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ABSFRACT
... .-I---I- ...

+-
inclusive muon pair p r o d 0 c t i o n     b y      2 2 5     Ge V/c       Tr     ,        f

and proton beams incident upon cdrbon and tin targets was

measured      over       a laras range of kinematic variables    (214    <
2                                                      *

mW4 <  10GeV/c  ,  0  <  x   <  1,  Il  <  4 Gev/c  and  I cose  I  <   .3).-

d.a
The  value of the invariant cross section

E d„, 4%,-d<is

presented as a function of these variables. The vector

m 3 SO LS       )  1   1,0     ,    (P     ,
J and 49' appear in the data along with

apparently ncnresonant A-pairs. By looking for additional

maons accompanying      J-*  ,(4 437 events, a 1.0 percent upper

limit cn production of pairs of charmed particles  in

association with the J is obtained. Aspects of the

continuum mucn pair data are compared tn Drnll   ·    Y.1 n model

+

calculations. The ratio of ,4-pairs produced by Tr beam

particles to *1-pairs produced hy lT beam particlea

supports electromagnetic production at high miss.
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CHAPTER I. Introduction

A.  r.he Discovery of kiew Particles

Late  in 1974, the discovery of a narrow resonance of

2                                                                   1
mass 3.1 GeV/c  was announced simultaneously by the MIT-BNL

collaboration working at the Brockhaven National Laboratory

Alternating Gradient Synchrotron and  by the SLAC-LBL

2
c)llaboration working at SPEAR, the electron positron

colliding beams facility at the Stanford Linear Accelerator

Cdnter. Yhe MIT-B N L grcup made the discovery by  observing

electron  positron  pairs in a two arm spectrometer using 30

2
Ge V/c protons incident on Be. They found a strong peak  at

2
3.1 Ge V/c with a width consistent with zero. The SLAC-LEL

group found a sharp peak in the cross sections

+ee ,  hadrons

e+e- , M &4+ -

er e-   . -) e e
2

They observed a width less than or equal to 1.3 Me V/c .

'..

Each qrcup gave a  name to the new particle. _he MIT-ENL

group labeled it J while the SLAC-LBI group called it   .

Although opinions varied at the time as to what this

n-eW particle was, there was agreement that a  massive

purticle which was so narrow meant that some kind of new

physics was be ing discovered. A faw months  later,  a

.



3

3,4
Fermilab experiment reported J production from photon and

tputroti interactions with Be.  From the t (momentum transfer

s'luarad) distribution of the photon induced production, the

aut hors concluded that.the J was produced diffractively off

tho Be nucleus. The ratio of J signal to continuum in  the

neutron induced data, compared to that found at SPEAF,

indicated that the J was produc€d via t he strong

interaction, supporting the conclusion that  the J was a

vector meson.

Even though the ,T had an unusually long lifetime,  it

fit in well with so me theories of the weak.intaraction.

Prior to its discovery, all known strongly interacting

particles were thought  to  be  composed  of three types

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

which were  bound  together  ky  spin  one particles called

"lluons'I. The following table lists quark properties.

1
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OUARK QUANTUM NUMBERS

Flavor             u         d         s         c

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

Cuarge 2/3 - 1/3 - 1/3 2/3

Baryon Number 1/3 1 /3 1/3 1/3

Isospin 1/2 1/2                 0                       1V

Stranq©ness        0         0         -1        0

C h a r m                                               O                              0                               0                                1

In the usual model , quarks have an additional unbroken

SU (3) degree of freedom called "color". Each of the flavors

of quarks can come in any of three colors while the gluons

form a coljr octet.

The existence of a fourth quark flavor was predicted by

weak interaction gauge theories which were attractive

be ca us e they offer€d a way to .unify the weak and

electromagnetic interactions. These theories had the

prohl€:m that t hey predicted the existence of weak neutral

currents, which had not been observed. Although neutral

currents which did nct change strangeness were later

observed in neutrino  scattering experiments, experimental

upper limits  on strangeness changing neutral currents werE

below the level predict€d by the thecries. Those limits are

6
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d3rived from measurements  of  *--94 Allu-   and  from  the  K-K
L       ·                     L     S

mass difference.

An elegant way cf supres*ihg strangehess chahging

nautral currents in the theory las tb add the fodrth quark

flavor. This new quark was lateltd  c ahd darti*d a neh

quantum number called "charm". with  thia addition many

5
massive long lived particles were predicted , iatluding

particles  that  carry the charm quantum number as eell as a

family of cE mesons with  a  spectrum  similar  to  that  bf

positronium. T he J is thought to be a 1 EE boilhd state.

It is analogous to the 9 meson which is predominantly  si

and for this reason the J is sometimea teferred te as the

(-Pc · Some of the charked ·particles ha96 hoW been follhd  at

6,7                 8
S2EAH and at Fermilab .

Assuming  then that the J is a bound stdte of a thdimed

quark and a charmed antiquark, authors have ptoposed seVeral
9,10

production mechanisms. S ive r s and .Geldman examihed

production  in  the multiperipheral model and contludcd €hat

mechanisms of the type shown in figure 1-lb  should  accodht

for about 80 percent of the J's produced. the gtiark lirie

diagram shown in the  figure  satisfies  an  ampiridai  tdie
11    '    12           13

first proposed  by Okubo ,    Z weig and Iizuka In the

Zweig-Iizuka formulaticn, the rule states th at any

disconnected quark line diagrams (figute 1-ld) are



J

C  C

(a)

Charmed Particles
J

Ec Ec

(b)

FIGURE 1-1.  Two QUARK-LINE DIAGRAMS FOR J

PRODUCTION.  (A) THIS DIAGRAM IS NOT ALLOWED

BY THE OZI RULE BECAUSE THERE IS A DISCONNECTED

1 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,

1
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sippressed. The- allowed mechanisms of J producticn then

require  a pair of charmed partitles in association with it.

06 r. forbidden production of J'E (figure 1-la) and of higher

miss  charmonium  states  which Hecay to the J, were said to

account for the other 20 percent. The OZI rule was

originally introduced  to account for the small cress

-sections for production of ss mesons and for their decay  to

nonstrang€     hadrons,  9-,Plr   and   f '(1514)-1  Trlr   .      Tt   is   also

tnought to play a large role in  giving the J its narrow

14
width suppressing J  decay to hadrons by more than a

fictor of 1000. Although the OZI rule is vital in

explaining the Larrow width of the J, its basis in theory is

not  well understood. It is not universally agreEd that the

OLT. rule implies that charmed particles shoull be  Froduced

iii associatioh with J's.

15
Einhorn and Ellis considbrad J production by several

mechanisms.  They claimed that qhark-antiquark  annihilation

and r  A lease of charm-anticharm pairs from  the  sea  in

oriinary hadrons gave cross Aections too small to account

for the data. They alsb considered J production and

1           
 Ye

production ty the glucns present in hadrons. Quantum number

considerations require that the J can only be produced

directly  via  a three gluon probess (figure 1-28); hcwever;

the even charge coniugation (C = +1) charmonium states ca n



A -
\\
\:, J
I

I

8        -      ,«1-

(a)

A   -  »      X\

*                J
I

B = 6, -
(b)

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 (I )

IS PRODUCED BY TWO GLUONS IN THIS DIAGRAM,

THE 1 SUBSEQUENTLY DECAYS TO THE J BY EMITTING

A PHOTON,
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be produced by a twc gltion method, shown in figiire 1-2.b,

which is favored over the three glucn production. Carlson

16
and Suaya proposed that the dominant mode of J production

wis two gluon production of the C = +1 states followed  ty

\-

ph  o t on emission to the J. T h e n a-s.s u m i n g     t h a t     t h e gluon x

distribution is the same as that of the q uar k s, they were

dole to calculate (following the same line Einhorn and Fllis

h i d   used   for thE: ) the total J production cross SEction
C

as a function of s and also dc- |'4%*. Here x is the function

Of a part.icle s momentum that is carried by a given

constituent parton and s is the total center of mass energy

2
sluarGd (s=(p +p ) ).  The scaling variable x is definfd to

12         1

be    th e momentum along the beam direction of an cutgoing

particle divided  by the maximum possible momentum that

particle could carry consistent with quantum number

conservation (x % 28,/a).
F

Soon after the discovery of the J, another large narrcw

2          '           17
rdsonance a.t 3.7 Gev/c was found at SPEAR and was namei

4*'. This is  now understood to te a radial excitation of

tue cE 1 bound state.

'1.,
Production of the Y' should be very similar to that

of the J because it  is  a radial €xcitation. inG major

difference is that the states of even charge conjugation

wit i ch can he producad by the two glwon process have masses
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".,
lower than that of t he y/ Any that may lie above it are

likely to have masses large enough to also lie abcve the

threshold to decay  strongly to two charmed particles.  If

this is ·the case, the branching ratio to the  Q'  would be
small.

B. CQntinuum Muon PAirs

To investigate the structure of hadrons as bound states

of partons (quarks and glu ons·) , it is useful to perform

experiments in which the partons can be treated  in  the

impulse approximation. Under this appro ximation a parton  is

thought of as instantaneously free during an interaction

that transfers a large amount of energy tc it from a

prolectile. 7 his greatly simplifies - the kinematics

involved.

Examples of experiments that probe the parton nature of

hadrons using the imFulse approximation are: deep inelastic

lepton scattering, electron-positron annihilation to

hadrons, and massive leFton pair production in hadron-hadron

collisions. Much information has be€n obtained about quark

distributions in nucleons from deep inelastic lepton
+ -

scattering. From e e annihilation, knowledge of the number

of quark flavors and of the quark charges has been gained.
18

In 1970, Drell and Yan stated that production of
L

nonresonant massi ve lepton Fairs is dominated   ty
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quark-antiquark annihilation into atimelike  photon  which

then decays to the lentcn pair. They found that the impulse

approximation  is valid for quarks with momenta much greater

that 1 G€V/c ih the center of mass of  the collision. The

19,20,21
Drell-Yan  model  has been discussed by many authors

b3cause it predicts a simple relation between massive lepton

pair productioh cross sections an ti hadron structure

functions.

-dicr    = 41[e'fs 696.-     v fA(*A) xefi (xe\+xffQ'Ix 49(xe)]. 
1

dGNIXF 3614       L  L      LA+Xe    L  AA i ,   A·l  A a 

2                                                                22
Here  Q   is  the 4-momentum transfer squared (Q  =m  > 0),

the sum is o*er 4uark  flavors, e is the quark  charge,
i

A

XA= f  (,(F +JX,t + 491/s   )   ,  1(8=1 (-XF +,/*p= + 462/1         ,   an i  f  i(XA)

is the probaBility of fihding a quark of flavor i carrying a

fraction x of the modentum of hadron A. The f's are simply
A                                                     ·

ralated to structure f unction s measured in electron and

neutrino scatteting froN protons.

bominance of the Drell-Yan m€chanism in production of

massive lepidn pairs is a  basic  prediction  of  th€  quark

mod el. liperiments miasuring massive lepton pair production

can  test this model and, if it is correct, they can measure

hadron structure functions where they have not Yet been

determined, for small x in the proton and for all x in
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pions. One particularly good test of the Drell-Yan model is

the measurement of the high mass 1€pton pa ir prcduction
+

cross section for T incident on an isoscalar nucl€ar

target compared to that for Tr . 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 annihilation, the antiquark

must co me from the pion because there are no val€nce

antiquarks in nucleons. Since the antiquark in the -TT  (u)
+

has twice the charge cf the antiquark in the 7T (3) , the

cross section for 7T induced lepton pairs should te  four
+                                                         -

times that for 7T .  Because the target is isoscalar, lT

induced production via the strong interaction must be equal
+

to -IT induced producticn.

yhe earliest experiment to detect high mass lepton

22
pairs was performed by Christenson et al. who measured

2
muon pairs in the mass range 1.0 to 6.5 Ge V/c . Because cf

9

poor resolution (about  11 percent at 3 Ge V/c ), they

believed the dimuons measured were nonrosonant even though

the J made a substantial contribution to the spectrum in the
2

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

predicted Drell-Yan Froduction cross sections. This was

probably due to unrecognized resonance production.
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c. Ihs Experiment

'1'his thesis is based upon a  large  acc€ptance,  high

rdsolution experiment which measured inclusive muon pair

2

production at    = 21 GeV/c (over a large range of

kinematic variables)        by    lT    )  11

-

and protons incident cn

carbon and tin targets. Some results from a test run at

.
L

J-F    =     1 7   G e V/c will alsc be reported.

