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Proton-proton interactions at 200 and 300 GeV/c
Fumio Ogino

Under the supervision of William J. Kernan Jr..
From the Department of Physics
Iowa.State University

The reactions pp +Aép'n+n— and pp » pp T T mTnT at 200
and 300 GeV/é were investigated using the Fermilab 30-inch
Hydrogen Bubble Chanber and downstream Wide-Gap Spark Chambers.
This analysis is based upon approximately 9500 4-pronged and
6-pronged events. The cross sectioné were consistent with
pomeron domihaﬂce for these reactions. The finai state ppn+n_
islddminated by Single Diffractive Dissoéiation, whose features
are quite'similar to those observed at‘low energy. A st:ong
signal for Douﬁle Excitation was seen in the ppn*wfn+nf
final state and>pomefon factorization was found to be satis-
fied. 1In the ﬁpw+ﬂ— final state, 66 events péssed the
criterion of Double Pomeroh Exchange defined by D. M. Chew
‘However, these events were found to be severely contaminated
by diffractive events. The two particle exclusive azimuthal
correlations agreed well with the prédiction of é ph0£o-‘

: statisticalxmodei;

*

USERDA Report IS-T-705. This work was performed under
Contract W-7405-eng-82 with the Energy Research and Develop-
ment Administration.



I. INTRODUCI'ION

In reéeht years, there have been numerous studies on
the multiparticle production processes, which play a dominant
role in high energy particle éollisions. The availability
of the very high energies for these studies is a consequence
of'the completion of two giant particle acdelérators: the
proton synchrotron at theAFermi Nationai Accelerator Labor-
atory, U.S.A. and the Intersecting Storage Rings (ISR) at
CERN, the European Organizétion for Nuclear Research.
Experiménts on multiparticle reactions at these machine
energies are difficult; not only is an4énorm6us’number of par-
ticles,invoived, but also both the fgcilities'and experimehts
are expeﬁsive. Yet,.it:is hoped that, with the hélp of
advanced experimental techniques and.theoretiéai ideas, one
can‘now probe hitherto unstudied regions,of the stroné inter-
actioné: a force that is responsible for holding the nucleus
together and for which the appropriate distances and times

-13 23

are less than 10 cm and 10~ seconds.

The main topic of this dissertation is a study of -the

proton-proton multiparticle exclusive réactions:
’ '

pp + pp T W . (1-1)

dn

PP + PP ot wte” ‘ k | ‘ ' (1-2)



at incident proton beam momenta of 200 and 300 GeV/cf of
course, thelmﬁltiparticle reactions are closely related to
“the eiastic scattering, which has been studied extensively
for different beamsufrom the lowest eﬁergy to the‘highest
available energy by many authors (1,2). Thus the comparable
"work on pp elastic scattering at 200 and 500 GeV/c haslalso
been included in this thesis.

The present analysis is based on data taken in an
experiment performed a£ the Fermi National Accelerator
Laboratory using the 30-inch Hydrogen Bubble Chamber and down-

1 The preliminary

stream Wide-Gap optical spark chambers.
results were presented at an American Physical Society
Meeting (3).

The bubble chamber and spark chamber have been two
independent detectors in High Energy Physics research during
the past two decades. The bubble chamber is excellent for
measuring the interaction vertex and the variables of slow
tracks (less than 5 GeV/c) at fairly large angles. However,
this detector is a poor instrument for the measurement of
high momentum forward tracks. The spark chambers can detect

these forward tracks, but are insensitive to the interaction

vertex. 1In this experiment, these two detectors were

lCcllaboration by Argonne National Laboratory, Fermi
National Accelerator Laboratory, Iowa State University,
Michigan State University and University of Maryland.



combined to improve the experimental resolution for multi-
particle processes. Other éspects of the present experiment'
~are reporﬁed elsewhere (4,5).

Reactions (lél).and (1-2) have been thorodghly studied
ub to 28.5 GeV/c. There are only two repdrts for reaction _
(1-1) aboﬁe 28.5 GeV/c; a bare bubble chamber experiment by
a French-USSR collaboration at 69 GeV/c (6) and'a bare
bubble chamber'expériment by the Argonne National Laboratory
group'at 200'GeV/c (7). Our analyses of reaction (1-1) at
1300 GeV/c and of reag'tion (1-2) at both 200 and 300 GeV/c
are the first data on these reactions in this high energy
region.

There'arévmany_ways to present'the data. The rapiditY-
(fhe definition is givgh-on page 1085, for examplé, is
lthought-to be onerfithé important kiﬁematic variables, and
the sﬁudj of the details of the reaction as a function of
this variabie is a major tool in understanding these pro-
cesses. The higher'the energy of the incident proton beam,
the larger is the rapidity difference available between the
target frégméntation régign and the beam fragmentation region.
Thus,‘it'becoﬁes easy to_separatelthe t&o regions and to sfudy
the §roperties of.pdmeroq exchange, which is believed to be
responsible for diffractive effects. However, because of
limited statistics, ﬁeithér earlier report, either at 69
GeV/c or at 200 GeV/é, has been conc1usive-about the détails

- of prbductiohnmechanisms for reaction (1-1).



‘There are three distinct ways that the available data
from the present experiment can be treated. These are:

1. As a bare bubble chamber experiment. .

_2; Asva barg bubblé cﬁamber'experiment, but using the
downstream.ihformétion to give a better estimate of the
baékgroﬁhd. |

3. - For the highest preéision in each eﬁeﬁt,-use only
the "hobkeafué"ﬁevehts between the bubble chamber and spark
chamber. | v |

Due to_the'spark chamber trigger-efficiency (ébout 40%)
 and due to the'low-percentage of four constraint events2 in
the entire data sample,_our presént statisticé afe somewhat
insufficient'if methbd 3 alone is used fbr ﬁhe‘analyéié ofA
“the exclusive_reacfions (l-li'and (1-2). Therefofe, methods
1 and 2 have been ﬁséd ghroughout this analysis in an,at£empt~.
-té proviae theAmakimum inférmation in the most usefullfashioﬁ.
Chapters iI'through v 6f this dissertation describe the
details of the experimeﬁt; in particular,'attention'is paid'to
.thé effect~6f improved-#esolution on the analysis‘of the
exclusive cﬁannels. |
In chapter V, the experiméntal results are presénted.
~ The proton;pxotOn eiastic scattering at 200 and 300.GeV/c has

' 'beenfcaréfully studied to establish a self-consistent method

A 214¢ for the phrase 'four~constraint' is frequently
used in this dissertation. :



to'obfain the cross sections of the multiparticle exclusive
channels. Then the .characteristic features of reactions
.(l-l) and (1;2) are prééented., The'idea_of‘pémeron exchahge
is examined from four aspects: |

‘a. The energy dependence of the cross sections:

b. The’study of Single Diffractive Dissociation

c. The search for Double Excitation: p§'+ N*N* and
the tes£ of pomeron factofizatioh,

d. The search fof'double pomeron ekchange prbcésses.
The exclusivé-two particle azimuthal correlations are also
discussed in chaptetiv. Chapter VI summarizes ;hese inveétif

gations.



IT. EXPERIMENTAL TECHNIQUES

ThiS‘analysis is a study of thevproton-proton exclusive
reactions'at 200 and5300 GeV/c osing‘the 30-inch Hydrogeo
Bubble Chamber (BC) and downstream wide-gap spark chambers3
(sC) at the Fermi National Accelerator Laboratory _ In this

chapter, the experlmental details; in particular, beam,

~'Hybrid System and Film Measurlng Systems are descrlbed

A. Beam
The primary‘proton beam is first extracted from the 2-km
diameter main-ring of the-Fermi National Accelerator Labor-
atory (Fermilab); It is transported to the target area,
which is located abootdl km downstream from-the extraotiom
area. The intensity of the primary proton beam at extraction

13 protohs/pulse. Secondary protons,

is approximately 10
produced in 1nteractlons with targets in the primary proton
beam llne, are further transported through Hadron Beam Line
N-3 for another 1.5 km to the 30-inch Hydrogen Bubble
Chamber in the neutrino area. As the seoondary protons pass
through the slits, magnets, collimators and monitoriog
counters; the beam momentum is selected and the beam inten-

_sity is also reduced. During the course of the present

experiment, multiple beam spills up to four puises per one

3The abbreviations 'BC' and 'SC' are used throughoutA
this dissertation. :



accelerator machine cycle were made; the spills were scpa—
rated in time4by approximately 250 msec. Some of the
"~ important componénts_in the N-§ beam line are:
| a. Fast Flux limiting Beam Kicker, located approx-
imafely halfway betwéen the hadron target and'the'30;inéh
HBC. | | |

b. A Cerenkov éountér, downstream of the kicker.
The kicker minimizes the fluctuation of the beam trécks
and adﬁusts thé cenﬁer oflthe'intensity distribuﬁion of the
beam at the desired value,.for example, 7 protons/pulse.
The Cerenkov counter provides information on thevparticle
type. This is useful for beam purity sfudies; however it
isvnot essential for ﬁhe present proton experiment. The
beam is monitored by several counters:‘the wire propor- .
tional.chambers, séintillation paddle counters and the
fingér counters‘er the wide-gap chambers as well. These
‘counters are'USeful in mohitoring and controlling the
distributionsbof fhe beaﬁ particles in the horizontal and
_vertical planes at the BC window. They afe also uéed to
veto taking a picture for a bad beam spill. Fbr this
experiment, the lower and upper bounds of beam tracks were
set at‘2 and 13 respectivély. For a beam SPill éutside this
rangé,'thevBC did not take a picture. It should be noted
that these counters are not reliable for.absolute counting

"oflbeam traqks.
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B. Hybrid System ‘
The unique feature of the hybrid system has already

‘been briefly described in chapter I. The details of the
- system are reported elsewhere (8). We shall mention here
only the essential,features that are required for the .
discussioh of this dissertatioh. Figure 2.1 shows a part of
the wide—gaplspark}chamber system; each gap of the dual SC is
20 cm; the active area is 75 (horlzontal) x 100 (vertlcal) ‘cm;
each of the four chambers has a set of mirrors for stereo
views. The distance from the center of the BC.to the most
upstream chamber is about 4 m and to the 4th chamber it is
about 7 m. The spark chambers are pressurized by.gas.(Ne—

He mixture) and the ehtire spark chamber system is enclosed
in an air-pressurized room. This enclosure is hecessary both
to provide the dark baokground for‘phOtographf and also as

an isolation room because of the safety problems with hydrogen
.leaks from BC. ‘As'shown in Figure 2. 2, the trigger system
consists of beam deflectlon counters, gﬁ counters and
associated fast logic c1rcu1ts, which are gated to count for
4 msec during the beam Splll. The SC are trlggered when the
'electronicAlojic indicares either or both of the following
vcases:'

| a. Multioarticle production defined by upstream beam

i

deflectlon counters ‘and - gg counters behind the BC.

b. rBeam deflectlon trigger: a single particle is
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detected b? the %% counters, but missed by the downstream
glgﬂ qounter which is aligned‘with the upstream B.D. counter
'that~detected_the beam particle.

