament of
ti= helicity &angle (€ ) distritution for J decay, along with
that for the f-w mass bin., Becauss statistical pewar i3
nﬁcded( fhé flot reprasents a corkipation of lata frewm all
bzam particles and from btoth *targets., "The accsptancs of the

o

govctremetsr 1s also shewn, Tor thsz ﬂ’“’ plo%, data for x




> (.3 were used, while for ths.J, x_ > 0.1 was required.

Tne raw data were <ccrrected for =spectrometer acceptance,

K.
wiich depended on  x and on cos & . This was nscessary
since the acceptance was a strong function of x at’ larg-=

* A
valu=s of cos € ., The data were2 fi1t to the forn

2 % :
1 + Pcos (8 ). TFor the P-w o, P was found tc b2 .02 o+

¢.07, which dis in =2xcellent agreement with the axpacted
vilue tor unpolarized prcduction. For the J, F was found to
bz -€,26 4+ 0.,22. This translates to a 35 percent confiderce
lavel for ? = ¢, a .71 percent confideﬁce leval tor ¢ = 1
and a (.6 percent cenfidence level for T = =1, fThe

followinq takle presents the fit values of ?» for picns ard

protcns s£eparately.,

2
BERM_PAZIYCLE _E_ X /DEG. CF _IRELDONM
P ".3“ i '26 o‘pg
s 4
™ -.15 4+ .34 1. 49
cembined -.28 + 27 1. G2

Fecause other =axperiments wmeasuring J proﬁuctibn by
protons accept =vants orly near x; = ¢ (and b<cause this is
thes first experiment tc accurately reasure J production Lty
pinns), we must extrapolats our results for proton induced

producticn to x = £ 1in order to make a comparison. ‘Gh=a
P
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do

d2pendence cf dx; |xozp on Js is shown in figurs 5-35, A
31

point- from our 150 <CeV/c test run is plotta2d in th=

fidure. The x and D distributions measured in the test

run (figure 5-36) are in good agrzemant with ths data
rzported above, A sharp incréase in the cfoss section is
evidant up té JE' = 15 GeV, Abhove that ©fcint, J
production increases slowly with eﬁergy.

D. Additional Nuons in Bssociation with the J

Since scme ‘have predicted that the J is [roduced
predominately by ¢ZI allowed mechanisms (see2 chapter I
sa2ction &), where a seccrd J or a pair of charmed nparticles
is produc:zd also, it is interesting to look for additional
‘muons in association with the Je A tackgréund source cf
third muons is plon cr kaon decay. To calculate this
.hacquound we used the nurber of fhree nuo n events at lcw
mass., Some cuts wa2re applied tc remove othar fcrms cf
background: 1) The three muon tracks had to be asscciated
with three difterent hits in the P hodcscope. 2) Muons with
momenta greater thar 10C GeV/c were nct considered. 3) Tha
three muons were required to come from a single vsrtex in

2
the target ( X cut) , These cuts removed only a small
fraction ot the éood everts (~5 percent)ﬁ' The following

tahle displays the measuréd results,
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FIGURE 5-36, J PRODUCTlgN DATA FroM 150 GeV/c
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Predictions from

Range of Observed data 7 and K decay
M, . Events Events
(GeV/c) Beam utp” 3u 4u R 3u R
0.21-2.3 b4 740000 803 5} 1.59%€0.12 10533= 263 1.60=0.15
* 162000 419 1 1.63= 0,16 300= 75 1.75=0.15
) T 146000 278 2 0.91+£0.11 320+ 80 0.80=0.10
2.7-3.5 1195 a o0 s 1.3 se
/%) = 471 0 0 .- 1.2 -
> 434 0 0] 0.8 L

The data are showﬁ fof two mass regions, 0,21 < m < 2.3

2 ' _ A
GaV¥/c and 2.7 < m < 3.5 Ga2V/c . The events froa the first
maisSs region are ﬁéed to test the assumption that the chief
source of background is from ‘pionr or kaon decay and to
calculate this backgrcund. The geasured numbsar cf‘/w&X‘
events, three-muon evants and four-muon evants are show? in
tn2 first three columns cf the table. In the fourth coluan,
the  nreasured rTatio (R) of /uuﬁy’ events.to /xyyyr*'everts
is qgiven. Fcr the iow rass bin, columns five.and 3ix show
tho ﬂumber of thre=-mucn events and the chargs ratio & as
calculated.assuming that all three nruon events‘ come fronm
diauons accomganied by pion or kaon decay. These
calculatioﬁs‘are in gcod agrzerm=nt with the data.

ror tﬁe kigh mass'tir, column five gives th2 nunker of
Fackgrourd events expected from meson decay as calculated
from the measured‘number"of three puor ev=2nts 1in the low
nass  bine This small tackgfound acconnts.for'all the thres
mion evaents ohserved in the J nmass region, Thkare 1is no

evidence that the J is rroduced in association with charmed
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particles of additional J's.