/ -IT *- 1 Icl1,  1   +  ls-j  --,   3,£-   -r   x
The acceftance of the apparatus was large for

2 mu < rn .   12    GLY /cA
AA.AL

O < Xp < 1

FL      <   4  42.V / c

and I cos e  1 Z O.2
*

wh er e e is defined in figure 1-3. This thesis will deal

mainly with the *,l -pairs with masses greater than about

2                                                                 '
one G e V/c . Us ing these  data,  J  production,  42

production and Frcduction of high mass non-resonant mucn

pairs can be stud ied. In addition, due to the large

acceptance of the apparatus, "unusual" events with more than

two muons can be observed. This is especially interesting

in light of the prediction that the J's should be Froduced

in association with charmed particles.

fhe thesis of G. G. Henry (University of Chicago) is

based upon the same experiment and will include important
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results n o t reported here. Principally these ara high

resolution mi·asurements of differential cross sectians fof

production Of /DU.) to and low mass nonresonant ,£4-pairs.C ,  -r

Tne muon pair contribution to the anomalous yield of singl=

dire: ct muons will he calculated from these measurements over

a    larg e range Of single muon x and transverse mcmentum.
E

The data from additional detector elements will.be used to

outain better resolution and to reject background.
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CHAPTER II. AP P AR AT US

A. Over-Yiew

The experiment was performed at the Fermi National

Accelerator Laboratory  in  Batavia Illinois. Figure  2-1

displays the layout of the accelerator and beam lines. In

13
each machine pulse, atout 1.5 X 10 protons were

accelerated to an energy of 400 GeV in the main ring of the

accelerator, then extracted and divided among the team

lines. Th€ extraction method which is relevant tc cur beam

is the "slow spill" in which protons are extracted uniformly

over a period of about 0.8 seconds. Cur experiment utilized

the Chicago Cyclotron Spectrometer facility, which is in the

neutrino area and is lateled "muon spectrometer" in the

figure. This spectrometer is served by a beam of secondary

particles produced when the primary proton beam strikes the

neutrino area target.

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

laboratory. A. right handed coordinate system was defined,

the origin of which was at the center of the spectrometer

magnet. The z axis was along the beam direction; the y axis

was vertical; the x axis was directed toward beam left.

In the beam line enclosures upstream of the  lab ratcry

w d re th ree threshold beam C e r en ko v counters, t wo beam

defining counters (T  and T ,) and three pairs of vetc  jaws
1              2
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(V ,  ) which surrounded the beam.
law

The first element inside the muo n lab was    a    beam

defining counter (T ). It was followed  immediately  by  an
4                  ·

array of counters
(VM) )

that was used to veto muons outside

of the beam. Final beam definition was done upstream of the

target by the counter (T ).  Immediately downstream  of  the

target was a counter
(T 5)         u 4e

d to determine whether an

interaction took place within the target. A 2.2 met€r thick

block of iron 1.4 meters downstream of the target, ahsorted

hadrons before a significant fraction of them decayed. Next

were  eight planes of multiwire Frofortional chambers (MWPC)

followed by the Chicago Cyclotron Magnet (CCM) and twenty

planes of spark chambers. A three inch by three inch

counter· (VQ ) used to veto beam mucns was placed just after

the first 12  spark  chamber Rlanes. Following the spark

chambers was a lead wall, which *as left  by the previcus

users of the spectrometer. Further downstream was a 2.5

meter thick  wall,  which  improved  our  hadron  rej€cticn.

Finally, the muon identifying hcdcscope (P hodosccie) was

just downstream of a lead wall that reduced hits  in  the

hodoscope from electromagnetic showers accompanying single

muons.

A large part of the app4ratus was assembled by Fermilab

experiment 98,            a           Chicago-Har var d-Illinois-Oxford
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collaboration (henceforth refered to as E-98), which used

the detector to measur€ deep inelastic muon scattering.

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

constraints were placed upon our reconfiguration of the

apparatus.

B. The Rsam 11 ne

Primary protons, usually with a momentum of 400 Gev/c

(300 GeV/c for 10 percent of the run), were incident uFon  a

twelve inch (one interaction length) thick aluminum target.

Particles prcduced in this target, at 0.8 milliradians, with

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

our secondary beam line.

Figure  2-3  is a diagr6m of the beam line.  Because of

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

to the 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
-7

conditions, the yield was 5.0 X 10 particles per primary
-8

proton. For negative beam running, the yield was 6 X 10

particles per primary proton. Because the path length from

the primary ta rge t to the muon lab was long, around 4

percent of the pions and 27 percent of the kaons d€cayed.

Th is caused muon contamination in the beam at a low level

(about 0.2 percent for Fcsitive team) and a muon "halo"
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around the beam. Th€ total halo was about six percent of

the team rate for the Fcsitive beam. These halc mucns are

most intense near the beam, but are spread over the

transverse extent of the detector.

Due to the radio frequency acc€leration  in the main

ring, th€ extracted protons were not uniformly distributed

in time. They were grouped in "RF buckets" that. were less

than two nanoseconds   in duration and about twenty

nanoseconds apart. Because the usual running intensity was

6                                                                        5
3  X 10 particles Fer pulse (for negative beam, 5 X 10

particled per pulse), only seven Percent of the  RF  buckets

contained more than one particle.

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

threshold Cerenkov counters discussed in the next secticn.

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

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

the same beam line.
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BEAM COMFOSITION

p,sitive beam protons .84

+ 1
Tr                                                            .  138

+
K                    .022

negative beam     1T               .965

K                                            .03

p                                    .005

C. BeAE Cerenkov Counters

Thr€e threshold Cerenkov counters were used to identify

bvam particles. They were located in enclosures 102, 103

and 104 and are labeled C,C and C  in  figure  2-3.   The
2   ,3       4

beam pipes upstream of the countdrs contained helium at less

than atmospheric pressure. THe helium was used as  a

radiator of Cerenkov light which was focussed by a paratolic

mirror on an ECA C3100(M photomu tiplier tube  as  shawn  in

figure 2-4. A quartz window w6s used to separate the tube

from the partially evacuated couhter to match the

phototube's efficiency  in  the UV. The counters C and C
2         4

were built for our experiment, wHile C  had  b€€n  used  for
3

the studies of Aubert et. al. The design of C was very
3

similar to that of C  and C .  THe major difference was that
24

tn e C mirror was only 10 inches in diameter.
3

The mirror orientation was adjusted after the  counters

were  in' pcsition by placing a light bulb at the far end of
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the beam pipe upstream cf the counter. and viewing its image

at the photocathode position.

For positive beam  running the Cerenkov counters were

set to be efficient on Fions and kaons but not on Frotons.

A sample pressure curve is shown in figure 2-5. For

negative running, the Cerenkov inforration was not  used  in

the  analysis.   By comparing th  photomultiplier output for

single photoelectron noise to that from  a  beam Ficn, the

averag€ number of phctoelectrpns generated by a beam pion

was determined to be about 15. The efficiencies and

accidental probabilities of the Cerenkov counters a Ie

discussed in chapter IV, section B.

D.  I , viatg counter 

Several counters w€Ie used to veto  false  triggers

caused  by muon contasination in the beam and the halo

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

three dipoles in enclosure 104, the beam  passed  through  a

four inch diameter hole in a jaw counter, composed of two

scintillators with semicircular pieces removed f r om the ir

ends. A        h alo particle hitting any of these Six

scintillators produced a pulse V to inhibit  the  trigger
jaw

.t

loqic.

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  l E inch square count ers, slightly

overlapp€d to avoid inefficiencies. A two inch square hole

was left for t he beam. This hcdoscope was positioned

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

that "backsflash" particles from an interaction in the

target arrived at V too latb to veto a trigger from that
M

interaction.

The two inch hole in V was covered by a three inch by
M

three inch counter (T ). Triggers were vetoed if the pulse
4

height f ro m T was greater that about 1.5 times that
4

expected from one minimum ionizing particle. To remove b€am

buckets with more than cne particle, a similar pulse height

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

and  one-half  inch beam defining counter  (see next s€ction).

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

square scintillator centered on the deflected beam line at a

distance eight meters downstream cf the center of the CCM.

Because  the  CCM polarity was nev€r reversed, VU  had to be

repositioned each time the beam polarity was changed.

E.  The Real Def inins Ccunters

Four scintillation counters were used to define the

incoming beam. The  first counter (T ) was located in the
1

upstream end of enclosure 104 and was three inches by  three

inches  in size. A  two inch by two inch counter (T ) was
2



-

1.0 V

00\ .9
rt
0
m .8

rt
0.7

Z

e.6- p = 194 GeV/c Protons 73.5%Beam
Z
1-

Z 5D
o                     Spt Here
0

1

.4
5 T

1

4
W
m .3 Kaons  3 %

..1

LL
0

2                                                               Pions  23.5 %
Z0
t--

O .14
01
LL Ill    .,     Ill     10 012345678

PRESSURE (arbitrary scale)

FIGURE 2-5,  PRESSURE CURVE FOR QI'  AS DIE 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 CONDITIONS.



50%

Inefficiency of
BI Trigger

40%

>-30% 66932 Events . 6000
Z

.                 Events in Mass Bin             500
65<m<1.0

LL
LLI
Z 20% - 400

42

-300   
>
LLI

10% - 200

f                                                                               -100

O   r l      lilI 0
30 40 50 60    70 80 90 100

TS ADC channel

FIGURE 2-6,  THE INEFFICIENCY OF THE BI TRIGGER IS
PLOTTED ALONG WITH THE NUMBER OF EVENTS IN THE MASS BIN

0,65 <M< 1.0 As A
FUNCTION OF T  ADC

CHANNEL, THERE ARE

66932 EVENTS ABOVE CHANNEL 100,  IHE OVERALL BI TRIGGER
INEFFICIENCY IS CALCULATED FROM THESE DATA TO BE 1%,



20

placed in downstream 104. Another three inch by three inch

counter (T ), which was around three meters upstream of the
4

target, was required in the beam definition, although its

main  purpose was to vetc beam particles accompanied by halo

muons (s€e previous section). Th€ final beam defining

counter  (T3)  was 1.5 inches by 1.5 inches in size and 1.76

maters upstream of the target. The target was positioned

9.91 meters upstream of the magnet's center.

F.  the Interaction Counter lI 1
5

A 2 1/2 inch hy 2 1/2 inch counter (T ), plac€d five
5

inches downstream of the target, was used to determine

whether an interaction had occurred there. The primary

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

or equal to two times minimum ionizing. In this way,

interactions which occurred in th€ shield would not cause

triggers. To assure that this trigger requirement did not

cause a significant inefficiency, a prescaled trigger not

requiring T was used. By latching  T and recording its
5                                     5

pulse height on an ADC, an efficiency could be calculated

for each ADC channel (figure 2-6). This efficiency along

with the pulse height distribution for good events with 0.65
2·         2

Ge V/c <  m    < 1.0 Ge V/c is shown in figure 2-6. Using

these data, we calculate a one percent inefficiency due to

T.
5
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G.  Tkie kliliti iK-9 Proportional Chambers

Eight planes of multiwire proportional chambers one

meter  by one meter in active area were locat€d just

downstream cf the first hadron absorber. They were used to

measure the direction cosines of each muon before it entered

the field of the CCM. These chambers were built by the E-98

collaboration at the Enrico Fermi Institute and are

described in detail in reference 24. Four planes measured

the x coordinate and fcur planes measured the y coordinate.

The wir€ spacing in       t he se MWPC'S was 1.5 mm an d  t he

theoretical chamber resolution (0.43 mm) was consistent with

X2 distributions from the track finding program. Typical

chamber efficiencies, computed from muon tracks in good

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

the rather la r qe inefficiencies in these chambers are

discussed in chapter III, section F.
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Elane_TIRe Z Position Efficiency

y 4.74 .83

x 4.56 . 9·0

Y                . 4.21 .93

x 4.03 .89

y 3.69 .93

x 3.51 .89

y 3.17 .86

x 2.99 .72

H.  The -Spark Shambors

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

collaboration, were used to measure trajectcries of each

muon downstream cf the CCM. The first t welve of these

planes,  two  meters in height by four meters in width, w€re

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

two meters  by six meters, were constructed at Harvard

University.  On all of the planes th€ wires were spaced 1/20

inch apart and during normal operation  the  measured  spark

chamber resolution was about 0.5 mm. Of the twenty planes,

nine had vertical wires and the remaining eleven had wires

at an  angle  of  + arctan (1/8) to the vertical. ihe

following table summarizes the plane positioning.
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IXRe Distance from Magnet Center (meters)

Tw6 by Four Meter Planes

u                    3.88

x                             3.89

x                  4.00

v                  4.01

u                   4.88

x                           4.89

X                  5.00

V                  5.01

U                    5.91

x                  5.92

x                   6.03

v                                            6.04

Two by Six Meter Planes

u                   8.69

x                  8.70

u                       8.86

x                   8.87

v             '     9.02

u                    9.04

x                              9.19

v                   9.20

The spark chamber effici€ncies are discussed in chapter III,
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section B.

The readout of the two   by four met er chambers was

designed to operate in the*fringe field of the CCM. Each

chamber wire was the inFut to one bit in a shift register.

After .the RF noise from the sp ar k chamber pulse ha d

subsided, the data were shifted along through the readout

system and bits we-re interrogated one at a  time by a

"scanner". The details cf these chambers, their r€adout,

and their pulsing system., are described in reference 25.

The  two  by  six  meter  ·chambers  were  read  out  by

conventicnal magnetostrictive wands. Their details along

with their pulsing  system  and readout are describ€d in

reference 26.

All    of the cha·mbers vere operat€d 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 t #o by four meter chambers was reversed. This

caused the memory time of these chambers to decrease frcm

about ten microsconds tc one microsecond.

I.  the Chicago Cyclotron Magnet

The  magnet  used in the spectrometer was that from the

301) MeV University of Chicago synchro-cyclotron. The field

had an effective diameter of 5.18 meters and the gap between

th e pole tips was widened to 1.29 meters for use at
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Fermilab.  This gave the magnet an aperture slightly larger
than the acceptance  in the vertical direction and much

larger than the horizontal acceptance of the rest Of the

detector.