. As shown in Figure 2.2, the main trigger to the THYRATRON -
fires the'sbark gap, whicﬁ subsequently triggers the 1l0-stage
Mar# generators. ‘The Marx generators were already charged up
in preparation for the beam. Eéch Marx generator.sﬁpplies a
high voltage pulSe‘of 280 kV with a width of 60 nanoseconds
to the centfal plate of the SC. Then sparks are generated
along the ion trails of trajectories of particles thch

_ traversed the SC. The tracks and the images from mirrors

are photographed by two 35-mm cameras: one camera for the
upstream and another for the dowﬁstream‘pair of dual wide-
gap chambers. Eaéh camera has two lenses: one for the direct
Zand the 10 degree mirror view and another lehs which views
the 90 degree mirror. ‘Thus three different views for the
tracks asSoéiéted with the same event as seen in two séark.

- chamber modules are récorded on.the same picture frame. The -
2 SC pictures and 3 BC pictures constitute.the complete set{
‘of pictures fo;'one event. The quality of tracks is con-
trolled primaril& by tﬁe termination résistors on the SC

and by the power supply Voitage for the Marx»generators.
While the’main trigger pulse fires the spark chamber, the
deléjéa tr%gger'pulsé turns on the fiducial lights fdr thg
8C frames énd_thenithe.dété boxes are lighted to récordv

=il
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adaitionalAindiCative infofmation on film. The cameras are -
then advanced by one f:ame;‘which takes ébout 100 msec. . The
'entire process is chpleted'withinfzso msec and the sysﬁem
Ais ready for the next béém spill. z

Another important feature of the system (not shown in
Fig,.2,2) is the capébili£y to'fechd data'fdrAtWO triggers
inAone beém'spill. Spark chambéfs 1, 3 and 4 are fired on
thé 1st trigger. Tﬁen sC #2 is triggered‘forAthe second

eventfin the BC.

c. Séanning of Bubble Chémber fi{m

Aé was'énticipated, the scanﬁing of tﬂe_BC.film was
rather difficﬁlt. This difficulﬁy is associated with the .
' largé number of tracks produééd in a'narroﬁ fofﬁaid che.in
interéctions;éﬁ thesé high energies. *The typical BC piéture.‘
is shown in Figure 2.3. The scaﬁnerS-were instructed'to
Seafch for all types of interactions on thé-film and record
thé foliowing information for each event:

a. 'Digitized*scén'codes whicﬁ indicate the'typé of
.éveht as wéll.as'the'estimate of ﬁeasuremént difficulty
féf ﬁhé event.‘ | | |

b. The number of beam~tracks'entering the chamber
between the proper:fiducials for eQery 10th frame. Special'

“.attention is requested for overlapping events.
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c. For each event that is measuréble or worth trying,
an approximate vertex location, the number of neutral parti- -
-clé decaYs,and éémments'about the associafioh ofAéuch
‘decays with the primary vertex, neutron stars, the
number of Daiitz pairs and comments about track identifica—
ﬁién at the primafy‘vértex, for example, evéry‘slow proton
is flaéged. All frames were scanned twice: the scanning
efficienby for finding ﬁhe event was beﬁter than 95%.

Tables 2.1 and 2.2 show the topological cross sections based
on the results from our scan. The_crOSS,sections are, how-
ever, normalized to the total cross sections as deterﬁined
‘in previous reports from bare BCAéxperimehts by the ANL
group at 200 GeV/c and by the CALTECH'ngup at’360.GeV/¢.
D;‘AScaﬁhing-bf Spark Chamber Film

| Avtybical spark chémber pictufe is shown in Figure 2.4.

The sqanneré wére requested to'record'the following‘data for

a SC frame:-

a. Trigger éode:' As explained in section B, the
system can'triéger chamber #l; #3, and #4 for the first
event in the BC and then trigger chamber #2 for a second
event during one béam épill. This is referred to:as énb
"alﬁernatiﬁg trigger". If there are two events on one
frame, they are recofded sepafatéiy 6h the scan sheet with_

the same frame # and'differént triggér:code. Sometimes the



Figure 2.3. A 6-pronged proton-proton interaction at
‘ 300 GeV/c, as-seen in bubble chamber.
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Figure 2.4.

The spark chamber photograph which is associated
with the 6-pronged event in the BC which was
shown in Figure 2.3. The spark chamber tracks
from three different views are recorded on the
same frame; from the right direct views and 10
degree views in SC #1 and SC #2, and indirect
views of SC #1 and SC #2. The SC frame number
is always larger than the corresponding BC frame
number by one in the present experiment.
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trigger'systém‘is changédvso that éll 4 chambers are fifed
on the same event in thé bubble chamber, which is called a
"nonalternating trigger".

b. Tracks: Each'of:the 4 chambers has 2 gaps.‘.The
number of tracks ié Eounted in each gap..‘The maximum number
of tracks seen in either the direct view or the indirect -

view is the number of tracks in the chamber.

c. Gamma-sh6wers ahd Hadron Showers: SC #4 is uééd to
detect the‘number 6f showers produced in a lead plaﬁe inserted
bétween chamber #3 and chamber #4. All frames are scanned
‘fwice, But no attempt was made to estimate the scanning
effiéiency. Where the tagging information from thé wire-
_qhamber_and triggerucoﬁntefs.is available, only thésevtaggéd

_events are measured. -

E. Measuring and Data Sorting

The pictures froﬁ the present experiment are different
from previéns'experiments at ITowa State in that many tracks
are involved in BC pictures andAaISo there are 10 views which
need to be measured fo; SC pictures. Thus it is vitally
necessary tb maximize'méasuring efficiency. At Iowa State,
the measureméntS'haVe beén dope by PDP 11/50 (pteviously,
EMR 6050),controlléd semi~automatic measuring machines; the
details of which afe described in Refe:encé 9. The modifica—
ti&n oflthg‘system‘fdr the Present expérimeﬁt is described;-

© in this section.
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In order to overcome the difficulty in measuring this
filﬁ,_laréer lenses were installed on the measuring machinés.
' Accordingly, a,galibration was done for each measuring
ﬁachine. One of the machines was éhosen as a reference and
- all the fiducial measurements for the detefminatioﬁ bf_optics

consténts were done on thistacﬁiné. The BC has 22 fiducials
on théugléss windows. 'Both upstream and downstream SC have
af,ieast 34 visible fiducials in the direct view and 12 |
visible fiducials in the indirect view. Using an avefagé of
18 meésureﬁents for each fiducial and the survey data on the
fiducial positions, the dpﬁics constants fér the BC and SC
were determined by the standard program CAMADJUST. The spark
'chémbér p&int scatter (FRMS)Ain space are about 100 um in
direct views and about 400 um in 90—degreé views. -Thése o
optics constants were élso used by the on-line programs to
check the quality of track measurement. "In the actual
‘meashrement of evehté, 4 fiducials are measured in.each view
of ﬁhe BC pictures. - Among 10 views in sc film, six o'f them '}
are optically unique, since ten dégree views and the“airect
view are.photOgraphed on the same picture frame. Four |

. fiducials -are also measured in each of six views.
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The ISU version of FIDO,4 which is a fiducial transfor-

matidn‘program, then rederermined the magnification factor
A for each event. As . a reeult, all the measured data are nor-
malized te-the reference measuring“machine.

If the on-line prqgrah finds that the fiducial measure--

ment is poor, the heasurer is asked to remeaSure the fidﬁcials}

As soon as the fiducial meaeﬁrement succeeds, the vertex and
track measurements follow. In the case of BC film, the on-
line geometry program, HGEOM, reconstructs the track
immediately after. the measurement. The measurer is requestea
to redo the measurement if the-traek RMS on the filmApiane is

larger than 15 um.‘,_ "'The' reqxies‘t is 'displayed on the viewing

4ISU version of FIDO was written by H. B. Crawley and
it has been used widely by Experiment-2B collaborators. The,
main idea 'is introduced below. The measured fiducial p051—
tions X and Y are transformed according to

X' = AX + BY + C, Y' = - BX + AY + D _ (2-1)

- where the magnlflcatlon is included in the parameters A, B,
C and D. -We want to mlnlmlze the ch1 -square, which is .
“defined as :

X2 =1 (XY - x-iR)? +(vy- v 5y (2-2)
i .

where Xl and Y&? are the locations of the reference f1duc1als.‘

Differentiating equatlons (2- 2) by the 4 parameters in (2 l),

we have 4 equatlons ‘

2 a2
— 9.
= 0, oD

L2 2

.8x~ —o0, 3 - o 3x

A 5B ' T3C = 0.

Solv1ng these equatlons simultaneously, we obtain 4 transfor-.
matlon parameters for each ‘event.
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screen of a dispiay terminal. Fér a SC film, only a §traight
line fit is performed, since these detectors aré not in a
magneticAfield. It is found that HGEOM reconétruction is
consistenf'with the réSults of the off-iine reconstruction
pfogram TVGP. 1In fact, ﬁhe vertex information from HGEOM;
"was used ih'conjunction with the tagging information of the
wire;ﬁroportional chamber<énd with-the‘trigger éounters to
- select useful SC pictures.

The magnetic-fiéld used in thernQIine program was
checked by fwo methods:

a. TVGP récohstructioﬁ of béam'traéks which'traverséd_
the entire chamber.

b. The recqnstfuction of Vee events, particula:ly~K‘
meson candidates‘bofh,by TVGP and HGEOM.
. It was found that'the beam momentum distribution has a peak
| ét 300 GeV/c with a broad width in the higher momentum data.
Although the statistics of events are very limited} it was
also seen thatvthe Missing Mass distribution for K°Ameson’
candidates hés‘a peak at the correct value (497.7 MeV).