For the reacticn

n—'-&—‘C — T + J + X
P J Sn S L"ufu’

M

it was assumed that the x 's and P, 's of the two J's werse

I3

uncorrelated and that each was produced with the x and %L
P N . =| .

<

distributions wmeasured for produétion of single J's, Uéipq
these assumptions, we cttain the 90 percent confidence level

limits shown Lhelow.

) LT Incident 2article
JJ J
+.C72 p
+
4052 v
. 079 T
.21 ' combined‘

To find the fraction of J's produced in asscciation
with charmed particles in the r=action ' below, mora

complicated assumptions were used.

= | - | o

T L€ — J +(CC + X

F Sn. Lq+ ‘l 7 2 +X'
, | A :

First, it was assumed that the charmed particle and the g
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wzre produced with correlated rapidities. The distribution

32 20 ye -
of rapidity differences used was e Ye 7Ys ‘ . Seconi,

_ 2
tne charmed particle with mass 1.87 GeV/c was assumed to
d:cay to v X where X was either a K meson or a collecticn
2
ot hkadrons with mass of one GeV/c , The 1lower detaction

efficiency was used. Tte 90 percent confidence level limits

ar= .

g ¢(4a Incident Particls
JCC J ‘
.Cu0 ‘ . p
' +
LCG28 . m
010 } combined

The limits given above are insensitive to the mod=l
used due to the large acceptance of the spectrometer.
Bzcause o0t the masses of the particles involved, hovever,
D221 allowed mechanisms may become more important near x_ = g
wh2re we have littl= ‘data.” Sirilar results to those shown

13 3 3 . 3
above have been regported by Binkley et al., for incidant
neutrorns.

Cur data are in strong disaqreement with the th=

pradictions of  Sivers and Goldman . They allow two

possibilities: 2ither the 02T rule does not apply tc J




producticn or,

34

as suqggested Eky Lipkin

. the 02I viclating

m2charisms fcr J production are strorger than the allowed

mecharnisms
Since
J and other new

‘understood.

This

despite CZI supression.

particles, it is

rasult

any theory explaining QZI supression.

E, tp'
Figure 5-37
proton induced

g=2nerated J line

continuum in the

Prcducticn

e e e - t—

-——

do .
shows 4m in the
events, The
shape. The dashed line

~

. £
two tc four GoV/c rass

L da ‘
w2ll with our -value of gm at 4.7
2
GzV/cC area there 1is a significant
continuum and high mass tail of the J.

w2 find the following

|
|
0.1,
' BT (W (3.7 = 9,607 + (.0G4
. ?ff%ﬁ {3.7)) 2
]
Bg (¥ (3.7 = 6.018 + 0,007
Bar{jTJ_m_)l +
For the Tt~ induced data, there is

continuum,

making the subfraction more difficult,

important

Y

solid curve is a

significantly

the ©ZI ‘Tule is used to explain the width of the

that 1t bhe’

puts an additional constraint on

mass region for

*onte Carlo

is a fit tc +the

region which agreses

2

GeV/c . In the 3.7

axcess above tha

Aftar subtracting,

' _ : .
w production cross secticn fcr x >
ol

I

(p-C)

o+
(mw -C)

larger

W2
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FIGURE 5-37. %ﬁ- (xg > 0.01) FoR P - C INTERACTIONS,

THE SOLID CURVES ARE MONTE CARLO ESTIMATES OF THE LINE
SHAFES FOR THE J AND ¥', THE DASHED CURVE IS A FIT TO

THE MUON PAIR CONTINUUM IN THE MASS REGION 2.0 TO
2.7 GEV/c?, THE DOTTED CURVE 1S THE SUM OF THE OTHER

TWO CURVES.




tanarefore have no result for the ¢ hLean,

i
the () is produced much less ccpiously than the J,

Since thkey bave <th came gquartur nunhers, th=a prcecduction

1%

mecchanism for the two resonancaes shculd bhe similar. Cna
mzcharism, discuss2d in chapter onre, that would increase J