The magnetic field was aFproximated as a hard edged

cylinder with B=6.984 kilogauss inside a radius of 2.59

meters and B=0. outside. We determined these numbers by

computer tracking of particles through the magnet using

field maps obtained from E-98. The field at the center of

the magnet was measured ty us with an NMR probe.

J.  Ihi E Hodoscope

The P hodoscope was a key element in the dimuon 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 magn€t were due to muons in time

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

positions and sizes cf the F hodoscope counters.  The

assymetries of the arrangement were necessary because of the

position cf the E-98 fast electronics. T her e were  53

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

varied, being smallest near the beam and larger away from

the beam. This arrangement reduced the acceptance lost ty           <

requiring two nonadjacent counters in the trigger. The

counters were overlapped slightly and were no more than 3/4
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inches downstream of an eight inch . thick lead wall t hat

absorbed el€ctromagnetic showers which accompanied moons.

Because cf lead's short radiation length, only showers which

were produced near to th€ h'odosccfe could have an effect.

Yhese shcwers were unlikely to have spread out enough to hit

more than two adjacent ccunters.

The scintillator used was Pilot Y in either 1/2 inch cr

1/4 inch ttickness.  Iight was collected from each counter

through an adiabatic lucite light pipe and detected  by an

RCA 8575 photomultiplier tube. Phototube signals were

discriminat€d and latchcd. We m€asur€d the counter

efficiencies  by  triggering on nuons near the point where

light collection was worst. Phototube voltages were set to

be 100 volts above the efficiency plateau.

K.           Th€      J     H c d c s c o p e--- -

The J hcdoscope was employ€d to reduce the trigger rate

of the Experiment sc  that higher beam intensity could te

used (see section L of this chapter). It imposed a minimum

/4-pair cpening angle requirement in the trigger.  When the

J hodosccpe cut was used, beam intensity was not limited  by

the trigger rate. This requirement drastically reduced the

2acceptanc€ for *4-pairs with masses less than 500 MeV/c and

for A-pairs coming frcm the hadrcn absorber, while leaving
the acceptance essentially unchanged for masses greater than
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2
1 GeV/c . Figure 2-8  is  a  diagram of the J hodoscope

showing the arrangement a nd sizes of counters. The

hodoscope consisted of eleven counters measuring the

x-position of a hit and nine counters measuring the

y-position.

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

Since most ccunters were narrow, only simple light piges

were needed. These had a 90 degrees bend so that the FCA

8575 photomultiplier tubes could be easily shielded from the

fringe field of the Chicago Cyclotron Magnet. The shielding

was provided by iron Fifes spaced a bo ut one-fourth inch

outside AX-metal shields which covered the phototube.

Using a muon beam, we set the voltages Of the

photomultiplier tubes sc that the output signals  were  four

times the 100 millivolt discriminator thresholds. Counter

and latch efficiencies were checked using tracks in the  one

by one meter MWPCIs.

L.  The TI119&I  -Dd Fist Electronics

U si nq the counters des crib€d in previous s€ctions   of

t h is    c ha pte r, we developed a system of electronics to

trigger efficiently on muon pairs produced in the target by

a beam particle. Stated simply, the trigger requirements

were: one and only one beam particle incident upon the

target, two or mcre particles leaving the target, and two or
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more muons with enough erergy to reach the F hodoscope. For

some of the running, a minimum 4-pair opening  angle

upstream of the magnet was also required.

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

Some intermediate logic levels are shown which I will define

here.

B" = T *T *T *T
1 2 3 4

B' =T *T *T *T *     (B")
1    2    3    4       delayed one RF bucket

V=V +V +V +  (T ) +  (T )
M           A jaw 322 4>2

E = B'  * 7

B=B' *7* (T)
I                        5 2 2

P = two 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, th€ discriminator output signals from

all of the P hodoscope counters were summed and the sum was

discriminat€d at two levels (sum 2 2 counters and  sum  2  3

counters). The discriuinated counter signals were inputs to

a     vet o circuit which returned a  veto output if any two

adjacent counters were hit. A coincidence between any, two

of the  three signals, sum 2 2, sum 2 3, and T were
adjacent

required to give P. A similar procedure was followed for
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each of the J hodoscop€ Flanes .and the results were CPed to

give the J signal.

When we ran with a high intensity heam, two t ypes    cf

triggers were simultan€ously taken. They were B *9*J
I

and (B *P*J) During low intensity running,.the
Frescaled

two triggers used were B *F*J'and (B * F   *
I

J' ) The pr€scaled triggers were taken mainly to
prescaled

be used to check elements of the ·detector and to tune  up

analysis techniques.

Aft€r each trigger, a "dead time" of around  20

millliseconds was imFosed so that all the data could  te

transferr.ed to the comfuter and to allow spark chambers to

recover from having be€n pulsed. Curing this time no

triggers were. accepted  and  scalers were gated  off.

Many coincidences besides those discussed abcve were

generated and scaled using CAMAC scalers during tte live

time of the detector. These were used to normalize th€ data

to the incident flux cf particles and to monitor detector

performance. The pulse heights of ccunters 7,1,7, C-,3 4 5 z

C,and C were recorded using CAMAC ADC 's.
34
M.  Data Aquisition

All detector inforuation was transfered to a SIGMA III

on-line computer via CAMAC. The ccmFuter received the data

from CAMAC and wrct€  it  in essentially the sime fcrm on
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magnetic tap€. The data were written in 600 wcrd (16

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

records, depending on the number of hits in the spark

chambers and proportional chambers.

The  Sigma III also performed other tasks to ch€ck

detector operation. It monitored scaler ratios, chamber

efficiencies, chamber readout errors, Cerenkov counter

efficiencies, and trigger errors. A large number of data

displays were available using a CRT. Th€se included chamber

and  hodoscOFe  multiplicity distributions, counter pulse

height distributions, raw data printout, and many event

displays either showing an overall picture cf an event or

emphasizing one part of the detector.
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SliARIER iII· Event Reconstruction

The objective of the reconstruction program was to find

muon tracks in the spectrometer. In the MWPC's upstream of

the  magnet, tracks (groups of hits in chambers which fit to

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

separately. Tracks were found in three space in thE spark

chambers downstream of the magnet.  A muon track was then  a

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

y-track  in  the  MWPC'E  upstreah  of  the magnet and which

pointed to a hit in the P hodoscope.

A. -The U.281EAin ZTEack Finder

The track finding started in  the   8 planes of

proportional chambers upstream of the CCM (see chaFter II

section G). There were four x-planes and four- y-planes SO

the tracks could only be found in each view separately.

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

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

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

about th€ initial line. This was done for two pairs cf

chambers  so  that  any three Foint track would be found.  A

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

the probability that this was a good track, as computed from
1

the track X

2  -  <(J 4     \,-  f. l O.43 mm  J
10
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and the number of degrees of freedom, was less than 2

percent, the track was rejected. If a four point track kas

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

if  ther E was a three Fcint track satisfying the probability

requirement. If two good tracks had two or more points  in
2

common, the track having the higher Z was dropped.

All the hits that wer e not used on a three cr four

point tracks were used as inp ut 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 gen€ral 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 tracks formed frow uncorrelated hits in the MWIC's.

B.  Downstream Track Finder

The  next step in the reconstruction was to find tracks

downstream of the magnet where there were 20 planes cf spark

chambers (see chapter II section H) . W it h this large

redundancy  we were abl€ to withstand sizable inefficiencies

in some cf the chambers. The inefficiencies that occur€d

made it  impossible to start the track search in a specific

subset of the chambers, because trying all pairs of chambers
-

-
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led to a very large number of cdmtinations. thereore we  used

a  more sophisticated method involving the impact parameters

of the upstream x-tracks.

Searched for first were x-tracks in the nine  planes

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

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

near the average of the downstream ·chamber positions.  Since

in  a cylindrically symmetric magnetic field the ingoing 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

determin€d. A fter the sparks were projected, a cluster of

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

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

found, a search was mad€ in the tilt€d (u and v) planes.

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

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

gap. For each x spark found in the prior search, the

program calculated y Fositions using each spark in the

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

ch am ber because the tilted wires were at only a small angle

to the x wires. Each gccd y value was projected onto the
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same z plane using the assumption that the track Fointed

back to the target. A s€arch was then done for a cluster of

y-values within a somewhat wider y window (12.5 mm). The

extra width was necessary because the resolution in y in the

spark chambeLS is 8 times worse than in x. If at least

three y-values ware within the window then the sparks in the

tilted plan€s that ge ne ra te d the y-values and the

corresponding x sparks w€re used as input to a routine which

fit a straight line to the spark positions.

Af ter the first fit was made, all sparks within 19 mm

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

new line were fit again. If there were at least thre€ x

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

enough lever arm (62 cm) to define the track adequately, the

track was added tc the list of downstream tracks and the

search for clusters of Frolected x sparks was resumed.   The

pr)gram made a search using each upstream.x-track to project

the sparks.

C.  T-he f Counter Requirement

When  the track finding was cowplete, the next task was

to determine which downstream tracks were d ue to moons.

Th is was done by looking for a hit in the P hodosccFe (see

chapter II secticn J) that could have been  produced  by  a

muon with the trajectory of the downstream track. Since the
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angles upstream of the magnet were small compared to the

angles of low momentum tracks downstream 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

the momentum. To allcw for multiple scattering, the

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

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

greater. An·y track th'at was within this distance cf , a  hit

counter was considered tc be a muon track.

D.           Itin kiIlg

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 parameters of the upstream and

downstream tracks be within 25 mm of each other. Figure 3-1

snows a distribution of impact parameter differences.

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

the slope could be check€d becaus€ the vertical b€nding of

the ma gnet was negligible. A cut was made on the overall

error. Eistributions of the y intercept difference and  y

slope difference betwe€n upstream and downstream tracks are
/b v      \1    /a v'    \1shown in figures 3-2 and 3-3. the quantity (ECA)+(:00-5- J

was: required to be less than 25.0 for an acceptable y link.

If there was a linking ambiguity it was resclv€d. by
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linking the maximum  number  of tracks. For example,  if

downstream track (A) satisfied the linking requirements with

upstream  x-tracks (1) aid (2) , and downstream track (B) did

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

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

E.  Momentum Calculation

After the track linking was completed the muon momentum

was computed for each linked track. From a beam trigger run

the momentum resolution (cr) was measured to be 12.8 GeV/c

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

errors. If the spread is due only to measurem€nt error,

this giv€s a 1.3 percent resolution at 50 GeV/c.

Since the momentum was measured downstream of the ircn

absorber, it was necessary to corr€ct for energy loss in the

absorber. We  made a mcmentum dependent correction using a
'

27
simple fit tc calculations made by Theriot , which included

the effects of collision losses, pair Froducticn,

bremsstrahlung, and nuclear intetactions.

F.  ReconstructiRn Efficiency

As  a  check,  two  independent reconstruction programs

were written and were compared e4ent  by event before the

primary analysis was done. Rdconstruction inefficiencies

were found i n         bot h Of the Frcgrams. These wer€ then

corr€cted and the comparison was made again. After the
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programs were tuned up in this wayi each show€d a two

percent inefficiency  in reconstruction when using events

reconstruct€d by the cther program as a sample. An

additional two percent of the events were found to have

significant differences  in the reconstructed tracks.

Although this gives only an up p er limit on the

reconstruction efficiency, since there could be correlations

between the two programs, it  indicates  the  reccnstruction

programs had  a high efficiency.

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

meter chambers was not functioning. Reconstructicn was then

done downstream with only the two by fo ur m et er chambers.

This caused a five percent inefficiency in reconstruction

due to chamber inefficiency. We Eeasured this hy  comparing

the number of events rfconstructed with and without the 2X6

meter chambers using a sample of data where they were

working properly.

To check for problems with scme parts of the data, the

number of good events per incident team particle was Flotted

as a function of run number (figure 3-4). This quantity was

constant, aside from the obvious dependence on t arget

thickness, to within ten percent. This of course also

checks for trigger efficiency fluctuations.

From the above checks on the ' reconstruction we found
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that  there were no problems with the program or intermitent

eluipment problems that caused a significant  inefficiency.

Th e absolute  reconstruction efficiency was measured  by

displaying the  chamber  and  counter  hits  on  a  CRT  and

recording the number of good events missed. This could be

done easily because of the large number of spark chamter

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

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

counter requirement tte efficiency upstream, where the

potential problems lie, could be measured. T he efficiency

measured was 85 percent (includes the 2 percent Frogram

inefficiency). The track reconstruction efficiency of the

MW PC' s calculated from the measured plane efficiencies was

97.8 percent per track. This gives an event efficiency of

91.2 percent  since four upstream tracks were required. We

expect the inefficiency to be larger than the simple numter

calculated from the plane efficiencies because of ccnfusion

from electromagnetic shcwers coming out of the iron which

caused the MEPC readout to overflow in some cases.

G.     Dat a    Han dlin q-Ill--/0

The reconstruction took place in three steps. In the

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

was done and the derived information along with a ccFy cf

the primary data was written on a secondary tape. For each
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primaty  tapu bne seccndary tape was written.  In the second

step all tw6 muon events were writteh in h  compressed  form

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

were writteh ih the format of the secondary tape on  another

tape. this  teduced  the  volume  of data from 240 primary

tapes to abbut 10 tapes.  In the third step of the  anaiysis

tha good data Were bihh€d, normalized and cuts were imposed.