Since both BC aﬁd SC film measurements proéeed simul-
_tanébusly on different measuring machines ﬁnde: computér
_'éontrdl, the data #ape contains the variable length BC track
records as well as variable length SC records in an arbitrary
ordef. In addiﬁion, the BC tracks, either positive or nega-

time, are afranged iand&mly within a record, which HGEOM can
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bread but TVGP cannot accept. TVGP requires the negative
tracks flrst. However, the sagitta of many tracks is so
small at this hlgh energy that it is dlfflcult to be certain -
ofdthe‘sign of the curvature. For erample, a beam'proton of
300 GeV/c'in the magnetic field of 25 kG is deflected by

| approx1mately 1 60 mrad. vertlcally while it travels . through
63.5 cm (effectlve 'BC length) In terms of vertical dis- -
placement, this corresponds to only 1 mm! Considering the‘

' 'fact‘that.the BC position resolution is'approximately looum
‘and that the tracks are not always as long as a beam track,
one can ea811y 1maglne that 1arge momentum measurement errors
are associated. w1th the analy51s of the bare bubble chamber.
" The polarlty of each track is determined, at,Iowa State,
accordlng to the follow1ng procedure. Forleach track 3
_measured p01nts A, B and C are chosen in each of 3 v1ews to
.deflne‘the vector product X b 4 Y, where the two vectors are
those which-connect:the points A and B, and B and C'respec—
tively. Obviously, the direction of the vector product'
depends on the sign of the charge. The determlnatlon of the
'31gn of the charge first requlres that all such vectors in

. the three different vlews be in the same dlrectlon. However.
the solution that was Obtained‘this way sometimes does not
salisfy chargeAconserVation for the event as a mhole, due to
"wrong curvature determination in'some‘views. If this happens,

-‘the constralnts are reduced from 3 v1ews to 2 views to: get the -
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‘No
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_ Yes Rejected
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tracks before posi-
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EXCEED ONE
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1750 words/event?

Yes

-
No
Rearrange Data —
into SCTRK forma |rearrange data in-
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B ' 1
[Write SCTRK Input] - - , [Write TVGP Input
‘| data on.tape data on tape

I

STOP . STOP

Figure 2.5. Data preparation flow chart.
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best possible solution. For later HOOKUP processing, it is'
also impdrtant to have BC and SC frame numbers in‘a‘specific
order. All the above mentidned procedures for data prepara-

tion are summarized in Figure 2.5.
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Table 2.1. Partial cross sections 200 GeV pp.
Estimates by W. J. Kernan (all ¢ in mb).

I+
o
)

| PRD 9, 2689(74)  PRL 29, 515(72)
‘Top Exp-2B . ANL(2) '~ ANL(1)
2 pr.  10.00 * 0.44 9.77 + 0.40 10.3 + 0.9
4 6.04.1 0.30 5.91 + 0.28 5.55 * 0.28
6 6.60 + 0.31 6.89 + 0.32 6.94 + 0.31
8 5.78 + 0.28 5.73 + 0.28 5.78 + 0.28
10 . 4.57 + 0.25 4.56 + 0.24 4.41 + 0.25
12 3}07'i 0.18 3.23 + 0.18 3.43 + 0.22
14 1.65 + 0.13 1.58 + 0.11 1,70 + 0.16
16 }“ 0;75"2 0.11 0.85 + 0.08 0.87 + 0.11
18 ©0.35 % 0.05 0.34 + 0.04 0.30 + 0.07
20 0.11 + 0.03 0.12 + 0.03 0.17 + 0.05
22 0.05 % 0.02 0.05 * 0.02 0.05 % 0.03
24 - 0.01 % 0.01 0.012 + 0.008 -
26 0.01 *+ 0.01 0.004 % 0.004 -
. :TOtal 39.0- :gi.o Total 39.5

(Used to normalize‘ 2B.) )
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'Table“z.zg.uPartial_QrOSS'se¢tionsV300.Gev pPpP.
- Estimates by W. J. Kernan (all ¢ in mb).
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III. GEOMETRIC RECONSTRUCTION AND HOOKUP

| A detailed study of the background in the exclusive

' channels'usipg the high-quality HOOKUP data is one of the
_uhique aspecte of the-present experiment. In addition, it

is useful to present the feeults of our studies in making

‘the HOOKUP program itself work ahd the results of studies

'related tolthe'peSulting resqlution; both for our own records
and.aISO as an aid to other grdups working on. the same or
similar prograﬁs Tﬁus, the details of BC and SC track

‘reconstructlon and HOOKUP methods used at Iowa State are’

presented in this chapter.

'A. Bﬁbble Chamber Track Reconéﬁrﬂction

FQr‘BC'track“recdnstruction, HGEOM had been used at
Iowa State;‘howeve?‘TVG§5'(Three View Geometry Prograﬁ) was.
adopted es an off-line ﬁC'track reeonstruction programpfor
fhe'present:experiment. Depending on the data taking
period, the constants used with TVGP are different. 1In
Table 3.1, two of the primary sets of consfants: (a) BC
' magnetic fieldjeonsﬁénté and (b) dpfiee constante, are

summarized.

B 5TV’GP adopted for IBM 360/70 at Iowa State is a
modified version of MSU TVGP for CDC 3600. The prime
--reference to- TVGP is still UCLRL Programming Note, p-117
- ‘written by F o Solmltz, A. -D. Johnson and T. B. Day,
3,1965 (10) . : ' . ,
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Table 3.1. TVGP constants.

. B.C. Magnet Constants. .

Rollsv

AMPS

SHUNT (mV) Kilogauss
Not ﬁsed_at 1SU 18 a5 29.8
500 - 800 16 40 . 26.9
> 800 | 14.7 36.75 25.0
Optics Constants
F_Set _1 ' 'Rolla ' Roll Group Data Taking Period
1 : 505 500.- 599 ' ﬁeforevNov. 1973
2 603 600 - 800 11/8/73 - 12/10/73
3. 812 801'} 1019 | 3/17/74 = 4717774 -
e 1025 > 1024 -

. After 4/17/74

%Roll that was used:
Roll Groups indicated.

to determine the constants for
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The setting error used in TVGP is 5 um which is con-
sistent with the RMS distribution of the residuals from
measured tracks. .No floor was used for the measurement

error of tracks. .

B. Spark Chamber Track Reconstruction
First 6f ail, the idea of SC track reconstruction by
the program SCTRK§ is'briéfly‘described. The tracks in the
SC are photbgraphgd'through two lenses: one for the direct
énd for the: 10 degreé view and anoﬁher lens'for-the'indirect

view. Since there ié'nb magnetic field inside the SC

enclosure,'SC'tracksvare-always straight lines. The

7N . DEAL FIM PLANE S
REAL TRACK _.'DE.AA SR REAL FILM

Figure 3;1, 'SC=traCk.reéonstrucpion.

L 6Th_e program SCTRK .was written by B. Y. Oh at
-Michigan State Imiversity (1973),
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stréight:line on the film and the lens fofm a plane-(Figuré'
3.1). Since therebafg two lenses, two planes can be con-
Structed, Thé interéedtioh of_theée two planes is the
track locatibn in real space.A Incidehtally; the ideal film
plane, which is a virtual reference plane shown in Flgure
3.1 is used in actual track reconstructlon. The measured
points are prOJected onto this plane. There are usually"
more than one SC tréck séeh in each of the SC views. Thus
one needs to find;the right pair of tracks in the direct
and the indirect views. The next Step is to calculate thé

_ poéition of the tréck iﬁage'onvthe 10.degree mirfor (Figufe'
2. l) u51ng the lnformatlon from the dlrect and indirect
views. This predlctlon is compared w1th the actual 10

: degree'view‘tracks'in order to resolve ambiguities among-
. the solutioﬁé. It is tﬁerefore, important to determine the’
location of the loidegfeé mirror preciselyg This‘determinf
‘atiohlwas done using meésured beam tracks.

A schematic'drawing‘of the four chambers and the

coordinate system is shown in Figure 3.2.

Y

[
JiNIgl

Ch"l Ch‘*z cn“ cn‘*4

Upstream Chomber Downstreom Chamber

:f Figure 3;2. 'SC;cdordinateTSYStéms;



Track reconstruction in the SC begins by using an

individual SC coordinate system. The results of reoon-A
structlon in each spark chamber are then transformed to the

overall SC coordlnate system accordlng to the ‘formula,

X' = X + AIJ' (1,ITRIO)

Y' = Y + AIJ (2,ITRIO)

Z2' = 2 + AIJ <;,1T3165

¢! % ¢;+ AIJ ké,ITRIO)ﬁ

' = 6 + AIJ (5,ITRIO) | © o (3-1)

where AIJ(S{4)'are module‘transformation‘parameters and
ITRid is‘an index‘indicating one of the four spark chambers,‘

The program SCTRK'is written such that the initial
results offreconstruction are given at two fixed X posi-
"tions: At-A for Chanber #1 and Chamber #2, and at B for
Chamber #3 and Chamber #4 in Figure 3.2. Then the reoon-
structed positions are transformed to the‘overali spark
'ohamber ooordinateAsysten: this is chosen to be the same
as'the Chamber #l‘coordinate system whose origin is at A.-
Thérefore AId:parameters for Chamber #1 are all zero and
ATJ (1,2) is alWéys4éér¢ too. When more than two spark.
chaﬁbers are used for,one‘eVent, the average of the trans=-
-~ formed valnesiis'oalcuiated and then the FRMS for track

matching on the f£ilm plane is computed. "The two Chambers .
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in the upstream module (6r in the downstream mbdule) are
not éuite eptically independent of each other. This is
 becuase the tracks in the direct view and in the 10° view
vfor both Chamber #l and Chanber #2 are recorded on the same
film plane. This means, in terms of transformation param—
eters, that nonzero values for those parameters related to
y and the azimuthal'angle in a module transformation should
nbtAbe allowed.  To be more'specific the trahsformation

Chamber #2 ~+ Chamber‘#l should be:’

X' = X.
Yo=Y
2 =2 + ALJ (3,2)
o' = ¢ |
' = 0 + AIJ (5,2). | | (3-2)

On the other hand, the upstream two chambers are
. optically independent of the dowhstream two chambers.
‘Therefore we are free to use all five AIJ parameters in a
transformatlon from Chamber #3 igordlnate system to the
. spark chamberrcoordlnate systemr

Using the beam tracks from Rolls 820 and 821 and
,assﬁmihg.that.there are no correlatidns among barameters,
the AIJ parameters were determined (Table 3.2). . Only the
events in whlch all spark chambers successfully flred were

used. . This restrlctlon makes it easy to f1nd the AIJ
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parametefs. The expectation is that the‘disﬁributioﬂs.of

reconst;ucted positions and angles from different spark

' 'ehahber combinatiohs'are transformed, with eppropriate AIJ
.pareﬁeters, to the siﬁilar distrihutions as those calculated

from the reconstruction using only chamber #17 Table 3.2

. shows -the ISU paremeters §hat result ffom these studies.in

maﬁching up tracks. Table 3.3 shows the result Of the beam

track reconstruction usiﬁg different spark chambe; combina-

tions. Ielis also pOssibie to let the prograﬁ determine

the reletive location of the'spafk chambers using the optics

Aconstants, instead of4usinq the AIJ parameters. Such an

attempt was made; but no significanf improvement was

- observed.. In order to present the - performance of ISU SCTRK,

the track RMS dlstrlbutlon for Roll 603 is shown in Flgure”

3.3.