. ]
producticn celative tc Y production 1is the twc gluon

fusion mﬁchaniém which requires C = +1’$tatés which dscey to
th2 J.  Thére are nc knewn C = +1 statos which decay to the
QV'. éf ccurse; since the ¢‘ is a radial excitaticn c¢f
the J; cther mechanisgs may also ha consistent with the
lowerlproductiOp cross section. The wl crcss scction 1is
larqéi. than that expected frcm +hs Drell-vYan cccducticn
mechanism by akout a factor of 15. This implies that it 1is
produced hadrcnically.
F. Zhe Dra2ll-Yan ¥od=zl

Figure ©t-=1 shows thel mass spa2ctra fcr - the threo

incident particle tyras on a carten taryget along with tha

range c¢f predictions c¢f the Trell-Yan mod=1 for incident

proterns, This rang: was deterrired by using sets of
) 35,3¢,37 . .
structure functions by three different authors. ‘“The

cialculation includes the effect of cclor, which is tc reducs
the cross secticn ty a factor of thr==, Ths data ars well
avove the mcdel; howevar, the rgodel.is not expectaed to work

w:ll in this mass range tecause the conditicns allowing us=
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of the impulse approximation are not satisfied. As stated
in . chapter I section B, th=2 impulse approximation should ko
valid for quarks with mcmenta in the cantor of mass qgreater

tnan 1 GeV/c. FEy nusing the re=lations

X = X =X
¥ P E
thi= kinematic region for which the impulse approximation
apolies can te determined. If we taks a 2 G&V/C quark
mo>mentum cut off, +he mcdzl skould not bhegin to apply to our
2
data (x = .3, s = U450 GeV ) until w= ra2ach *he 3 to 4
2 .
Gz=V/c mass range. In figur2 5-1b, ocur %two high=et mass
dita points are plotted along with th2 points of two other
. 38,39 ) .
axpariments , which are scaled according tc the
prell-Yan fcrmula using linear A dependonca and our m=aasured
X distrilkution, Here the data and calculations are in
r
agreement,

. . ‘ . da .
Figure 5-3€& shows the ratios cf 7 (x_ > ®.15)  for o
I
+ - + -
virsus T , P VvVersus T and T v=arsus T 1in th2 usual

miss bins., “hege are compared to *the Drall-Yan aodel

calculeticns, The most 1interesting of thes=2 135  ths

W

v/ - ,
1l /ﬂ ratio, which is pradicted Lty the mod=l to ok
significantly less than on¢ at high masses. 1In fact, it

approaches one-fourth fcr very large massas, This is dus tec



RATIO OF do/dM (X

FIGURE 5-38. 1MaSS DEPENDENCE OF RATIOS OF MUON FAIR
PRODUCTION CROSS SECTIONS (X > 0.15) FOR DIFFERING
INCIDENT PARTICLES. THE CROSSHATCHED AREAS ARE THE RANGE
OF RESULTS FROM DRELL-YAN MODEL CALCULATIONS.
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the charqes of the valencs an*iquarks in ﬁions (se2  chapter
I secticn E). The déta show a significant dgviafjon from
o2 1i the highzst mass nonresornant tins and ars in gocd
ajréement with the Drell-Yan mcdel. In the bius Jdominateld
by the well known rssonzncss ,o,cu, ¢ and J, tha ratio 1is
equal ‘to crne, Wwithin errors, as requirsd foar sitrcny
production. “his evidenca Sufpports 2lectromagnetic
productior at the highest maszes. |

It "is imprcrtart that the Drell-Yan model be tested
further for twc reascens. First, thz structure of nucleons
and mesons can  he studiced with this mod=1, Szcond,

Drell-Yar particle production is important in dz2sigrn  and

{

sz2lecticn of future accelerators and cf experiments at those

+ i
accelerators. For instance, W and 2 gproduction rates at
| un
p - p colliding bheams machines are kest pradicted ty the

Drz2ll-Yarn model,
“he two best checks of the modzl are mad= by tasting

its sceling prediction and Ly wmeasuring the differerca

: + -
batween T and T induced production.of massive lapton
pairs as discussed abovs, Jur group K expects t0o maks a

+ -
pra2cise measur<gpa2nt of the 7 / MM ratio in the near futur:

-

at Torwmilan.
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