This St€F could ba rerun many times because  it  used

relatively little computer time.
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CHAPTER II.  ANALYSIS
2

A.   X   lit ig upstream .21:9225

The largest contritution to Am, the measurem€nt errcr

in  the  mass, was multiple scattering in the iron absorber.

In order to get the best resolution possible we assumed that

the  /4-pair came from the center of the target along  the

beam direction and that toth muons came from the same point.

Then, the slopes upstream of the absorber were calculated

from the positions and slopes downstream of the absorter  by

.-,1minimizing a  K.
28

The joint probability distribution for the multiple

scattering angle 0 and the multiple scattering displacementX

X is

1

.  4FiX•  C     -   3.,l       I   J *, i
P (x, ex ) = 1 (·091 ..Tr )

where z is the length of the scattering material and X  is
0

the radiation length. Scattering in y is independent of

that in x and the same Frobability distributions apply.
-2/2               2Since   P  oc e , the  X  could simply be written as

I z =   I pax.  c   91 -    _   38* x, 3 *,1   1
(.611)1   C 2 ---1-- t--

+  8,*  _34  K   + 22)2 1                   23           2                22          2 9

.+   9 TZ X        e;    _  34x'.       3,t:         ezy.      30   ,•
(.021)1   ( 2 e;      +:--  + __.._-  1&71    + 331  \1r            1 2 1 23 1
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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 irons downstream of the absorter, and

positions of the  moons  downstream  of  the  absorb€r.   By
2

requiring a 'I minirum, the x-y vertex position and the

initial iuon slopes were computed analytically. From the

momenta  and  from  these fit slopes the event parameters m,
*

X.2 ,and cos 0 were calculated.
F.   1

After the x-y position of the vertex has been

2
calculat€d by the X  method, the calculation of the fit

2
slopes with the X is equivalent to an easily visualized

method.   If the trackE downstream of the absorber are

extrapolated to a "magic  plane in the  absorber  and  their

intersections  with  that  plane are connected to th€ vertex

with straight lines, the slopes of these lines are the  same

as the fit slopes (see figurd 4-1).

In some cases mucn pairs  produced in the shield or

uncorrelated muons were reconstructed, with the result that

an incorrect mass was comput€d from the fit slop€s. For

example, muon pairs which come from the shield have  a  "fit

massI, which  is about half their actual mass. Ic remcve

8£ -pairs that did not come from the target, Cuts w€re

imposed. First a cut Mas made cn the   2 discussed above.

The cut was mass dependent since high mass events  which  do
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not come from the target have very large  X2, s. Events

2                                    2
were cut for Z   > 6 + lm with m in  GeV/c . Figures 4-2,

2

4-3  and 4-4 are scatter plots of the X for an event with

2
the assumption that it came from the target vs. the  X  for

the event with the assumption that  it came from the

absorber. In the first plot (  m < 0.525 ) most of the

events have low target and atsorter X  ' s. It is  nat

possible to se pa ra te target  pairs from abscrber Fairs in

this mass region (U se of additional information frcm

chambers upstream of t he hadron  absorber allows the

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

the  seccnd plot ( 0.525 <m< 1.0 ) most of the events have

11 w target Is and are distributed uniformly over  a%2

large range of absorber  *2 's.  Here a partial separation

of target  and  absorber  could  b€ made; ho we ve r,         it        is

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

This  is  reasonable  since  events in this "fit massM range

which com€ from the absorber would have actual masses

2
between 1.0 and 2.0 GeV/c where the ,4 -pair production

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

the 0.525 to 1.0 Ge V/c region. In the third figure
2

( m > 1.0 ) most of the €vents have small target  X  's and
2

large absorb€r   X   's.    Here  it  is  €asy to separate target

and absorber.
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Additional Cuts were applied mainly to eliminate h,igh

mass pairs where one muon was from an accidental in th€ beam

halo. This was possible because halc particles. populated  a

very small segment of the phase space for good3 events.

First, nc mucns were allcwed with mowentum greater than 195

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

beam less than six milliradians were cut if the muon h acl.  a

momentum greater than 120 Ge V/c. Finally a momentum

dependent target cut was sade on individual muon tracks.,

The projection of a 10 GeV/c muon track had tc be within'15

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

the target center. The limit imposed was proportional to

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

Figure 4-6 shows a wass distribution for Cut events.

There  is no noticeable enhancement at the J or  0 masses

where we see strong peaks in good events. This  indicafes

that  very few &4-pairs from the target ware cut (I estimdte
]

less than one percent).

B.  NQ-ImiliZAtion AR„  Beam Particle Identification

Beam particle identification was accomplished by using

the three beam Cerenkov counters C,C  and C (see chapter
5

2   3      4

If section C). If tvo or more Cerenkov latches we re se-t,

th e beam particle was said to b€ a pion. If zero or dne

wjre set, the beam particle was said to be a  proton.   Fbr
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the  negative beam running, all particles were assumed to be

lT         ' s. For a tyFical run, the efficiencies and

accidental probabilities are given below.

(Quili  EFFICIENCY ACCIDENTAL PROBABIIITY

C .921 .013
2

C .896 .010
3

C .992 .006
4

The probability of misidentifying a pion as a proton is then

0.0041 and  the Frobability of misidentifying a protcn as a

pion is 0.00027. These probabilities are so small that they

may be neglected.

The beam normalization was done  by using th€ CAMAC

scalers. The coinciderces B, B*C, B*C, B*C,
2            3            4

B*C *C,B*C *C,B*C *C and B*C *C *C
23 2 4 34  2 34

were scaled, where  B is defined in chapter II, section L.

From these the number of protons and the number cf Fions

could be calculated:

Nt = (B*C *C )+(B*(2*(4)+CE*(3*(4)-2(8*(2*(3*(4)2   3

N  =B-N
1T

P
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The efficiencies could also be Computed:
1

8·4 ·c ·r
e/4      =    d.,6  -  .  -   3/    g 4     :     1  etc.

U.r .r61 63
1

1

Also  scaled were, B*C (delayed), B*C (delay€d) and
2                          3

B*C.(delayed) , where the delayed signal   is   many   RF
4

buckets  out  of time from the B signal. From thede the

accidentil #fobabilities of the Cerenkov counters dculd  be

calculat€di

(8   · C 414.layed

Accidert+4'liv - 13
-  1  £+C.

Well  understood corrections were made to this normalization

for a few runs  due  to  malfuActions  in the electronics.

After  making these· corrections the fraction o'f pions in the

beam held constant thrcdghout the run.

Target thicknessed and densities were measure'd.   The

foliovind table dd/marties the relevant normalization data.
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NORMALIZATION DATA

Target Material    C         C         C         Sn

Length (cm) 7.46 12.54 13.97 5.08

Density 2.188 2.188 2.188 7.31

10
Exposure J' Trigger in Units of 10 Particles

Protons 1.092 1.712 .4542 .1641

1                      0. 909719 903319.2296
--rr            0.      1.047   0.      0.

10
Exposure J Trigger in Units of 10 Particles

Protons 5.035 .1198 1.037 1.961

+
lT                                       . 9864 0. .2066 .4159

-

-TT            0.      0.      0.      0.
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The following table summarizes the normalization results.
6.

NORMAIIZATION RESUITS

target C (7.46) C (1.2.54) C(13.97) Sn(5.08)

Proton o< .927 .882 .870 .909

Pio n .i .894      .83b .813 .880

Sensitivity J' Trigger in nanobarns/nucleus/event

Proton .1250 .0511 .1765 3.677

+
-TT .5735 .6872 .7707 17.60

Tr                                                       .7863

Sensitivity J Trigger in nanobarns/nucleus/event

Proton .02712 .07731 .3077

+
-Tr ,1335 .3626 1.404

-rr

The rows labeled =4 give the bo€fficients used tc corr€ct

for beam attenuation in the target.

c.       I.be   J  Iriager

For data which were taken with" the J   trigger

requirement (ch apt er II, section K), it was necessary to

impose a  software  J  requirem6nt since electromagnetic

showers or other spurious hits could trigger the apparatus

on 14 -pairs that would not satisfy the J  requirement.

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

(A
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,had a slight inefficiency.  Therefore the  only  requirement

imposed   in the analysis was that th€ tracks of the   14 -pair

in the 1 Xl meter Froportional  chambers  intersect a legal

combination of J counters.

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

working  optimally, the J counter positions and efficiencies

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

requirement was  imposed on data taken with the J' trigger.

The ratio of good events  to incident beam particles was

plotted versus run numker ( figure 3-4 ).. No systematic

difference between J and J' triggers was noticeable. This

shows that there was no significant trigger inefficiency.

D.  Backgrounds

The most common background is from -pairs produced

in    t he s h i e l d. These trigger the apparatus in  essentially

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

half their actual mass. This background is eliminated  by

the   X 2
and vertex cuts for masses greater than about 1

2
Ge V/c .

Other backgrounds were  approximatly measured in  the

li ke charge muon Fair     data       (AA+A-   or  M- AL- ). These

backgrounds were removed by subtracting the like charged

events from the Oppositely charged events. The chief

backgrounds in this category are muonic d€cays of two

A                                                                        -
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hadrons produced in  the  target and a single hadrcn decay

accompanied by a halo muon. Most events involving halo

muons are vetoed either by the veto laws or by the pulse
1                                                              -

height requirement in T .  Due to two particle correlations,
4

the double decay probability was  slightly  lower  for  like

charged pairs  than for those oppositely charged. For mass

2                             29
greater than 1.0 GeV/c these correlations are small

A like charge mass spectrum is sho wn in figure  4-7

along with the opposite charge mass spectrum for the same
2

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

charge events is very small.

E.     Thg   Mon te  S I12  2&2.9.KAg

An extensive Mon te Carlo calculation was dcne to

determine the acceptance of the spectrometer. This Monte

Carlo  included  multiple scatteting, energy loss and energy

loss fluctuations in the material. It took into account the

detailed gecmetry of  the  spectrometer  and  required  that

accepted  events  satisfy  the trigger.  The calculation was

checked  by  comparing  it with an independently written

pr og ra m. The two were in excell€nt agreement.

Using the Monte Carlo program, we made a study cf

resolutions and shifts in the kinematic variables measurid:

*

mass,  x ,  pl  and  cos e . The following table gives €he

results of this study.

i. LA
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FIGURE 4-7,  M SS HISTOGRAMS OF LIKE CHARGED

AND OPPOSITE CHARGED MUON PAIRS,  THE NUMBER

OF OPPOSITELY CHARGED EVENTS FROM   AND K

DECAY IS EXPECTED TO BE ROUGHLY EQUAL TO THE

NUMBER OF LIKE CHARGED EVENTS,

A                         -
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2
MASS RESOLUTION" (MeV/c  )

   ,1 .3 '      .5      .7

0.                           1 7 6                           1 9 8   243 256

0.25 163 .201 234 263

0.5 169 198 238 251

1.0 143 207 236 255

1.5 182 193 245 265

2.0 183 201 240 263

3  RESOLUTION
-Xx- F   :

r       r        ,1                       .3                      .5                       .71 5 -'»-

0. .009 .021 .040 .057

0.25 .009 .020 .038 .058

0.5 .009 .020 .039 .056

1.0 .009 .021 . 039 .057

1.5 .012 .018 .039 .061

2.0 .011 .020 .039 .058
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h  RESOLUTION (MeV/c)

        .1                  .3                 .5                  .7
0. 121 153 193 243

0.25 146 194 232 275

0.5 160 226 291 338

1.0 165 244 330 416

1.5 201 256 361 446

2.0 226 287 378 473

*

COS_e  RESOLUTION

k.'1:
.1 .3 .5 .7

0. .05 .06 .08 .09

0.25 .05 .07 .08 .09

0.5 .05 .06 .08 .08

1.0 .04 .07 .08 .C9

1.5 .05 .06 .08 .09

2.0 .05 .06 .08 .09
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t'

(

2
MASS SHIFT (rev/c  )

  F           .1                           .3                           0  5                            .71'1             i
0. -42 -87 -101 -133

0.25 -38 -85 -101 -137

0.5 -48 -82 -101 -136

1.0 -27 -84 -112 -133

1,5 -46 -77 -114 -135

2.0 -52 -85 -110 -132

x p-AliI.KI
 C F       .1                  .3                 .5                 .7pi \-

0. -.001 -.005 -.012 -.019

0.25 -.001 -.005 -.011 -.019

0.5 -.001 -.005 -.012 -'015

1.0         0 -.005 -.011 -.018

1.5 -.001 -.004 -.012 -.020

2.       0 -.obs -.012 -.020
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/1 SHIFT (M€V/c)

\XF  .1       .3       .5       .7
Pl.*/

0. 207 319 · 453 585

0.25 59 137 247 381

0.5 27        57 121 233

1.0 -2       4    ·    35       76

1.5 -20 -2 -15       7

2. C -44 -31 -45 -34

*
cos e SHIFT

     .1               .3               .5               .7
0. .001 -.002 .002 .002

0.25 .002 -. 002             0..                     . 001

0.5 .002 -.002 -.001 -.002

1.0 .002 -.001 .001 .003

1.5 -.001 .001 -.001 -.001

2. 0 .001      0. .001· .C02

2
There is a mass shift of around 60 MeV/c toward lower

mass, due tc bremsstratlung and pair production energy lcss

in the absorber. In th€ final results, the masses havs teen

shifted slightly upward to correct for this. The mass

resolution is also inflated ty these energy 1css

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

by the Monte Carlo program, superimposed on the data. 'Ihe

4                                                                                             ·'

agreement with the data  is excellent. The full width at

half maximum.of this peak is 275'MeV/(2 corresfonding  to  a

2
cr    o f     1  1 7    M e V/c     .