Table 3.2. AIJ parameters.

'ISU Value

iy % ¢ | o .
Ch. # "~ (cm) (cm)  ° (cm) . (rad.) (rad.)
1 0.0 0.0 . 0.0 © 0.0 0.0
2 0. 0 0.0 0.40 0.000 -0.0195
3 22006 - 0.0 -13.5 0.0008 0.0020
4 ' ' Not determined - | - ‘ '
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. ;Figﬁré ‘.3';3-;' -" RMS errors of SC tracks on the .film plane.
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Table 3.3. Beam track reconstruction u51ng
' different chambers.

.~ Chamber z TH Y . PH FRMS

Used (cm) (rad.) (cm) (rad.) (u) -
1 - -98.3 0.0023  .17.5  0.0125 -
1-2 -98.3 . 0.0038 17.5 - - 0.0121

1-3 - -98.3  0.0023  17.5 0.0125. .6

- The point to be'emphasised here is that this data is domi-

nated by tracks matched.up in chaﬁbersAl and 3 and the peak

of'the,distribution'corresponds4to an'RMS value<between 5. |

and 6 um on the f£ilm. | | | h
C. Performance of'HQOKUP7.

Figure 3.4 shows the primary coordinate systems that
are:used_in.tracksmatohing. The direction of the z axis
is'chosenato-point iﬁ the same direction as the camera in
: the TVGP or SCTRK coordihate system; both the TVGP and the
HOOKUP coordinate sYstems share -the origin at the center
of the' BC back glass‘&indow; howeter, they'have different
directions for the axes. The HOOKUP program reads TVGP and

SCTRK records and then does the follow1ng two transformatlons.

7HOOKUP for the present experiment is a modified
version of SLAC HOOKUP written by D. Negra and J. T. : .
Carroll (11). Major modifications were made at Iowa State,
Mlchlqan State and Unlver51ty of Notre Dame. o
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(1) Transfoimatibn of TVGP coordinates to HOOKUP

coordinate system.

<

X 0

Y _ p'e 0

Z |BC Traéks‘ o = - Z . . + 10
¢ | in HOOKUP :A ‘. ¢ BC‘Tracks - 3/2n

6 COoréinaie.SYStem_l eﬁ in TVGP c.s. - \o0
(3-3)

The necessary sién change (12) in the error matrix is also

performed.v

(2) Transformation of SCTRK coordinates to HOOKUP

. coordinate system.

454.2

X X

Y S el | aa (2

zZ = z | - ) +| Aa (3)

¢ SC Tracks s SC Tracks ' " AA (4)

9/ in HOOKUP C.S. 6/ in SCTRK C.S. . \|AA (5)
(374) -

The transtormed BC track position is compared with - ,

the transformed SC track position at a fixed X positi%n:

(X = 454,2'p1ane'inythe HOOKUP coordinate‘system; Seé
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Figure'3.4f. Three stéps aré needed to find the vélués of
{tﬁe‘physicalAvariables for each hooked-up track. The details
éfe describéd in Reféréhde 11; We ‘shall summarize here the

basid‘iaeés; | | |

1. First Step: After transformation (3-3), the vector

for the BC track at the exit point is defined as

‘Z
0
V=1|vy .along with an associated error'matrix
' o = (5.x.'5) errors. '
P
. The program then follows this track thrdugh the BC

Bending Magnet‘afea and the following drift or free space.
The position is then calculated in the plane at X = 454.2. cm.
By first order beam:transport theory, the extended position

is given by

Vb

R (drift) x R (bending) V

where-Vp = {0

Y

o U 'U‘"U‘"-

o~/ o | , (3A—5)‘

. where R is - the beanm tranSpdrt matrix. This matrix R uses .
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the quantities B'(the‘defiection angle) , Rvaﬁd é that are.

shown in Figure 3.5.

Sl

‘f

g

8

3

if

g

-1

&
-_-___-_-Jr__

a- .
1S.C. plone_-‘

Figure 3.5. The deflection in the BC fringe field.
The values of % and s in Experlment ZB are:
Bendlng Length (2) = 116.84 - X of the BC end point.
Drift- Length (s) = 337.36 cm.
‘The error for VP: oP is given by

oP = RoRT -f-'(4_x 4) errors s-- : o (3-6)

2, Second Step: After the transformation (3-4), the

"SC track position'at:fixed X =A454-2 cm is written as

(3-7)
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with the associated error matrix

oS = (4 x 4). - (3-8)

Using the transformed BC and SC track positions and the
associated errors (équations 3-5,6,7,8), the best HOOKUP

candidate(s) are found by taking the lowest value of xZ,

defined as:
x* = (W-v)T (o +0)7t (P -V C(3-9)

3. Third~Step: IfzanvaOOKU?'candidate(s) are found,

: o - - N
“the quantities a = (¢,A,k) = (¢, tan6, (pcos6) ~) at the BC
‘vertex are calculated. The BC measurement variables and

errors ‘at the. vertex are defined as

¢m ' ¢ﬁ _ " * with om,being the
= o= | iated 3 x 3
o _ Am tanf associate X
L : , -,] error matrix.
K (pmcosﬁm) o

m

The program calculates the set of parameters a, which'fit
both the BC'measurement ahd‘the SCrmeasuremént, this is an

a which minimizes’

>
|

(ve- vb"(q) }T(Os,,, 6 ) (VS - VP ()

+ (o= o 0,7} (o - a) B (3-10)



39

where o is the Coulomb'scattcrinq cerror for the mediuam
betwéén BCAandVSC. This izAmeans that therce arc two inde-
'éendent measurémenrs of a. The detéils of the fitting
program are describéd in ﬁeferenée ll.. Here 6nly the methods
used to determine AA parameters deflned by Eq 3—4 are
dlscussed
Using the béam track pictures taken simultaneously by
bc and sc; the AA parameters are determined; the BC - SC
HOOKUP based on these parameters are then requ1red to satisfy
the follow1ng four cond1t10ns~
‘a. The distribution of x? defined by "(3-9)
'should have a .peak at 2 for 4 degrees of
freedom; also the xz.definéd'by (3—16) has 4
degrees'of freedom (=. 7-3) and iré peak should
be atAx2 = 2.
b. The peak of the distribution of (V°- V%) should
be at 0.0. |
c. The momentum distribution should have a peak
at 300 GeV/c for the present experiment.
d. The "pulls" for matching have the mean values
at about 0 and a standard deViation g = 1.

The pulls are defined as

o Op:y, — O
Pull (o) = — fit meas.

21%
“A“meas.)z‘ (hogy )]
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Using 300 GeV/c beam tracks (Roll 821), AR parameters were

determined,‘which,are'shbwn in Table 3.4.

Table 3.4.' AA-Paraneters

Parameter © AA(l) AA(2) AA(3)

AA(4) AA(5)
in HOOKUP X Y Z 6
Program - (cm) " {(cm) ' (radians) (radians)
, 454.2 . =26.27 . 80.17 -0.0049 -0.0015

The intrinsic errors of SC tracks that were used in HOOKUP

are summarized in Table 3.5.

Table 3.5. SC Errors |

Number of dz.  de dy

d¢

Modules’ Used “(cm) ~ (mrad.) _(cm) (mrad.)
0.50 3.0 0.10 2.0
2 . 0.25 1.5 0.10 0.5

One now needs to examine whether the four conditions

mentioned earlier are satisfied. First, the HOOKUP beam

momen tum distribution shown in Figure 3.6 is centered at

300 GeV/c. The Full Width at the Half Maximum (FWHM) is

70 GeV/c, which corresponds to 10% error. This is a dra-

‘matic improvement in the accuracy of the measurement.
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" Figure 3.7_sh6ws'the Xzf(definéd by 3410) for HOOKUP beam
track, which is‘céhtered at 2. jFigure'3,8a through 84
.show the.diétribptiOns (Vb-*VS) for each of the possible
variables. For eachnvariéble the Half Width at the Half

Maximum of the distribution is given in Table 3.6.

Table 3.6. HWHM of BC (Extended)-SC.

Y 7z 0

Roll (cm) © (cm) (mrad.) (mrad.)
A 821 ' A
" (300 GeV/c Beam) 0.10 : 0.55 2.5 0.55

In the next seven figures, Figure 3.9a to 9g, the "puils"
.'for the ‘variables ‘associated with the track matching are
shown. The "pull™ widths for 300 GeV/c HOOKUP beam aré
summarized iﬁ Tabie 3.7. In general, the performahce of
HOOKUP is satisfactory for the beam.track, exéept for the
narrow widths seen in the "pulls" for the curvéturé and the
azimuthal angle at the BC vértéx.i This may reflect the ;
fact that the fﬁll lengtﬁ of the beam was measured in the
BC'for each of these HOOKUD beam tracks. As a means of
investigating this.problem; the "pull" widths for-HOOKUP
tracks from subsamples of 2, 4 and 6 prong events are also
shoWnlin Table 3.7. For the HOOKUP of these events, the

AA parameters determined from 300 GeV/c beam track data
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BC (Extended) — SC
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Figure 3.9.

The pull distribution of HOOXUP.