The shifts for the x measurements are very small and
F

the resolution is good. Figure 4-8 shows the spread in  x
0

due to Fermi motion  in  the target nucleus. The biggest

effect is at low x whe I€ the resolution is about 0.05.
F

The shifts for the F-t. measur€ment are rather large.

They are worst at high x  and in general shift events toward
F

higher PJ6 .  This causes a depletion at the low end of the
*

P distributions. The uncertainties and shifts in  cos 01
are small.

To measure  the  efficiency  as· a  function  cf  the

*t

variables m, xF' Pl   and cos e , the  Monte  Carlo  progiam

was run  for two millicn tries.  Events were generated flat

in mass over the region 0.2 <m< 4.2, flat in P-1  cver the
*

region 0 < P-L.  < 4, flat in cos 0 over the region

*                             1

-1 < cos e  <1  and with a probability proportional to (1 -
-I                                                                                                                            "

x ) in  the  region  -0.1  < x <. 0.9. This gen€ration
T                                          F.

populated the entire region nearly«uniformly with successes.
a

Th e events were  weighted roughly according to their cross

section.



Effect of Fermi Momentum on the Measurement
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FIGURE 4-8.  THIS PLOT DISPLAYS THE EFFECT OF FERMI MOTION

IN THE TARGET NUCLEUS ON THE MEASUREMENT OF FEYNMANN X,

IF THE MAXIMIM ALLOWED FERMI MOMENTUM  IS 225 MEV/C,  RE

ACTUAL VALUE OF X  CAN VARY WITHIN THE SHADED REGION FOR

SOME VALUE OF MEASURED XF'
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4- m -(3.5-1.4tn(m)) PL -41 
Weight   (1-*F)   px e               e

Results here accumulated in order to calculate fcur

types of cross sections.

di ¢r ,
16  Ard*.2  ; 20 Bins in x  atid 80 bins ih mass:

-                                                                                                          F

2-E d,-e..i  ;  20  Bint ih  P-L   'and 80  bins  in mass:dr•, 4 11

1:E : 20 Bins in xF amd Pi ahd·12 bins in mass.

The €Vel*e mass bins are:

0:21 <m< 0.45

0.45 <m< 0.65

0.65 <m< 0.95

0.95 <m< 1:1

1:1 <m< 1 5

1:5<m< 1.4

1.9 <m< 2.3

2:3 <m< 2.7

2:7 <m< 3.1
i

3.1 <m< 3.5

3.9<m< 4.2
5....                                                                       ,                                                     *da.--

4: 611=-3 %,AL=,F)  ;   20 bitis in x   and· cos 0   ant 12  tins
-            F

in masss

EVents Vefe adcumulated sepatately fot the J' and J triggers

bedauae efficianties differed at low mass.

The Monte Carlc picgram was used  to  cortect  for  the
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shifts discussed earlier.  The "efficiency" calculated was

weighted successes using reconstructed quantities
weighted tries using generated quantities

*
The " generated quantities" are the m, x,P    and cos f9 1
values with wh ich an event was generat€d. The

*
"reconstructed quantities" are .the m, x,P and cos 6

F 1

that would have been m€asured aft€r  multiple  scattering,

energy loss and other effects had been simulated. The

generated and reconstructed variables were used to determine

into which bin the success or try should b€ added.

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

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

If the efficiency definition above is used, the weighted

successes at low P will be small€r because of th€ shift.JI

This will cause the efficiency to be smaller and therefcre

when the cross section is calculated, the low fj-  data will
be raised relative tc t hos e from a simple efficiency

calculaticn.

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

E=  E D

where



E7
t.

£ = weighted_successes_using generated quantities
weighted tries using generated quantities

and

weighted successes using recoinstructed quantities
D= , -

weighted successes using generated quantities

The  distortion" factors D were usually near one and

were well hehaved. Figures 4-9 though 4-12 are contcur

plots of the efficiency and distcrticn.

As seen in figures 4-13 through 4-15, the efficiency of

the sp€ctrometer  is large and slowly varying in mcst

regions. An excepticn is the low x  region, where ther
efficiency drops off rapidly due mainly to limited MWPC size

upstream of  the  magnet  and  ehergy  loss  in  the  hadron

aosorbers.. Because of this rapid variation, most results

are presented for x  greater than 0.1 or 0.15.           f
F

For data taken with the J ttigger requirement  imposed,

the efficiency varied rapidly in  the  low 'mass regicn.

Figure 4-16 is a plot of the ratio of da/dm    a s comput€d ficm

J trigger data to that computed from J' trigger data.  Abdve
2

a mass of 0.5 GeV/c , th€ two ara in good agreement. Figure

4-17 is a plct of the J versus Ji ratio of da/dxF in the 0.€5

<   m   <  0.95   mass b i n. This ratio is within errors cf dne

except at the highest values of x . Therefore we conclude
F
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2
that the J trigger data is useful for m > 9:65 GeV/c .

statistical errors cn the efficiency ahd distorticn

were also calculated ahd were folded in with the statistical

errors cn the data to give the final errors. The efficiency

errors, however, make chly a very small contribution to the
:

overall error. Since the efficiencies are weight€d the

calculaticn of the error is som€what complicated. The

following is the formula used:

1 trits 3Uu//5/3
61 S  wil + .(1-26) 2  wiz

GE 2= E Wt
-tfils

A.

The eftor on the distortion D was vity small and was

calculatcd in a similar way, With correlations between

distorted ahd undistort€d successes taken into account.  '

The data were b inned ih the same way as the

efficieficies And  weighted with E/PL for cross ·sections 2

and 3 of the four types listed atove: Cross sections were

computed with the normalization, efficiencies and

distortions described.

F. Secondary prod,ictior

Ghe data from cartch targfts df differett thicknesfes

were comtared to measure the effect of secondary production.

Figure  4-18 shows the ratio of dr/d*F for the 13.97 cm target

to that for the the 7.4€ cm target in the (2-w mass regicii.



SECONDARY PRODUCTION TEST
1.6

0
1.4

1.2               3%  E

10 -fEE FEEF- Ii ,
0

08   FEE

0.6

0.4

0.2

00 0.1.0.2 0.3 0.4 0.5   0.6 0.7 0.8
l i l l I   1 1

XF

FIGURE 4-18,  THE RATIO oF  - (065 <M< 0,95)
COMPUTED FROM DATA TAKEN WITH  13,97 CPI CARBON TARGET

TO THAT COMPUTED FROM DATA TAKEN WITH A 7,46 CM CARBON

TARGET AS A FUNCTION OF XF' A SIGNAL OF SEC011DARY

PRODUCTION HERE WOULD BE RATIOS GREATER THAN ONE AT
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There  is ne surFlus at low x  in· the 13.97 cm data as would
F   i

i .

be expected if  secondary  produption  played  an  important

role: the  following  table shows total cross sections for

1-0 and J production for the various targets.

Total f.eand J Cross Sections f6r Various Target Thicknesses

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

Tar get Bea m
Thickness(cm)

7.46        p         134 + 2 2.0 3  2   ·1 0            '-

12.54        p          125 1 2 1.81 + .15

13.97        F          133 i 2 1.82 1 ·15
+7.46        11-        152 3 3 4.02 1 -27
+

1 2.5 4                      TT                          1 5 3  1 4 3.87 1 ·69

+                  i13.97       T      '  153 + 3 3.55 1 ·37

Again there is no evidence of secondary production in  thdse

i

results.
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CHAPTER I·  Results

A. fass, X and L_ Distributions
F

In this sec tion, I  will  pr€sent differential cross

sections as functions of mass, x and tranverse mcmentum.
?

Because cf the large acceptance of th€ CCM spectrometer, the

amount of informatcn to be displayed is vast. I will

present this informaticn, here, in figures and tables,

leaving the general features of these results to  be

discussed in section B cf the chapter.

In figures 5-1 and 5-2 da Im  Ix    >  0.1) is plotted    for
F

the five interactions listed below.

P+C ,  ut#- +  X

.r

-[T + C , UTAL- + X

TI- + c *  AA+U- +   X

p + Sn , A64 -+ X

TT*    + S n , u'&4-+ x

The five spectra are similar in general characteristics, all

showing peaks due to kncwn vector mesons which decay tc muon

pa i r s          C          ,     ul,          a n d          J) .              T h e      49     a n d         41
'
mesons also make

visible contributions.

Figures 5-3 through 5-16 display  our measurement of

&'/.
E  /26(, in seven  mass bins chosen to isolate resonant and

N
continuum regions. Fits to the form A ( 1- x ) ar € also

F

sh ow n. The above fucticnal form is used in the fits because
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FIGURES 5-3 THROUGH  5-9,     PLOTS  oF  E   ·
+

FOR ir , ,r-  AND PROTONS INCIDENT UPON A

CARBON TARGET,  FITS TO THE· FORM A( 1-XF) N
ARE SHOWN,
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iaFIGURES 5-17
THROUGH 5-23.    PLOTS OF t-  35-+

FOR ir , w- AND PROTONS INCIDENT UPON A CARBON
-BP.

TARGET,  FITS TO THE FORM A e  a= ARE SHOWN,
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it represents the data well and because it is generally used

by other experimenters and in parton mod€1 calculaticns.

26Shown in figures E-17 through 5-30 are plots of E
dpi

-BP-L(xt, > 0.1)  and fits to the form Ae , also for the five

-BP
interactions and seven mass bins. The form ne 1 , which

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

the lowest P bins. The two lowest tins were excluded from

the fitting SO that the parameters obtained would better

represent the overall Ficture. This exclusion made a  small

2
difference in the fit parameter B. In the 2.3 to 3.5 GeV/c

mass  bin (J), the parameter changed from 1.84 1 .09 to 2.05

+ .09.

B &6" dz a*lie parameters of the fits  to  E -gx;  and  E -3-  are

given in the following table. The normalization constants

fro m the tho fits were combined giving an cverall

normalization constant A for the form

26 -BP     ·     r
E a pt = Ae 1(1- xp) -0

Attempts  to  fit  E  KI failed for masses atcve 1.5
2

Gel/c because of low statistics.

4



+1      B·E A'M                                                                                                                    P·R O T ON ; B   E  ·A·M1T   BE A ·M

TARGET    IN RVAL           A                B           ·C             A                  8  
  -       C              A               .8           C

(GeV/c 2) nb/GeV2/c3 (Gev/c)-1 nb/GeV2/c3 (GeV/c)-1 nb/GeV2/c3 (GeV/c)
-1

3                                                          4

C    0.65 - 0.95: 8.81 i .35 x 103  3.87 i .06  1.:35 +  .08 ' 7.45 + .33 x .10 ;3.81 i .05 .92 i .07 1.14 + .04 x 1-0 3.64 +. .06  3.14 + .08

3

0.95 - 1.1   1.26 + .09 x 103  3.57 + .07  1.67 2  .17  1.09 + .09 x·103   -3.51 i .09  1 .60 i .16 1.·55 f .09 x 1'0 3.39 i .06 3.82 + .14

1.1  -·1.5 ' -690  1 100 3.39 i .09 2.30 i .33 469 +:67 3.14 t .09 1.81   t .·33 820 + 84 3.19 1 .09 4.26 i .29

1.5 - 1.9 130 i 28 3.19 2 .21 2.17 +  .41
'

87 f ·18 2.88 f .21 .2.:04  2   .33 109  i 1 5 2.65 + .11  4.09 t .33

1.9 - 2.3 8.1 1 7.2 2.17   t .9 3 .80 f .44 13.·1 +,6.0 2.38 + .42 '1..28.+ .59  29.3 i 6.8 2.71 i .20 .3.25 i .47

2.·3.  - 2.7 ,4.3 f 2.6 2.10   .50 .75 f .·67 8.1 + ·4.4 2.15 + .35 A.0 6   +    .'75      1 0.4    + ,3.3 2.02 i .23  .3.89 f :61

2.7 - 3.5 84.8 i 15.0 2.06 + .10 1.33  i .:21 102 f 19 1.98 t .13 1.93= .20  89.8 2 9.5 .2.05 i .09 3.44 i .14

Sn 0.65 - 0.95   4.95 t .38 x 104   3.44 i .08   2.23  . .18 ·6.58 i ..51 x :104   3.28 2 ..07  4.47 +   .20
3

0.95 - 1.1 .  7.51 i .79 x 103  3:19 i .11  2.·16 i  .24 i 9.57  i   :89  x 1·0 3.11 1 .07 .4.76 i  .21

3
1.1  - 1. 5 5.7.0 i 1.04 x·10 .3.36 i .14 2 Rl   2     .48 :

6.58 f  :,68·x 103    3.11  i  .09   5.39 1   .31

1.5 - 1:9 475 1 100 2.61   i   .27      2.05  i     b92  
1.19 2 .24 ·x'1'03   :3..20 i .18 .4.28 .  .53

1.9 - 2.3 · 59 f 51 1.36   f    .48       .2.30   t  ·1.30 ,

219    i 8 3 .2.4-2   1   . 29     3.59 1 .80

2.·3 -,2.7 160 z 166 -1.'78  i  .76     :4.:24.:1  1 .88  &
4'7 :t .29 ·2.22 2 .35.·2.:53+ 1.21

& 776:i.1:61 i2.02  f   .:14    4.01 1 ..37
2.7 - 3..5 51,3 = 318 1.·78  i  .·15     21 :50  +    .28
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yhe following tables list the measured' value cf

26-
E       -dip  d e       i n t h e sev€n mass bins as a function of x an,1

P 1
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412.1 .000to .0(10,0 •libotO •wintn .000to •01)11,0 .uouto .1)01,1: 0 .111,0kt, .t,i)IiI.11 .11(lot.0 .110(ttli .1,0,1*.11 .01)OF.0 .Ouot.0 .Oooto .ofloto •1)00to
7.3  .000to .000+.0 •ouoto .uoutO .000to •Ountu .Uout.0 .00:I U .u,lotli .uouk  .1,Iic)to .nuotu .Oootu .000£0 .OnOLO .nouto •uouto .Uooto
2.5  .Oooto •000€O •BOOLO .unoFO .000£0 •Ouuvu •OO11Eu •ounfu .UNRO .nuoto •IMOEU •000&, •0uufo .000to •00Oto .nouto •000£0 .Onoto
2.7  .OOOEO .UOOF.0 .000£0 .01,0,-0 .00(ltu .uoutu .01)(il.0 •Ouotu •001,Lo .1,111,ki, •tioukO .nuot,) .00040 .001,20 .OOOLO .000to .OOOILO .000tO
2.9 .000EO .0001£11 .000£0 .01100.0 .Uoutu •0110tu .(101)tO .00(Itu •UOUt') •'101)tl' •000to •0( rittl •uueo .(10(Ito .OuutO .000to .000£0 .000to
3•1  .000£0 .000to .OUOLO .uou<:0 .000to .00uto .000£0 .Uoutu .uook,1 .uout,1 •UOUED .000EO .Di,UFU .OuntO .00utO .00Uto

.00UtO .000£0

3.3 .000£0 .Uooto .Ouoto .000£0 .OOOEO .00uto .uouto .000tu .uouto .1)uuto .Unuto .nooell .1100to .0011£0 .00#0 .UOOLO .uouto .Ut,OLO
3.5 .oooto .OODEO .Oooto .uooto .000to .uouto .00(to .uootu .u,joto .itootti .u, Oto .00020 .11(10to .ilooto .ouoto .000EO .uouto .00020
3.7 .000£0 .OOWEO .000£0 •UO(,EO .uooto .00Uto •00(120 .Ouutu .uuoto .Hooto .unoto .OOOED .00UEU •OOOEO .OOOEO .000to .oooto .000to

3.9  .OOOEO .000EO .000to .OOOEO .UOOLO .Uouto .UOOEO .uouEU .uuoto •000ku .000EO .000£0 .000Eu .000£0 .000£0 .OOOLU .uooto .OOOLO

E WRI,WS  ( 1.9  < M < 1.3 1

XF
.025 •075 .125 .1/5 .225 .275 .325 .j/5 .425 .4.75 .525 .575 .625 .4/5 .725 .775 .825 .H 15

i .1 .000+.0 .001)to .oui,to .50'i,1 .000+.0 .uooto .lM.kl •llot,ku .oul)2.1, .,iouki, •0110EO .1·#7ER .(1110MO •(11101fri .364t2 .OllutO .UnotO .OOOEO
•3 .noot.0 ..341 .0 .4,4tl ..41,.1 .1,00,0 .ootitu .uu,1,0 .2,3-,M.1 .4//kl ..3,/t I .11,10 .0 .111}tiko .921,1 .tionto .1/*td .nij(,LO .14*t2 .ouoto
.5     .Onor:C   .3/4,.11   .24#.ir-1   .343+ 1   .19(it 1   .231tl   .1/.9.1   .16,# 1   .u411'k n   .ul,ut,i   •4(lutl   .2441:1   .-.44'.1   .01)1.i#.0   .00(,to   .01,Uku   .tiouto   .u(}0110

: .7 .i)(10Eo .314tu .345,1 •1'49+.1 .0011tu •146(1 .t52,1 .0011£0 .00010 ./.331·.1 .uuotu .1)00£11 •tluu u •'4*4t.1 .0001·.0 .323,1 •0001:0 •3Mltl.9 .000*0 .20220 .346t.1 .22,# 1 .1.3Htl .10,1,1 .1#,hti .1/,tki .10# 1 .1111Uk,1 .000tO .1 1 nti ./jit.1 .(Ill(ItO .000LO .0(10,0 .unuEO .000to

1.1  .nooto .1 t:Et) .i,(lutlt .14,#.1 .rl]Lu .Ullitto .69.to .//2,0 .144.1 •nouti, .11(10,0 .000,0 .BUU+.u .(1110 .0 .uil( to .Ouoto •unuto .000t 0
1 1.3 •Oonto .11(10,0 .lio#.0 .lillI·l .712tu .M15,0 .65'*to..Dul)tu .uven ..A/*ti .uttiltu .132tl .nilot.u .nit(iko .0004.0 .ouutu .000to .00fft.0

1.5   .OOOF.0  •le,4£0  .110,11.U  •Unt,k.1)  .lititl  .Ulttic,1  .1101,EU  .041„1·u  .bbvt 0  .11) 31:.1  0 1,0(,to  .01)nkfi  .(look.0  .11(1020  .0(111,0  •noutu .110(len .0(lot O

1.7   .000tfl  •00(itu  .1,1)11,0  .tillu  0  .1,11(Itu  .Uouct)  .Uot,ku  .011(,tu  .Imutl)  .11111,k„  .11(,(lk(,  .11001:11  .1,111%.u  .0110  0  .tiootu  .00Uto  •0(loto  •Oonto
1 1.9 .unlitu .unite .iii);MO .iwino .Hooto .Uouou .01)taO .Imiltu .uuutn .tlutit·,1 .0110,It .Ootttil .01)ul.O .00(it.0 .mwko .nouto •u(luto •00"to

'042.1   .nnoto .00*,1-11 .Itulitu •00111-0 •44520 .000,0 .ulli,tu .tlocitu .uum 1  .1,00Ell .001)to .000kil .11(10,u .tilit E.0 .000to
.00utn •(Illoto •Uooto

7.3 .000+0 .ut)03.u .(itjuto .i,t,OF.n .(tilitku .uocitu .11(111£0 .(101)tu .iltiuto .tioutit .110(Itu .clonED .nuol·.(1 .11(loto .clooto .nouto .uooto •uooto
2.5  .nnot.0 .011(itu •uuoto, .1}110Et) .itolltu .Uoutu •01)1#0 .Uul#u •ullutll •tilluti, .(1(1( tu ..(jilottl .00u,u.•11111,ko .000to .nouto •Ooot.U •Uollto

2•7·.000*0' .uouto' .tiultto' •ullof.0  .unotu  .Ullutu  •uouto  .uulltu  .uitot.n  .1„luti,- .unik.0  .11(10 0  . f,(tutu  .0011£0 ..utioto  •011(it.u  •0110,0 •0(Into- ...

2.9 .orloto .011(Jkil .Ouu,0 ·ung.0 .vuot.u •uoiltu .uotiEO •1 001.0 .ulitttn .ililitkit •1100to •(10111.It .(joul·.0 •0111)21) .00Ot.0 .nouto •uooto •000+.0

3.1 •0001.0 •0(10 -0 .liubtO •011(it() •(111(le.u •0(lottl .110,1,0 .00(ito .0( Ot h .(111,#p .110(it.(j •0110+.11 .01,Uto .11(111#0 .11(101:0 .t)00£(1 •unoto •000,.0

3.3 .00Ot(I .00(Ito •00(IEO •111)0# 0 .1101,LU .000£0 •uni tu • (lutlt.u .u,Iot 1, .lillitt ll •0(ItttO .1)(tfltli .tiuut.U .titll.,tti .Untlt 0 .OOI)to •O('UEO •0(9(Ito
3.5 •000*0 .01,0Eo .itil01.0 .oil(1,11 .OHOLO .001jLU .0011,0 .00,!tu .tiuot·Ii .Dout.,1 •11110,0 .111)1iki, .11(Iot.1, .t tillto .outlt.u .Ouutu •01)uto .000to

3.7  •(100 .0 .011*,EO .11(10,0 .01)1150 •1;00ko •011#1tu .000,0 •0011tu .liouttl •11111,ki, •(1(tOI.0 .01)Otc, .0(111+.13 .(141(,FO .(101jtO .00(leO .u(,0tO .00020

i 3.Y .noatO .u00,20 .(141,11.0 .ulln# 0 .1,(lotu .Uouto .uoi,ku .uuutu .Utiotit .tiuui.,1 .0110to .00(,ti, .01,ul o .(11,0,-1, .000tO •00ut(1 •000Eo •0001.0

1
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CRuSS SECTION 1 1.1 <M< 7·7) -                      ..

.025 .075 .125 .175 .225 .21/ .J.5 .3/5 .425/B .4/9 .SP5 .575 .b25 .6/5 .725 .775 .P25 .875

01 .00020 .OiltiEO .107t-2 .lt(1180 •000tO .000,0 .01)11£U .00411.0 .llIIO -0 .1 tjuttl .000*0 .000ktt .flitoto .rlitnt O .Oil(jto .0(loto .000ta .000*.0
.3 .00Ot 0 .0OOEU .Oooto .4441-1 ..431 El .uootil .01,0<.0 Illutivu .lj,lut.(t .110,)tti .001)tO .000til .53421 .1)0(IFO .1242 .000,0 .unoto .Ouoto
.5 .1)00tu .1)110<0 •4116tl .22-,El .222ti .oootu •20,1tl •0011tu .Dilet..1'01)1 11 .00(tkO •00(1*.11 .;fY':11 .1 •0011to .00+0 .Ouuto .unoto .00OE(1
.7 .24]t.0 .0011*0 .001.ILO •000kO .000Lu .Oolitu .291tl .15/ti .J/bto .uolikIJ •Rll.tl .0(101.11 •1)110,0 .11011£0 .jolt.1 .Oouto .000EO .000*.0
•9 •0(loto •ooor.1) ./.33Ll .l51El .12721 .ejittl .ijHkl .ocof.0 .1021.1 .j*+El .11001.0 .00(Ittl .1111010 .011(110 .000tu .000tO •unotO .000tt)

1.1 .ooot.0 .0(10%0 •0(11)to ·u(lot.0 •(101)20 .(10(1,0 •uouto .ovotu .99.tn .'J,jitil .1)0(ko .(1110ttl .11(101 .0 .110(1EO .0001:0 .000tO .(100tO .0110)0
1.3 .000to .00(IEO •0001-0 .1.31El •ljootu .000,0 .uotit.0 .ilucitu .ut)0,1) .lioutll .460tl) .Oullk'I .111)0,0 .nulli.0 .00(tto .00Oto .00(;to .01111,0
1.5  .GOOLO .00()to .1)1)OtO .000 .0 .oll(Ito .UoutO .bHAO .00UkU· .0(tutt  .11( tililj .(Illoto .1111(1*.11 .11!loto .Orioto .00(Jt.0 .12021 .looto .01)1)ko
1.7 .nnoto .utioEO •(louto .11(j(14.0 .(10(Itu .0(jitto •uottto •001)tu •uill}t.It •ullutti .(1111)to .111)(jtlj •Itugu .Fl' to .00(lt.(1 .Ouoto .uouto .olloto
1.9 •000*0 .0(into •11(1(,to .unoco •11110to •Oooto •uotlku •091)ku .1,(loto •lioutij •000tO •00(lkil •0(10£0 •nnoto •uooto •nouto •(1(joto •uuoto

£42.1 ·ooot.t) .of,OK.0 .ouut.0 .1,11(10.0 .uoutu .1100,0 .Uoot-0 .0,(Itu . 11001.11 .611,41:.11 .Onuto •00(1,0 •nuu'.u •ofic,En .001)to .oooto .(1(10,0 •U')020
..3 .Ouoto .00(Ito ..uu.0 .00.,0 .tiooto .Uiloto .un(lEo .ountu .uuoto .tioutil .Uoot.0 .001)tll .0001:0 .(Ilit)LO .oouto .wooto ..Out.0 .uncito
2.5 .000+.0 .01)oto .Ootjto .uljokO .DOOLO .000,0 .0(),ttO .(Jutitu .utiutti .tioukij .1100t.o .0(10til .(>00to .00,)1 0 .000to .oouto .0(luto .U(loto
2.7 .COOF.O .onoto .000,0 .ul,(IKO .uooto .ljouttl .001#.0 •Ocuto .0(}Otti .ljoutti .onoto •0011'.,) .0(,uto .(louto .oooto .Oouto .oooto .O(into
2.9 •Ortoto .OOOEO .Oouto .00(1,0 .0(jotu .62'jto .000ko .Uotitu .ulloEI, .liouto .ouoto .11011to *000to .nooEO .000to .Oooto .Iiooto .Uooto
3.1 .OODEO .0110£0 .ouuEO .booto .000,0 .uouto .00(11:-0 .uuoto .booto .1)outo .oootu .000,11 .oou o .Dooto .oooto .Oouto .000EO .OOOLO
3.3 .OOOEO .0(10£0 .00gto .uouEO .000to .000tO .000to .Cootu .uouto •(Iouto .000to .000to .000*0 .uouto .000to .nouto .uoutg .Oooto
3.5 .000EO .00Oto •0110EO .uooto .(JOOEU .UOOLO .000EO .C,Out.0 .Ouot(1 .000*0 .000to .000EO .1)00FO .(>011£0 .000Eu .000£0 .llOOto .OOOEO
3.7 .ODOEO .000EO .00oto .vouEO .000EO .000to .000+0 •uooto .ulioto .11(lutti •00Ot.0 .00Ot(i .O(10*_0 .10(ito .Oooto .00Ok-0 .0(luto •uooto
3.9 .OOOEO .OOOEU •000to .009EO •000Eu .UOOLO .000£0 •ouotu .uooFO .ut)0tu .000*0 .000to .000*.0 .000£0 .000EO .OOUto .000EO .000tO