PULL
. BC—SC MATCHING
a o
S o
) o
@ )
o Z al Y
o ©
3 31
«r . w0
— —
g ag
> >
o Wwod
[T S
(=] B
B == ro
gg'{ 5:8‘}
=2 pun }
z =
8 8
o = T T e} T T T
-u.00 -2.00 0.00 .00 . _ 4.00 -4.00 -2.0n 0.00 2.00 q.00
PULL : ' PUL
[ o
. S
2 2
8 9 8 ¢
B 21
w wn
— —
g hg
>° >9
= =
W w
() ©
o o
E,gq T
[sa]
:8'4 :8‘}
=Y =
z z
o
8l A - 8
S T v - v - S — T Y
- -4.00 -¢.00 0.00 2.00 4,00 -4,00 ‘E.UU 0,00 2.00 Y,.00
PULL PULL



45

_ Pullat the BC vertex
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“wére,used._ In order to avoid contribution from false BC -
SC'matching, qnlf»evehts whose SC track nuﬁber‘does not |
exceed thetBCxprohéAﬁumbér.were used for the HOOKUP of 2,
4 and 6Aprohg§;' Th.e"cutq'o.nx2 of HOOKUP’tfacks;Awhiéh will

be shown in chapter IV was. 25.

Table 3.7. Pull Widths.

- Number of- o, o

. e/ o o,., ¢ of

%gei: HOOKUP sc Osc Ysc ®sc Az “SLP K
ype . . -Tracks -

300 : ‘ '
GeV/c . 444 0.68 1.02 0.76 0.68 0.21 1.27 0.21
2, 4 . : ' : L 3 : :
and 6 507 . 0.93 0.76 '0.93 0.85 0.68 1.44 0.59
prongs : ‘ '

The "pull" widths for HOOKUP 2,4 and 6 pronged events
are soﬁewhat narfow, but are consistent with one, so that
~no attempt was made to introduce a scale factor in the error
matrixlforvTVGP'traCk\variables. The centers of'the puil
A distributions forvHOO#UP 2, 4 and 6 pronged events are:

's;ightly offset from zefo;'however they are within one
<stahdard‘deyiétion of zéru. Under the restriction that
-6nly clean’ SC events aré used, the HOOKUP performancé is

again satisfactory for real events.



47

Since theé beam deflection in the magnetic field occurs
vertically,‘the fitted momentum distribution is sensitive

to the variation of the vertical component (Y) of the AA

parameters. Thus extremé care must be egercised when the .
CAA pafametersAare changed or adjusted. The detailed studies
of HOOKUP éisq iﬁdiéaté thét‘the BC single pulse operation
yieldé better HOOKUP thaﬁ multiple pulse operaﬁioﬁ and that

,,the‘useﬂof'Z SC modules achieves better HOOKUP ‘results than

using only one module.
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IV. KINEMATIC FITTING AND THE BACKGROUND ANALYSIS

The bare BC events alone constitute the complete Data
~ Set-and they are first analyzed independent of the SC data.

Each bare BC event is geometrically reconstructed by TVGP

and then thebkinematic fit is performed by SQUAW.8

9

The
‘Aprogram‘ARROW is used to select out good 4- constralnt
events and then the Data Summary Tape (DST) for exclusive
events is generated as well as a DST for sem1 -inclusive
events, that is, ell events in partlcular topologies
indepeodeot of the results of kinematic.fitting. The HOOKUP
-data isiprocessed in a.similar fashion.. Section one of this
'.chapterrdesoribes the bare BC data analysis and section two
.discusses tﬁe background in' 4-constrained (4C) events by
A'comparlng bare BC 4C and HOOKUP 4C events. The bare BC,data
‘presented here is based on 16139 events of 2, 4 and‘ﬁ'
pronged samples taken during the initial experimeﬁt 2B
running with the 30-inch Hydrogen BC and Wide-Gap Spark
Chambers. The‘HOOKUP data'are a compilation'of data pro-

cessed by Iowa State University and Michigan State University..

?SQUAW;adopted for IBM 360/70 at Iowa State is a modified
version of ANL SQUAW for IBM 360/75. We wish to thank the
ANL group for providing us with this version of sQuaw (13).

- , 9The ARROW program used at ISU is a modified version of
the MSU version of ARROW (14). 1ISU version of ARROW displays
the - HOOKUP 1nformatlon together ‘with TVGP and SQUAW results.
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A. Analysis,of Bare Bubble Chamber Data

The kinematic 4C fits are attempted for 2, 4 and 6

pronged events_forjﬁhe'following hypotheses:

P+P>p+Pp

A'p +p-+p+p+ e

p+prp+p+atwa + a0+

In SQUAW_Fitting,'the averaged angle and momentum are used

for the beam track. The typical values for the "beam

averaged variables" in the HOOKUP coordinate system (Fig-

ure 3.4)'a:e'Shown in Table 4.1. The azimuthal angle of

the beam at'the_intexaction.vertex is calculatéd~from»the

lthe méghetic:field.

Table 4.1. Beam Average.

,azimuthal angle at the BC éntrance,'the beam’length‘and

200 GeV/c

Beam Momentum Error + 4 GeV/c
Azimuthal angles at
the BC entrance 5.2 mrad.
" Dip Angle = . 1.0 mrad.

300 GeV/c

+ 5 GeV/c

4.3 mrad.

0.5 m;ad.

" Initially all the 4C events with SQUAW x2 less than 150

are accepted. The disposition of events used in this anal-
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‘ysis is preSénted-iﬁ Table 4.2 for 300 GeV/c pp and in
Table 4.3 for 200 GeV/c pp data. The events are rejected
if~they have an unacceptable fiducial measurement or an
unmeasufablé‘traék of,are,not‘in.the fiducial volume.

The fiducial Vblume restrictions imposed on the BC at
the scaﬁning'stage are different af'ISUvénd at the collabor-
:ating institutions. The fiducial volume used at ISU is 42
cm long in the beam direction (-21 cm < x< Zl cm in Figure
3.4). MSU.useé thé same downstream cuﬁ at 21 cm; however
:theif upstream edge is located about 8 cm further upstream
than the ISU limi£. 'The'distribution.of verﬁex X positions -
fér 4 pronged'4c and-6‘pronged‘4c events with x? < 30 is
-shown in Figure‘4.l. .Thé ﬁéli—measufed events that wéré'used
for ;He anélysis ofAth¢A4C channels'comprisé about 78% of -
the totallmeasured events; namely 16139 events oﬁt‘of-20704 
- events. This reduction of events is mainly due to the
‘measuring difficgltiesvwhich subsequently cause TVGP failures;

Beforelmaking any'further x? cut on 4C'events, the A
following §élébtioﬁ.qrite£ia are applied to ‘the SQUAW-ARROW
':outpuﬁ; |

a. The Ionization Check- If the track with the slow

proton flag has TVGP momen tum 1ess than 1.4 GeV/c, the
proton interpretation 1s automatlcally accepted.

b.i Cut on Feynman X Varlable of Track: If has been

reported (7) that the symmetrlc_track distribution in the
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Figure 4.1. The position of the vertex along the incident beam direction;
pp > ppntn~ and pp » pp ntn~ntnT at 200 and 300 GeV/c with x? < 30.



v Taﬁle 4.2. pp data at 300 GeV/c.

o 2—Prongs ' 4-Prongs 6-Prongs
300 GeV PP  Msu | _'MSU. E AmsUA
' : - FNAL  ISU  SUM FNAL ISU  SUM FNAL ISU  SUM
Number Msasured 1969 1491 3460 1779 883 2662 2109 894 - 3003
PANAL Fails or | | 3 o - .
Rejects 47 144 191 148 109 257 217 140 357
Buffer Overflow 0 0 0 0 0 0 | 0 6. fd
Béd'Tréck‘ | 51 6 57 36 6 42 35 9 44
K-Pong Failure 2z 45 66 33 25 58 65 34 99
2-Pointer - 157 3 160 52 1 53 a1 1 a2
FRMS o0 Large 153 0 153 209 0 209 317 0 317
"Well-me§sureﬂ _ : o ,
Events 1556 1293 2851 1311 742 2053 1441 710 2151
4C' x2 < 150 1125 952 2077 393 309 702 319 298 617

[AS]



Table 4.3. pp data at 200 GeV/c.

2686

‘206 GeV/cApﬁ | '2-Prongs 4-Prongs - - 6-Prongs
MSU MSU - MSU
ANL -_ ANL |  ANL o
FNAL  ISU SUM . |- FNAL ISU  SUM. FNAL - ISU  SUM
- Number Measured 4188 - 552 4740 | 2958 403 3361 3091 387 3478
- PANAL Fails or . S . . S , :
" Rejects 170 40 210 199 47 246 281 45 326
Buffer Overflow 0 0 0 0 0 0 17 0 17
Bad Track 113 2 115 83 6 89 2. 1 73
' K-Pong. Failure 115 9 124 69 5 74 85 8 93
2-Pointer 184 3 187 . 56 0 56 53 1 54
FRMS too Large 263 0 263 244 0 244 324 0 324
Well-measured ’
Events 3343 498 3841 2307 345 2652 2259 332 2591
4c' x% < 150 2321 365 676 130 806 532 124 656

€5
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CM frame, which is required in pp interactions, is satisfied
for the pp -+ pp‘n+w-  channel if the piohs are selected to be
in the region'bf Féynmén X between -0.6 and 0.6. The same
cut is adopted in the'preséht.experiment for both 4-pronged
4c and 6—pfdnged 4C'events; If the 4C fit does not have
pions ih this’range,‘the'event is completely discafded
even if the )('2 is low. | |

Figures 4.2a - 2f show'the x? distribution for the SQUAW

fits after'seiections (a) and (b) are performed. 1In these

.distributions,'the experimental features are beautifully

displayed: the x? distribution for the elastic events and

" 4~pronged 4C events are normal; the distributions of 6-

‘pronged 4C events’indicate a serious background problem.

As the first step in understanding the problem, a chi-square

cut of 30 is.applied to all the data. The track distribu-

tions in the Center of Mass (CM) frame with this x? cut are

shown in Figufe 4. 3. it is, in fact, remarkable that with

a x* cut of 30, all channels have symmetric track distribu-

.tions in the Feynman X variable. Without this x2? cut, the

track distributions in X are poor, particularly for 6 pronged

4C events. Another interesting feature found in the previous

"experimént,ét 200 GeV/c (7) is a particular configuration of

péfticles in the forward and backward hemisphere of the CM
frame. Of the events in the pp » ppn'm  channel at 200

GeV/c,‘87% had three particles in one hemisphere and one

e e

ORI T
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" "had two particles in each hemisphere.: Since the ratio
' between three forward particles and three backward pafticles
-was one,:Derrick et-al. (7), concludéd that there were no

losses in the kinematic fitting process. A similar test

60 |

partidle in the other hemisphere. - The réSt.of the events

is made in the.present experiment for 4 pronged 4C and 6

pronged 4C events with the x? cut of 30 at each of the two

-energies. ' The location of a track in the CM frame is

identified by the CM rapidity variable for the track. The

'results,are.shbwn:in Tables 4.4a and 4.4b.

TableA4.4a.,,CM>track'distributi0ns in pp‘+ ppn+ﬂ-.

P -
GeV/c 3(F): 1(B) - 2(Fi: 2(B)  1(F): 3(B)
200 . 188 . s2 187

300 169 . 50 182

Table 4.4b. .CM track distributions in pp - ppn m wtw .

p -
GeV/c| 1(F): 5(B)[2(F): 4(B)| 3(F): 3(B)|4(F): 2(B)|5(F): 1(B)

200 | 34 - | 43 58 ey | 37
300 50 . 48 66 -39 48
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Table 4.4c shows the charge distribution in the forward

(or backward) hemisphere for the 6 pronged 4C events with

a x? cut of 3Q.ahd a 3 to 3 division of the particles
'fbetween the forward and'baekward hemispheres: this result

" is used in Chamber 5 in the study of double diffraction.

.Table-4.4c.. Charge dis’tributioha in the forward

hemisphere.
p S b :
- GeV/c . 1+ @ 2= - 2+ : 1~ 3+ : 0-
200 | 4 52 2
300 6 . - 55

g pronged 4C events with 3 to 3 d1v151on of

particles only.

bThe notatlon indicates that 3 particles in the for-
ward hemisphere con51st of 1 p051t1ve and 2 negatlve
charges.

The results shown in Table 4.4a and 4.4b are consistent with

the results observed by Derrick et al. (7). As far as

‘these data are concerned, there appears to be no loss of .

" events in the kinematic fitting process. However, it is not

possible to rule out all background problems simply with a

chi-square cut dlone. Because of a large measurement error

efOr the fast-forward-going track, SQUAW can adjust the momen-

AR R T AR T 2T e U T

Ry W TR ST Y 2

. e
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tum value by a large amount without large increases in x2.

In the next several figures, this point is clearly demon-

' strated. The missin§ mass square distributions for 4-pronged

4C and 6-pronged 4C events with a x? cut of 30 are shown in

'Figures 4.4: 4a and‘4b for 200 GeV/c data and 4c and 4d for

300 GeV/c data. In Figureé 4.5a and 4.5b, the momentum
imbalances for the channel pp » ppm ' n  are shown (with x2

cut of 30) in the scatter plots with the projection on each

axis at 200 and 300 GeV/c. Even after the chi-square cut

of 30 is applied, one sees many events with large miSsing
mass square and a largé momentum imbalance. It is evident

in theseAfigureé that the resolution gets worse as the mul-

tiplicity and thé‘beam,mOmehtum‘increase. As the CM track
“distributions (Figuré 4.3) clearly show, the two protons in

'-each_channel are often the most energetic particles in the

CM frame. This means that the beam associated proton in the

laboratory frame is often the fastest track. The BC mea-’

surement error for this proton is large and this in turn

causes the difficulty. Thus it is interesting to study the

distributidné-of'the missing mass square with respect to the

‘group of pérticles but ekgluding the fast-forward proton.

This has been named the XMSQ distribution. With the fast

proton eliminated, the‘backgrpund problem can be studied

more efficiently. Figures 4.6a through 4.6d show the XMSQ

 ;distribﬁtidnsifor“the two exclusive channels at 200‘andr
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300 GeV/c with the chi4square cut of 30. Most of the dis-
tributions areXCentered'at the proton mass square as

expected. Again the width of the distributions increase as

the multiplicity ahd the energy increase. The width of the
XMSQ distributions also depends. strongly on the -division of

~pérticles.in*thefCM<frame.

‘The events iocétéd'in[the tails of the XMSQ distribu-

tions in Figure 4.6 are most likely inelastic events. Thus

. one tentatively adopts the following cut on 4-pronged 4C

. and 6-pronged‘4c events:

-3.0 GeV2 < XMSQ < 5.0 GeV?2 (4-1)

The estimated contamination of inelastic events is shown in

- Table 4.5 for all the available data.

Table 4.5. The contamination estimated by XMSQ cut.

. Estimated

: 4C . 4C Inelastic

P # of x? < 30 with Events in
GeV/c n ' Events - (A) XMSQ Cut : (a)
200 4 2652 427 302 ' 29%
200 6 2591 . 213 S o119 44%
300 4 2053 401 232 423

300 6 2151 251 102 59%

et seaam > ero e w6
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So far the problems in kinematic fitting with bare BC events
" at these high energieS‘have been'pointed out, and a rough
estimaté of ﬁhé qbntamination from inelastic events has been
ma@g,. However, another aspeét of the background, namely,

the logs of real 4C-eveﬁts has not yet been discussed. As
'Tthe muitiplicity increases, it is expected that the back;
ground‘becomes larger, but at the same time there may be

increased losses associated with the difficulties in doing

thé'kinématic fits for high momentum tracks with large errors.

In the next section, both the contamination and the'losses.

in the bare BC 4C data are studied using HOOKUP data.

B. ﬁackground Studies ﬁsing HOOKUP DATA

;iﬁ the previous Se¢tion, én éxtensive‘study was made of
the background,fo; bare BC 4C data. Yet, the reliability of
:,the éstimafé mhsf still be examined; ‘Obviously, the funda-
mental solution of the problem is to improve the accuracy
of the track measurement and to minimize the uncertainty in
the kinematic fitting. Using the high quality HOOKUP data
'from the present'experiment (the momentum resolution 6f’the
Exgeriment 2B'Hybrid System is approximately %? = 0.04 p%),
twb ﬁnique methods are employed to‘study the background of
baxe;4é‘events. They-are: (i) study of the kinematic dis-
tributions of HOOKUP.QC‘events and (2) comparison of the

- bare BC 4C and HOOKUP 4C ‘data on an event-by-event basis.

f e e———— . —
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1. Bubble chamber and spark chamber track matching by HOOKUP

The details of the HOOKUP program, the parameters and
'.error a851gnments have already been described in chapter III.
If a BC event has one or- more tracks whose TVGP momentum are
tAgreater than 15 GeV/c and ‘if the tracks in the corresponding
.8C frame are equal to or smallcr than the BC prong number, a
HOOKUP attempt is made. If the TVGP momentum value for the

track is greater than the beam momentum or the momentum is

negatiVe, the momentum value is replaced by the beam momentum

and the necessary azimuthal angle correction'is made. Then
HOOKUP is attempted; If_there are 2 SC records for 1 or‘2
BC e&entsA(alternatiné trigger), all possible combinations '
areftried and the best combination is used in later analysis.

When t_he,x2 of the direct matching (defined by equation 3-9

of chapter III) between the BC track ‘and ‘the SC track is 1less

than 250, the HOOKUP fit is 'initiated.. If the final HOOKUP

x? (defined by equation 3-10 of chapter III) is less than 25
and theAmcmentUm resoluticn,Ap/p is less than 0.50, the track'
- 1is accepted as a good HOOKUP track. 1In that casé the HOOKUP
.record is substltuted for the TVGP record for that. track.

In addltlon, all HOOKUP. 1nformat10n (106 words per HOOKUP
track) ‘is stcred in-BLOCK 5 of the TVGP output FORMAT. Thus
‘the'HOOKﬁP‘output'reccrd Icoks exdctly like the TVGP output

record. Therefore the klnematlc flttlng program SQUAW can be

_used w1th the HOOKUP data w1thout any difficulty (APPENDIX A)_

A —————————— i ——
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The SQUAW fit'for HOOKUP.events was performed under the’
same conditionsfﬁhef were used for the bare BC data analysis.
The xz diséiib@tioﬁs of all HOOKUP SQUAW events at the 2
energies are shown-ih‘Fiéures 4.7a, 4.7b, and 4.7c.
| A;theugh‘the statisties of ‘data are very limited, the peak

.of the distributions appear to be loceted in the normal
" position. The'diqusition of ﬁOOKUP 4C evenfe'ie given in

Table 4.6.

Table 4.6. HOOKUP 4C events at 200-300 GeV/c.

n. . - x*<w0 X2 < 30
2 " | 239 . 208
-4 ' . 120 ) 70

6 - ' 105 - 55

The CM track distributions of HOOKUP 4C events at 200 and
300 GeV/c are shown in Figures 4.8a through 4.8f. The track
distributions for HOOKUP 4 prong 4C events are not symmetric,

but there are more tracks in the forward hemisphere. This

indicates that the beam diffractive events are more frequently

recorded by the Hybrid System than the target diffractive
-events. Of 70 4-pronged 4C events with x? less than 30, 18
events have 1 forward to 3 backward division, 9 events have

2 to 2 division and 43 events (61%) have 3 forward to 1 back-

B e e T TR

B D ]



71 4

ELASTICS .

pp—*ppr+w?v+vf

20,00 uu 00 . 6

8 =ﬂvmﬁhnrm o

(=}
. e |
0.00 %. 00 0.00 40.00

n

pp—=ppT+w—

'JLLr'lnmﬂ [

20, uu . 40.00
X

Figure 4.7. .x? distributio
: data at 200 an

60.00

n of SQUAW fitting; HOOKUP

da 300 Gev/c.

0.00

PO—



72

pp—ppm+T- .

8| L. e
©\.o0° -0.5@ 0. 00 - 0.50 1.00
- X {PROTON} :

pp—=ppI+w-Tt-

Moo

©.l.o00 -0,50 . o.o0
(PROTON)

0.50° - 1.00

Figure 4.8. The distribution of the Feynman
- o ‘X variable; HOOKUP data anly.

- o e

e dmam o ep— o ———




- e s

73

Figure 4.8. (Continued)
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ward,division,‘ Another interesting feature is seen in the

HOOKUP 6 pronged 4C events. = Of 55 6-pronged 4C events with

'X? less than 30, 21 events (42%),are such that the six tracks

are divided 3 forward and 3 backward in’ the CM system. Of
these, 12 events (22% 6f total_events} have both effective
masses for the 3 partiéle systém (pﬂ+n-) smaller than 3 GeV.
This clearly indicateé that the Experiment 2B Hybrid Sysfem
is an exceedingly_sensitive instruﬁent‘for the defection of
Double Diffféction e?ents. '-

Figure 4.9 is the missing mass squared distributidn for

HOOKUP 4C events. The scatter plot of the momentum imbalance

' distﬁibutions for HQQKUPVA;prohged 4C events with a x? cut of

30'is présented.ianiduré 4710.4 For édnvenience in comparing
this plot with ‘those of‘thelbare BC events (4.5a and 4.5b),
the same scale ié used. While'the data points are scattered
ail over in the bare BC plots, most of the HOOKUP 4C évents
have the ﬁomentum imbalance‘within‘éob MeV/c of zero. 1In

general, the imprbvement.ffom "bare bubble chamber measure-

- ment" to fhobked-up tracks" is obvious in any of the distri—

butions éresented‘in'this section.