EwHOWS 1 1.1 €M< 1.7 j

.025 .075 .125 .175 . .225 .2 13 •32S .3/5 .425 .4/6 .525 .575 .625 .675 .725 .7/5 .M25 .875y,

.1 .0('Into .0(111EO .10/t2 .001)1:0 .000hu .000£0 .uot)LO •1)0(jEU .011(lhO .110#0 •1}00EO .000€11 .000FO .11(10EO •00Of.0 .000to •110(IE.O •0001:0

.3  .OOOLO .0(111541 .11(joLO .445 -1 .313121 .UoutO .00utO .001)to .utioro .110(141 .11(10EO .(10(IE(, .5.44Fl' .Ilullto .165E2 .0(lof 0 .011(ItO .000'O

.5 .00OF.0 .0(10 .0 .40/ti .c/ye 1 .223tl .(,Outu ..cullkl .00<Ir.u .3*,it.1 .liouttj .0(loto .00(14 11 .299F.1 .nuilt.0 .00uto .00Uto .otioto .1100fO

.7 ..11220 .00(lEo .Nouto .It(1(*0 .,100EO .000(U .Lubtl .15/Ki .219,1 .ttout.U .204Et .OOOE(1 .()00 u .001)EO ..301El .OUUEO .UoutO .1)00to

.9 .Dooto .00(1€,) .23421 .152#:1 .127el .163tl .14,121 .01)0,-0 .lottl .129,1 .01)oto .000Eo .ObuE.u .1,01)ko .oooto .00uto .000to .000,0
1.1 .00Uto .00()00 .1)011,0 .0(Inko .(JOOLO .u00,0 .uoof.0 •000,0 •i'Y#ko .c HAEI, .001)to .0(10*11 .Ouuvu .Ouoto .000to .oooto .uncto .00(Ito
1.3 .0001.0 .OIl(lEo .011(it.0 .132,1 .,)1)0£0 .Outic.(1 .unt,to .00(Ito .6.9,11 .(look,i .941,0 .1100 -0 .1111(1Ell .01'OFO .00()ho .00*0 .00(ito •oooto
1.5   .0001·U  .Ullt EO  .Itutitil  .ull(,kn  .111)0tu  •1 ( IItu  .64.Lo  .110,1t.u  .uijl)tn  .(1(1(1t u  .(Illutu  .001)t 1  .(100to  .Huffu  .001)t0  .120El  •11(1(ItO  •1 00tO
1.7 .non,.U ..01)(IEO .0111!to .c'·Ittiko .000,0 .out)tu .0(jot.0 .1)0(lto .ultilkn .0001.0 .uoitto .0110Et) .Illjot:u ./4(lko .000to .000to •0(luto •00Ot.0
1.9 .nookIt .01)11*.O .Mulito .110,2.0 .0(IOLU .1100,t) .001)tu •111)111:0 .Ulli)ttl •(11)110.0 .0001-0 .000,0 .01101.0 .1111uto .00Ot.0 .000,0 •(101)to •000 .0

0:42.1 .000EO .01'OtO •01,inO •001 EO .UOOLU .uUOLO .000+0 .01),)tu .01,Ut 0 .r,1)9tw •1100tO .00(1EO .Duu,0 .11(111EO .000tO .000 .0 .BootO •000tO2.3 •(100£0 .uouto .Muttru .0011FC •1)00to •000tu •00'J,(1 •noiltu .01,11kt) .,10,1ku •001>to .40,En .nwot.0 .nooto .000EO .000EO .110#0 .000Fo
2.5 .1)00:0 .9(11,1:U .0(Itit.(1 .000*0 .01)0Eu .U(10(11 .flooko .tiot,tu .000,0 .(looko .(1111)kO .1'101)Ell .01)010 .111 (IEO .000tO .Of)Ot.11 .001)tO .000EO
2.7 .000tn .Ott()EO •111)(It.(1 .'.111111' 0 .00()to .000,U .0(lop.11 .Outltu .ovott, .tiou,Ii .OUOEU .000Lf, .(1001:0 .(Ooto .Oooto .00040 .1100£0 .00Ot. 0
2.9 .000,0 .00(to .1100,0 .1)1 ,1+0 .ilunto .62400 .uouto .tiout.0 .uuoto .000Eu .(111(Ito .000Lti .0,101:0 .0011 O .000to .000EO •(100tO .000tO
3.1 .000*0 .000Eu •(1(111,0 .ul (le.0 .1,00tu .00000 •000,0 •000,0 .vuut.(1 .(jout.li .Ullutu .00(IE,1 01)1)Ut.0 .(louto .000<0 .0(tuto .000,0 •000,(1
3.3 •000,·.0 .01)120 •000,0 .vul) -0 .uoukO .uouto .00111:.0 .uotit.u .uuuto •1100,0 •01)020 •01)111:11 •0(juiv •t)11!11:0 .000to .nouto ·vouto •0001-0
3.5 •00Ot.0 •00(itO .00uto .01111 0 .000tu .00Ut.11 .0001:0 .00(ILO .uvurll •000 .11 •000tO •00111111 •Ilooto .0011£0 .0(lot.0 .00utO •000*0 .00Ot.0
3.7 .000to •000110 .outito .000*.0 .000,0 .iloot.(j .Oouto .110(ito .ljookfi .tiookil .000to .00(Itit •Ullu  0 .1)11tjEO •0(10,0 .000tO .UCOEO •000FO
3•9 .000to •000tO •000t0 .011 IEO .00020 .000,0 .000tv .000tu .uttuttl .UUOt,1 •0(JOLO .00(1Ell .000Fll .Nuot.0 .000tO .000£0 .unOLO •000EO
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CHUSS SELT'ION 1.1.7 <M< 9:/ j

YF
.025 .075 .125 .115 .225 .215 .J25 .375 .425 .4/h .h/5 .575 .624· •f,15 .725 .775 .925 .875

•1  .000#.11 .01)(,Eo .1 //22 .200,2 .000to .420,2 .41't2 •000,0 .uu,}to •1232/ .120Ed .0(lott, .01)0EO .1HDEP'.oooto .000Eo .ooot-o .0(joto
03,  •00Ot.0 •OOUEO .00(,tO·' .4411:1, ./1521 .10122 .1116ti .lotto .lhot.2 .h.11'(El .481tl, •Oooto .000,0 .f•.Stl .00(lt.0 .000,0 .iloot.0 .011(,to
•5 .00020 .0001:.0 .Sjlt.l •Jl'*El .'·144El •/lott .1252.2 .113htl .15,-r, .591t.1 .001120 •.7,11:1 .982:1 •11001:rl .3Mt+tl .10322 •000to .49.1tl
•7  .00120 .1211-0 .3.31Ll .hpltk l .916£1 .924£1 ..tul El .51.21. •1451.1 ..81tl •41}Jt·l .0011tll .0(luto •#'Hnl .620 1 .323tl .ttooto .000tu
•9 •121EO .oooto •(jot,to •iH,+r.1 ./Nti .59101 ./TOH.1 .51.ki .266t.1 .1100tii •31'Tr.1 .00(1,0 .15*1 00(111 .0 .000tO .OOUEO .01)11to .000*0

1.1   .12120  .1£'tto  .1)Uuto  .16'4.1  .4241tl  .38301  ./51,1  .10:,ti  .luM'.1  .12.3+ 1  .1/.(Itl  .1)011£.(1  .000*.0  .118£1  .00[)t:O  .000to  .Ul)Ot.0  .uOOFO
1.3  .000Eo .uooto .149El .15ltl .12421 .103£1 .17'iti •,18*1 .d&*,:1.11 .»51,u .1/jtl .H,YFI) .11(10,0 .01111£0 .00Ot'O .00#0 .000to .000to
1.5 .0001-0 .oot}EU .ouoto .14121 .3.3721 .240,1 .164El .74*ti .(11)1jl:(1 .Ituueu •i)(11)t.0 .251ti .0110EO .00ut(1 .0011 .0 .000to .000to .Unoto
1.7 .onott) •000EU •0(10,0 .5,4,1·.1 .00OtO .803,0 .20(,El .001jtu .ltit(li.11 ./.*ltv .222tl .0110211 •Ul'OFO •0011Ell .000EO .000EO lot)0£0 •000to

4 1.9 .00060 .121 Eo .(jouto .01)1,hO .000tu .lt>Utl .702to .by,Itu .e.4'40&0 .OUUE.il .Ollilt.0 .AM'nu .0001.0 .71920 .161to .000*0 .oooto .000£0
12•1 .000Eo .121EO .01)020 .,101)1: 0 .0(10,0 •oout.O .Unitro .121,1: 1 •ullut.(1 •*·02,·.0 •I,Uoto .OOliLli .noutu .00(IF.0 .00oto .0 outo .Unoto •00(Ito

2.3 .nonto .oooto .110(ito •13161 .00Oto •OOot.0 •00(JEO •Ouotu •uu(ti.0 •11121 •011Uko .01)11€0 .11(loto .DOOF.O .Ooot.0 •Oouto •ooot.0 .000kO
2..5 .0001:.0 .uooto •000*.0 •001)FO .00Oto .00()to .Uotiko •28(Itu .utluttl •( Ulitil •01)tlt.O .Oolitt) •FOOFO .00(IEO .OOOZO .Oooto .000EO .uooko
2.7 .000to .Oouto .Uuoto •UOOKO •OOOEU .00UtO .000,0 .56'Atu .1100ttl .uljoEil .000*0 .000 .0 .1)1)0+0 •00llEO .1)00to .00uEO .unOEO •000to
2.9  .00(lko .001)EO .11(11,tO .0011EO .000tu •631(0 .001 tU .ul)Oto .Ulliltrl- .uOut.li .Ullite.tj .001,til .('1(lotO .00(11:.0· .UOot O .OOoto .1}(1020 .Uooto
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Our results for incident protons are in fair  agreement          
30

with the measurements of Binkl€y et al. who performed a

similar fxperiment using a broad hand neutron beam. Because

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

distributions are probably less reliable than ours.

B.  General XES;ads of the Data-- ---I----

In this section, I will discuss the mass dep€ndence of

three f€atur€s of the data. These are the "Slope"

parameters  of  the x distributions, the average transverse
I'

momenta and the dependence of production cross sections on

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

5-31, I have fit the data to the form
.Wr Lr    -    A C I-x  1L d *F  -

and plotted N for the usual mass bins. The 14 and -TT-

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

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

interesting to no te that, for the entire mass rang£,

N  =N  +2 i s correct within statistics even though some cf
P          Tr

the mass bins are dcainated by resonances and other mass

bins se€m to contain nonresonant AA -pairs.

Figure:. 5-32 shows the average P.L   for each   mass   bin.
Unlike t he· x distributions, the value of <pA) is

F

independent cf incident particle. It i n cr e as es smoothly         I

with  mass, again showing no difference between resonant and
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<0 a n d      <    over     the     m a s s     r a n g e     u.65         <          m          < 3.5 Ge V/c .

f 4

nonr€sonant ·4  -F a i r s.

w# calculated the A dependence of AW -p a i r Frodliction

using the cross secticns on the carbon and tin targets.

OC
Tkvse crcss sections were assumed to b3 Droportional to A

a:i 1 04 was calculats:,1 as a function of mass. Figure  5-33

shows o< for p ard #+ induced evEnts.  For both incident

particles, o< starts at atout 2/3 at low mass, increasing

smoothly to about 0.9 ir the J mass region.

A suprising result here is the smooth variaticn of N,
-

L

2         de
1 Also suprising is the ccnstant ratio of (1-x ) between E irF,
' F

for pion induced reacticns and for proton induced reactions

even though one might expect 4-pair prcduction mechanisms to

differ bftween mass tins dominated ty vector m€sons and mass

bins dominated by continuum. Ihe data suggest that the

mechanisms proaucing 1cw 'mass vector mesons, high mass

vector mesons and continuum mucn Fairs are similar  ir  some

way·

c.  J PL,vcil-Ucti012

1

The  x distributions (E $#I ) fer J production arc shcwn
F                   dXF

# cr_
iIi figures 5-15 and 5-16. .//..

rn  c         P distributions   (7 -d-e )-1-

aro sho wn in figures 5-29 and 5-30. The shapes of These

distributions fellow  the  same  pattern  as  in  otter  mass  bibs.