2. Comparison of bare BC 4C and HOOKUP 4C events

This part of the analysis is based upon the HOOKUP sub-

samples of 11 rolls of pp data at 300 GeV/c (ISU data); they

.comprise‘about'lS%»of'thé ISU bare BC 4-prongs and‘23% of the

AiISU'bare»BC16#prbhgs}  The x? distribution (defined by equa-
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tion 3-10 of chapter III) for HOOKUP tracks from this data

set ‘is shown in Figure 4.11. The arrows in the figure

.Aindicéte two different cuts used in this analysis; namely

HOOKUP track x? cut of 25 and of 50. Every HOOKUP event has

“two fitting results from SQUAW: (1) SQUAW result without

using SC information (SQ)-and (2) result of SQUAW using SC.

_information. (HQ).

C HO'OKUPXZdt 300 GeV;c- o
g
tngg
;EEF
zZn]
>
Wi .
o .
Sy (25) (50)
-
W
m l
=
=8| MLl
% oo 20.00 500 'Etaoo
x>

‘Figure 4.11. .x? of HOOKUP

Based on the assumption that HQ provides the best kine-
~matic fit, the percéntage of contamination from inelastic

évén;s-and‘6f4thé losses during the SQ fitting process can be
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estimated usingfthe fitting results of HQ and SQ for HOOKUP

events. In the comparison between the HQ result and the SQ

result, a strong condition is imposed on the data: that is,

' the fastest track in the TVGP record must be hooked up. If

it is nbt_hooked up, the pair of data, SQ and HQ is completely
discarded. By making this resﬁriétion, together with the cut
on total SC track-number, the study of the effect of imptoﬁed
resolution on the kinematic fitting and the estimate of the
background can:be‘free ffom experimental bias. From the com-
parison between SQ and HQ, it is determined whether the
kinematic fit was successful in:

(1) - SQ only

(2) HQ only

(3) Both SQ and HQ,

The contamination from inelastic events in the bare BC 4C

'fité is estimated by

. {sQ 6n1Y]
[SQ only] + [Both SQ and HQ]

(4-1)
The loss of real 4C events from the bare BC 4C fits is
estimated by

[HQ only]
[so iny] + [Both SQ and HQ]

(4-2)

The énmparison of SQ and HQ events is made for all events
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whose SQUAW x? are less than'iOO, No other cuts are applied
- to SQUAW samplasf The results are summarized in the'Table 4.7.
' One can tentatively conclude from this result that the
'contamlnatlon of 1nelast1c events is about 30% for the bare BC
:4-pronged 4C events and .is about 40% for the 6- -pronged 4C
‘events at 300 GeV/c, The losses are much smaller than the
contanination._ Thesevare'about 10% for 4-pronged 4C events
and about 20% for 6-pronged 4C events at 300 GeV/c. It is
.remarkable that the contamination estimates are consistent
“with the trend of preliminary estimates made using the XMSQ
cut (4-1), which is shown in Table 4.5.. However, the estimate
from the HOOKUP. analysis is consistently lower than the
estimatesnderived4us1ng tﬁa XMSQ cut (4-1). The astimates
from the HOOKﬁP data analysis should be taken as lbWer‘limiﬁs,
of the background for the following two reasons:
(a) The x? cut of 50 for HOOKUP tracks appears
to be somewhat restrictive.
(b)' A study of event vertex location indicates
that'the HOOKUP‘events correspond to relatively
well-measured bare BC evénts°
Therefore?the_magnitudeVof real contamination is some-
‘where between the estimate using the XMSQAcut (4-1):and the
estimate using the HQOKUP_data. Thus the contamination is
estimated to ne between.BO% and 40%. for 300 GeV/c 4-pronged
iC evenﬁs{'blfAis abaut'so% for 6—pronged 4C - events at 300

,Gev/c._



- Table 4.7. Background si:udy.
‘ - -~ _ BOTH 4 , 4
| -HOOKUP-| # of | ] x2(HQ)  x2(SQ) Estimate of Estimate
. n| x* cut | EVENTS |SQ ONLY| ‘HQ ONLY | Better Better | Contamination | of Losses
al .25 | 135 10 4 | 15 200 | 0.22 ¢ 0.08 | 0.09. % 0.05
6| 25 181 | 14 6 11 11 0.39 ¢ 0.12 | 0.17 £ 0.07
4| 50 158 - 15 4 18 22 0.27 + 0.08 | 0.07 * 0.04
6 50 203 17 8 14 ©13 0.39 + 0.11 | 0.18 * 0.07

- 08
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It is also reasonaBle'to assume that the magnitude of

the background has an eﬁergy dependence similar to the con-

tamination rate estimated using the XMSQ cut, which is shown

in Table 4.5. Thus the background at 200 GéV/c is expected

7£o be lower by 5 to 10% in each chanhel than the corrésponﬁ

ding value att300-GeV/éI
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V.. EXPERIMENTAL RESULTS

The results to be preseated in thlS chapter are based
on the data from Iowa State Unlver51ty,vM10hlgan State
University, Argonne Natlonal Laboratory and Fermi National
Accelerator Laboratory. Analysis ooﬁparable to the present
,_fesults are found in a'reView by J. Whitmore on recent results
using the'Ferﬁilab 30-inch Hydrogen Bubble Chamber (15).  The
primary purpose of the present investigation is to study the
.Abehavior of exchanged particles, especially the pomeron in PP
iﬁteractiona between 200 and 300 GeV/c. According to Regge.
Pole Theory; the strong interactions are dominaied by the
exchange, be;ween the incident hadrons, of grodps of reso-
Anance states, which are usually called Regge Poles or Regge
Trajectories, A unique coocept in Regge Theory is pomeron -
e#change; which is feally a vacuum exchange between 2 par;
.éicles. If this idea is aocepted then as the energy increaaes
it is expected that: |
a. The total cross sections become constant.
.b. The diffraction peak in elastic scattering shrinks.
c.' The polarization goes to zero.
The presently available experimental data are apparently
consisteht with these predictions. Thus it is of great
ihterest to search for further experimehtal evidence of Regge
" Pole behavior of the poﬁeron at Fermilab energies; for example,

' pomeron factorization and multiple pomeron exchange processes.
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A. Cross Sections
.The differential cross section in-a Regge Pole model has
the fbllowing-energy:dependence:-

do

do - _ i a20(t)-2

(5-1)

where S is the sQuare of fhe center of mass enefgy, o(t) is
the éomplex aﬁgulér momentum and t is the square of the
invariant momentum transfer. The relation (5-1) was ‘compared
with the experimental enerqgy dépendénce of total inelastic
-two-body cross sectiqns by D. R. O. Morrison (16) . ﬁe found

. the ekperimental energy dependence of the fbrm:

o «p, D (5-2)

“tot in
where Piﬁ_is the incident beam momentum. At high energy, S
is directly proportional to Pin and the small t region gives
.most of the total cross section, so that Morrison concluded

ﬁthat the expohent n in (5-2) is.approximately‘equal to:

n -

ne2-2a(0). | (5-3)
In this interpretation, the energy dependence of the cross
‘'section is controlled by which trajectories are exchanged.
For pomeron exchange, «(0) is approximately one so that the
exponent n in (5-2) is zero. Thus the processes induced by

" pomeron exchange are expected to have constant cross sections
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‘for different energies. Reactions that proceed by meson

exchange haVe_a nonzero exponent. ' For the p trajectory,

«(0) is about %, so that for these processes n is one. For

T exchange, n is expeéted to be about two. Therefore, the

‘contribution from meson exchange decreases. as the energy

increases. Consequently, the two body inelastic processes

are’expected to be dominated by pomeron exchange at very

" high energy. A more exact and general approach to the

problem is briefly described next. If the trajectory a(t)

and &n A(t) in equation (5—1) are linear functions. of t

' for the sméll'f region, then

zp A(t)iﬁ'A0*+ Al(t)
ahd

a(t) = ag + al(t). (554)
Therefore equation (5-1) can be rewritten as

Ao _ tasnn
ac = [A(Q)S

2a(0)r2]e(A1 + 2a1

Ln S)t N (5-5)

| Integrating (5-5) over the entire t region, one obtains:

L Za(O);' - A o : )
Qto't sevttr e /ans . _ (5 6)

' This indicates that pure pomeron exchange does not give a

" constant cross section. However in the region of S where
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inyApomefon}exchange is important,'the déérease in the
crpSsééeCtibn with‘incréésing enefgy'should be slow, i.e. n
KRJ)S)—i. _If the multiéérticle exclusive reactions to be
studiéd in this disserfafion are méstly diffractive1p}o—
‘cesses inducéd‘by bomeron exchange, the energy dependence
of the croS§ séctibhsJSHéﬁld’be'compérable~With the features
aiééusséd above. | |

In thézpreéent ekperiment, there are two ways to obtain
the ctoss sections fof bpﬁ+ﬂf final state and ppn+n_n+n-
final'siate:

Method 1. Uée bare BC déta’only.