Since no dramatic d.ifference is seen bet weAn J producticn
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and prcducticn of mucn pairs in other miss regions (s-9

figures 5-31 and 5-32), the x and F.1- distributiorts arer

proharly 11Ot very useful  in d4termining the spocific

machanism by which J's are Droduced. , n e y    may,     h o w: ,v o r,

us=ful in ruling out scme production mechanisms that are cot

similar rc those of l')weI Hass muon pairs.

daty Iitting diF ' the total cross secticn pEr nucleus

..

for J production and decay to 4 -pairs for  x   >  L  was
.:.

determined tc be

Iia-c-+:io-11 - 91 -1.-x_--2_..Q)           .i vs:nt 
r

-iT   + C 120 t g nh 372

+
1 ')4 + 12 nt 438

F+C 71 + 3 nt 1007

w  i·i ·.,re tte errors quotel are statistical only.  These values

ari model indfpend nt because of the large acceftance of cur

d  2  t r:c t o r.

Figure 5-34 shows the first significant measurement  of
*

the helicity angle (€ ) distribution for J decay, along wirh

tiiat for t lie           -W mass hin. Because statistical FCW,r ise
needed, the Flor repr1sents a coatination of lata f r c w all

beam particles and from toth targets.  "he acceptance of the

S ectrometer is also shcwn. . or th- p. 4) Flit, data for x
1

-
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>  C.3 were used, while for the.J, x  > 0.1 was required.
-r:.

Tne raw data were ccrrected for spectrometer acceptance,
*

wuich depended on x and on cos e . This was necessary

since the acceptance was a strong function of x at large
F

*

values of cos e . rrhe data were fit to the form

2   *
1 + Pcos (e ). For the (4.-w , P was found tc be 0.02 1

6.07, w  h ic h         is         i. n excellent agreement with the expectfi

vilue for unpolarized Frcduction. For the J, P was found to

be -C.28 3 0.22. -his translates to a 35 percent confidence

level for P=O,a C.01 Fercent confidence level for P  =  1

and  a 0.6 percent ccnfidence level for  r  =  -1.  ghe

following table presents t.he fit values of P for picks ard

protcns separately.

1
BEAM PARTICLE _f_ X /DEG. OF FREEDOM

P              -.34 + .26 .89

Tr-           _.15 1 ·34 1. 49

combined -.28 1 •22 1.02

recause other exferiments neasuring J production hy

protons accept events orly near x = 0 (and because this  is
I.

the first experiment tc accurately measure J production ty

pinns) , we must extrapolate our results for prcton induced

pcoducticn to x =  C in order to make a comparison. zih 3

'F
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dependence cf '   AG=o  on JE is shown in figure 5-35.   A
31

point· fiom our 150 Ge V/c test r·un is plotted in the

figure. The x and P distributions measured in the t€st
F                 1-

run (figure 5- 36) are  in good agreement with the data

reported above. A shatp increase in the cross s€ction  is

evident up to JT = 15 Ge V. Above t hat Fcint,  J

production increases slowly with energy.

D. Additional Agens in Association with the J

Since scme have pr€ditted that ilie ,1 is Frnduced

predominately  by CZI allowed mechanisms (see chapter I

section A), where a seccrd J or a pair of charmed particles

is produced also, it is interesting to look for additional

muons in association with the J. A tackground source Of

tiiird muons is pion cr kaon decay. To calculate this

background w€ used the number of three muon everits at 1cw

mass. Some Cuts wer€ applied tc remove other fcrms cf

background: 1) The three muon tracks had to be asscciated

with three different hits in the 2 hodcscope. 2) Muons with

momenta greater than 100 GeV/c were Ilct considered. 3)   The

three milons were requir€d to come from a single vgrtex  in
2

the target (X Cut) . These Cuts removed only a small

fraction of the good everts C -5 percent). The following

table displays the measured results.
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Predictions from
Range of Observecl data r and K decay

 

1\/r,
- Events Events

(GeV/cp) Beam M+M- 361 4,01 R  3;4  R

f 162000 419 1 1,63&0.16 300. 75 1.75- 0.15

0.21-2.3 P 740000 803 5 1.5920.12 1053= 263 1.60  .0.13

1T-         146 000 278 2 0.91&0.11 320 - 80 0.80=0.10
2.7-3.5 p 1195 2 0 ... 1.3 ...

(31*) 471 0   0        ···          1.2
434 0   0       ···         0.8         ···

The data are shown for two mass regions, 0.21 <m< 2.3
2                                       2

GeN/c and 2.7 <m< 3.5 Gev/c . The events from the first

miss reqio n are used to test the assumption that th€ chief

source of background is from pion or kaon decay and to

calculate this backgrcund. The measured number cf  »30<

events, three-mtion events and four-muon events are shown in
tile first three columns cf the table. In the fourth column,

ttio  measured  ratio (R) of
p-/2-1.4-

events to »  -A-  /.1
+ everts

is given. Fcr the low mass bin, columns five and Six show

the number of three-mucn events and the charge ratio F as

calculated assuming that all three muon events come from

diquons accompanied ty pion or kaon decay. These

calculations are in gcod agreement with the data.

1''or the high mass tir, column five gives the number  of

background events expected from meson decay as cglculated

from the measured number of three muon events  in the low

miss bin. This small tackground acco,ints.for all the three

muon events observed in the J m a s s region. There is  no

e v j. c  o Itc e that the J is Froduced iii association with charmed
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particles or additional J's.

For the reacticn

I t 3  + ( 'i --  i ,
+ I   +X

lsM    J                                                                                   1--9
/4+P- 14 14--

it was assumed that th€ x 's and P -'s of the two J's were
-

uncorrelated and that each was produced with the x and  P
F 1

distributions measured for production of single J's. Using

these assumptions, we attain the 90 percent confidence level

limits shown below.

Cj- L£lE. Incident Particle
30   3

.C72                            P
+

.052                                                          -TT

. 079 Tr

.021 combin€d

To find the fraction of J's produced in asscciation

with charmed p a r t i c l e s in the reaction below,  more

complicated assumptions were used.

iV j   .  C :.1  -f   4.x
L--9 A- + X

L-* ALI AA-

First, it was assumed that the charmed particle an,1 the  J
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were produced with correlated rapidities.  The distribution
' 32 -21   Yc    *9 1   |of rapidity differences used was e Second,

2
tne charmdd particle with mass 1.87 GeV/c was assumed to

dacay to ,«YX    where    X was either    a    K    19,eson    or    a    collection

2
ot hadrons with mass of one Ge V/c . The lower detection

efficiency was used. Tte 90 p€rcent confidence level limits

are

G Z_(I Incident Particle
JCC   J

.040
+

0 0 2 8                                                                                                 7r

0641 -IT-

. 010 combin€d

The limits given above are insensitive to the model

1 used due to the larg€ acc€ptanc€ of the sp€ctromet€r.

Because Of the masses of the particles involved, however,

OZI allowed mechanisms may become more important near x = :,
r

where we have little 'data. similar results to those shown

33
above have been reForted hy Binkley et al. for incident

neutrons.

Cur data are  in strong disagreement with the the

predictions of Sivers and Goldman . They allow two

possibilities: either the OZI rul€ does not aPFly tc  J
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34
producticn  or,  as suggested by Lipkin  , the OZI viclating

mechanisms fcr J production are strorger  than the allowed

metharisms despite OZI supression.

S i n c e          t h e   K Z I    'rule      i s     u s e d     t o € x p l a i n     t h e     w i d t h     o f     t h e

J and other new particles, it is important that  it  be

uriderstood this result puts an additional constraint on

any theory explaining OZI supression.

E.       Prcducticn

daFigure 5-37 shows  dwi  in the  4) ' mass region for
proton induc€d events. The solid curve is a Monte Carlo

generated    J l i n e s h a p e. The dashed line is a fit tc the

2
continuum in the tw6 tc four GeV/c xass region which agrees

do           2
well with our value of 7,4  at 4.7 GeV/c . In the 3.7

2
GEV/c area there is a significant excess above the

continuum and high mass tail of the J. After subtracting,

we find the following 41' production cross secticn fcr x >
F

0.1.

B  Cr   (*'13·711         =     O.0 0 7    3     0.0 0 4       (p-C)
E-e-/Jr --

+

B a    C  /'(3.11.1        =    0.0 1 8    +    O.0 0 7      C   Tr    -C)
1=737---

For the 'Tr- induced data, there is significantly larser

continuum, making th € subtraction more difficult. *9
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  THE SOLID CURVES ARE MONTE CARLO ESTIMATES OF THE LINE

SHAPES FOR THE J AND *'.  THE DASHED CURVE IS A FIT TO

TliE   MUON PAIR CONTI NUUM    IN   THE MASS REGION   2,0   TO

2,7 GEV/(2,  THE DOTTED CURVE IS THE SUM OF THE OTHER

TWO CURVES.
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t t i 3 r e f o r e     h a v e     n o     r e s u l t     f o r     t h e       lr        b e a m.

The  (il)  is produced much less  ccpiously  than   the  J.

Since they have the same quantum numbers, the prcduction

mechanism for the two resonances shculd be similar. Cne

mechanism, discussed in chapter on€, that would increase J

producticn relative te  lIP  production is the twa gluon

fusion mechanism which requires C = +1 states which decay to

the J. Ther€ are nc known C = +1 states which decay to the

4)' . Of c c u r s e,     s i n c e      the         4'1 '     i s     a          r a d i a l          e x c i t a t i c n         c  f

thG: J, other mechanisHs ma y also be consistent with the

lower„production cross section. The:           9
'

c r c s s scction is

larger than that expected frcm the Drell-Yan crcduction

mechanism by about a factor of 15. This implies that it  is

producfd hadrcnical]y.

F.  2.klf Drell-Yan 219.d31

Figure 5-1 shows the mass spectra fcr . the three

incident particle .tyges on a carbon target along with the

range cf predictions cf the trell-Yan model for incident

protons. T h is range was de+erline.1 by using sets Of

35,3€,37
structure functions by three different authors.

cilculation includes the effect of cclor, which is tc reduce

the cross secticn ty. a factor of three. The data are well

auove the mcdel; however, the model.is not expected to work

w 311 in this mass range tecause the conditions allowing use
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ot the impulse approximation are not satisfied. As  stated

in chapter I section B, th, impulse approximation should te

valid for quarks with mcmenta in th€ center of mass greater

tnan 1 G€V/c. Ey using the relations

2
m   =x x s

A  B

and

X=X -X
F      A E

til 2 kinematic region for which the impulse approximation

applies can te determined. If we take a 2  Ge V/c quark

m,mentum cut off, the mciel should not begin to apply to our
2

dita (x    Z   .3,      s      = 4 5 0 Ge V ) until we reach the 3 to 4
F

L

Ge V/c mass range. In figure 5-lb, cllr two highest mass

dita points are plott€d along with the points of two other

38,39
experiments , which a r 0 scal€d according tc   the

Drell-Yan fcrmula using linear A dependence and our maasured

x distribution. Here the data and calculations are in
F

agreement.

&GFigure 5-38 shows the ratios cf 1;I (x > 0.15)  far  p
T:'

+                           -            +                 -
v  j:s u s          Tr                   p v e r s u s Tr and Tr        v e r s u s Tr in the usualI

mass bins. Thes€ are compared to the Drall-Yan model

 

calculations. The most interesting of thes:  is  the

lf/TT- ratio, which is predicted ty the model t o        be

significantly iess than one at high mabses. In fact, it

approaches one-fourth fcr very large masses. This is lue tc
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FIGURE 5-38,  MASS DEPENDENCE OF RATIOS OF MUON PAIR

PRODUCTION CROSS SECTIONS (XF '   '15) FOR DIFFERING
INCIDENT PARTICLES,  THE CROSSHATCHED AREAS ARE THE RANGE

OF RESULTS FROM DRELL-YAN MODEL CALCULATIONS,
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the charges of the valence an*iquarks in pions (see  chafter

I secticn E). The data show a significant deviation from

one in the higliest mass nonresonant tins and ar 6 in gocd

a.lreement with the Drell-Yan mcdel. En the bins dominated

by the well known resonances p,W, f and J, t.ha ratio  is

equal to cre, within errors, as requirad for strcng

production. This evidence supports electromagnetic

production at the highest masses.

It is imccrtant that the Drell-Yan model be tested

further for twc reasons. First, the structure of n,icleons

and mesons can he s r ild iE d with this      mod 31. Spcond,

Drell-Yan particle production is imFortant in design and

s e l e c t i c i,     o f     f u t u r e      a c c e l e r a t o r s     a n d     o f e x p e r i m e n t s     a t      t h o s e

+           0
a c c e l e r a t o r s. For instdnce, W- and Z production rates at

40
p  -  p  colliding  bcams  machines  arf  best pr,adicted by  the

Drell-Yan model.

lhe two best checks of th€ model are made by resting

i t s scaling prediction and  ty measuring tho difference
+              -

between -rr               a n d 7T induced production.of massive lepton

pairs as discussed ahov€. Our gro up expects to mak€  a
+ -

pr,cise measurement of the  -IT / lT ratio in the near future

ac FormilaD.
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