Method 2. Use bare BC data and HOOKUP data.
-quth methods éﬁar£ from the 4C events wiﬁh x%2 < 30 from
baré BC. Method 1 uses érimérily the XMSQ‘cut to calculété
the cross sections. As discussed in chaptef IV, the back-
ground éstimate from the XMSQAcut of (4-1) would give aﬁ
upper limit for inelastic contamination. Thus the use of
method 1 woﬁld possibly provide lower cross sections than
the real vélués° It is important to use the cleanest data
sampleé aﬁailable in the experiment when one studies such a
debatable subjeét aé Double Pomeron Exchange.  Therefore,
Aﬁhe final data samples for physics analysis were selected by
,ﬁsing the XMSQ cut iﬁ method 1 in addition to the x? cut of
'30,‘éveh though the correséoﬁdingycross sections for those

events are expected to be lower than the real values. The
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precise cut on XMSQ used in method 1 varies slightly for

different particle configuration in the CM frame; however,

it is not drastically‘different from the cut (4-1). The

cross sections'déterminéd'by methbd 1 are given in Table -
5.1la. The 4C evehts shown in the column '4C.corrected'
are obtained using the XMSQ cut. These events are used

to discuss the physiés of mﬁltiparticle exclusive reactions.
For the_épn+n" finallstate, the statistics of the data in
the-present experimént (5411events at 200-300 GeV/c) are
higher than those of any previous report at very high
enefgies (123 events in Reference 6 and 191 évents in
Reférence.7). The cross sections presented in.the last
column'do.not inciude the corrécfioné'fof the.évents lost
dﬁring the kiﬁematic fitting process. This exclusion of
fhe estimated‘lost events in the ‘cross éection calculation

by method 1 was done intentionally in order to compare the

results with those of the ANL experiment (7), in which the

authors concluded that there were no such losses of events.
The ANL group in their 200 GeV/c pp experiment reported a
cross se;tioh of 680 * 140 ub for the pp'ﬁ+n- final state,
which is in;good agreement with 690 * 50 ub from the
presént experiment at 200 GeV/c using method 1.

Now that it is confirmed that the technique of bare .
BC data analysis of the present experiment is consistent

with the previous experiment by the ANL group (7), we shall




Table. 5.la. Cross éections estimated‘by.method 1.2

Number ' '
. Final @~ of Events ac b. QC o t 80°
- Beam - - State _ Used x% Cut” Correctedc (mb)
PP - 3841 2331 2953 6.60 +* 0.30
200 GeV/c Y - | IR | o -
ppim . 2652 427 ' 305 © 0.690 * 0.050
PP +' -4 - : ] .o . '
a pp Tty 2591 213 123 . . 0.313 * 0.031 .
pp 2851 1947 2384 7.19 + 0.22-
300 GeV/c + - A A _
' pp 't 2053 401 236 - 0.620 * 0.043
PP - | - | |
ppm T owT : 2151 251 115 0.306 * 0.030

AThe topological cross sections determined by Experiment 2B are used
(Table 2.1 and 2.2). ' ‘

bx2 cut was 50 for elastics and 30 for other final state.

cOnly a low t correction was made for elastic events. The averaged slope value
of the elastic events for the t region between 0.06 and 0.30 (GeV/c)? is (10.0 £0.5)
(GeV/c) ™% at 200 and 300 GeV/c. The corrections for other final states are from
XMSQ cut only and do not contain the correction for losses. :

d'I‘he errors included are the statistical errors and the uncertainty associated
with normalization to the topological cross sections. The corrections for lost
events are not included in the cross sections and error estimates for pp ntm~ and
ppntn~rtr™ final states. ‘ :

L8
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- examine how ‘accurate the bare BC analysis itself is. For

this study, method 2 mentioned'earlier is used; namely,'one
compares, for the same event, the bare BC result with the

HOOKUP result. The contamination and the losses of events

for 4C channels with X2 < 30 are estimated from the results

presented in Table 4.7 in chapter IV. Although the detailed
sﬁudy of the background was done in chapter IV using HOOKUP

data at 300 GeV/c only, it is assuhed that the background

- has the same energy dependence as indicated by the XMSQ

distributions shown in Figure 4.6. The cross sections
determined by method 2 are given in Table 5.1b. If one
assumes that HOOKUP deta provides the best resulﬁAof kine-
matic fitting,“it ie evident in Table‘s,la and 5.1b that |
the bafe BC analysis significantly underestimates the cross

sections for the channels pprTn” and ppr nTrtaT . It is

.. also clear that the discrepancy between Table 5.la and

Table 5.1b arises from the difference in the background
estimefe between the two methods. The cnergy dependence
of the cross secfiens determined by method 2 is shown in
Figufe 5.1 for pp > ppm ' m_ channel and in Figure 5.2 for
PP -+ ppn+n-n+n- channel. It is striking'that the cross
sec¢tions fer fhe pp1fﬂf' final state is seen to level off.
It aiso appears that the cross section at 69 GeV/c (6) is
low when compared-to the present data. This may be

attributed to either the statistics of data (123 events)

-~ O S = AR g



Table 5.1b. Cross Sections estimated bylméthoé 2.2

Number ’ L RS

‘ Final of Events 4C Contam- o 4C : : o #-§0
Beam State Used x?'<30 ination Losses Corrected (mb)
200 GeV/c oppmim. 2652 427 51 % 17 0 376 £+ 27  0.856 +0.077
p - pprninwtnT 2501 213 51+ 15 28+11 190 £24 0.484+0.069
300 GeV/c ppnﬁﬂf' 2053 : 461 108 + 32 28'+16 3211;41 0.849 + 0.111

p pp T w 2151 251 98 + 28 45%18 198% 37 0.527%0.100

&The topological cross sectlons determined by Experlment 2B are used
(Table 2.1 and 2.2). A

bThe errors includéd are statistical errors,. the uncertainty‘associated
with normalization to the topological cross sections and the uncertainties
in the estimates of contamination and losses.
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or to the method of analysis: no kinematic fits were tried

in this bare BC work'by;the French~Russian collaboration.

As.shown in Figure 5.2, the cross section for the ppﬂ*ﬂ’nfn-

final state also chahges very little over a wide energy
range. It should be noted that no error is assigned to the
data pdiﬁt'at 2é.5 GeV/c énd therefore this point should
not be cdnsidéred seriously. The results shown in Figufes
5.1 and 5.2 strongly suggest pomeron dominance for these
reactions at Fermiléb energies. It is also possible to
interpret the energy'dependence of cross sections from a
statistical model (17).

The above results from the present experiment raise a

serious question concerning the usefullness of SQUAW kine-
matic fitting using bare BC data only for the absolute

determination of cross sections at Fermilab energies. It

_was tacitly assumed in our bare BC analysis that the losses

of real 4C events during the kinematic fitting processes
could be ignored.' There is conclusive evidence in the
present experiment that the losses cannot be disregarded
and tﬁat the contamination of inelasﬁic events is over-
estimated if one studies the missing mass.squared distri-
butions only. The reéuitsAof the present experiment
indicate that the bare BC analysis using the kinematic
SQUAW fitting is incapable of determiﬁing the production

cross sections of exclusive reactions properly '‘at the




s e 3w

93

Fermilab energies. Throughout the rest of this chapter,

" the bare BC analysis will be adopted to discuss the physics

in fhe'multiparticle exciusive reactions at 200 and 300

GeV/c, but the cross section is increased in each channel

by the scale factor obtained from Tables 5.la and 5.1b. -

B. ' Single Diffractive Dissociatioh'

The characteristic features of a low mass enhancement

~in the‘pn}n- system from the ppn+n- final state are pre-

sented in this section, which consists of four sub-sections:

Mass Distributions, A++ Production, Helicity Conservation

’ *
and Spin of N .

Mass Distributions

Figure 5.3a and 5.3b show the mass of tﬁe pntr” system
in the pp'n+ﬂ— finai~state. Of two possible combinations for
pntn” system, the smallest M(pen*1”) represents one data
point in the figure. The formation of low mass states in
this system is evident both at 200 and 300 GeV/c. The present

statistical level prevents further study of fine structure

~in this low mass region. The feature of single diffractive

dissociation in the,ppn&h— ‘final state is more sharply dis-
played in the scatter plots of M(ps-n+-ﬂ—) with respect to
M(pf°n+°w-); Figure 5.4 (200 GeV/c) and Figure 5.5 (300
GeV/c) show that the majority of events are associated with

eithér target or beam diffractive dissociation.
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++

A Production

In inclusive experiments at Fermilab energy, strong
+(l236)'production was observed (18). Subsequent investi-

gations revealed that the inclusive N production cross

++

section is independent of energy (19) and that A is a decay

product of a dlffractlvely excited state (20).- Therefore,_in'

the pp1r1r final state of the present experiment, z?* pro-

duction iS-expected in the following decay channel:

*
PP * N p

l—» pr | | (5-7)
It is also possible to have A° production in this channel:
*
PP * N p
rrt

Lp'n_ R ({5-8)

_ o, .

Assuming that the isospin of N is %, the production ratio be-

tween (5-7) and (5-8) is 9 to 1. However, both p1r+ and pT  com-
. ’ *

binations associated with N are kinematically constrained to

have masses inside the A mass reglon, so that it is not

meaningful to try to estimate the experlmental productlon

e
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rate for &' and #° using just a mass cut. We shall ‘discuss
here oniy the general trend of the data. Shown in Figure

5.6 are: (1) M(p'n+-n-) at 200 and 300 GeV/c in

smallest
. : L . *

Figure 5.6a, (2) the mass of p1f* from N in Figure 5.6b and
(3) the mass of pnr from N in Figure 5.6c. It is clear.
from the figures that st is a more dominant intermediate -

state than A°. The cross section for production of l¢+(1236)

over all the t region is presented in Table 5.2. The follow- -

ing cuts were imposed to obtain the cross sections:
, x 4
1. N. Mass < 3 GeV
’ *
2. pTﬁ- combination from N must have a mass in the

range 1.12 GeV < M(p1ﬁ} < 1.32 GeV.

The results strongly indicate constant zﬁ+ production between .

200 and 300 GeV/cr"

Table 5.2. A++ production in the final stété ppnfv-.
200 GeV/c 300 GeV/c
pp > ppmm 305 236
£t events | 115 | - 97
Oy (D) 0.323 * 0.046 0.349 ‘i 0.062
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pp—=ppm+w— at 200 8300 GeV/c

(541 events)
60F
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Figure 5.6. .The distributions of (a) M(p+m +7")
(b) M(pem¥), and (c) M(pe7~).
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Helicity Conservation

The nature of the low masé enhancement is not completely
understoodAand therefore the interpretation o0f either helicity
conservation or ndnécénservétion for the low mass pn m
system is obscure (21). Despite this problem; the subject is
briefly discussed below. Helicitf conservation can be studied
in two diffétent frames: ﬁhe Gottfried;Jackson Frame (N* rest
frame - T channel) and the Helicity Frame (S chénnel). Both
frames are right-handed coordinate systems in which the z
axis is defiped.as shown in Figqfes 5.7 and 5.8 and Y axis is
chosen along the normal to the production plane. ' Helicity
conservation holds if the azimﬁthal angular distribution of
the 6utgoing particles in a particular frame is isotropic.
Figure 5.9 displays the aéimuthal.angular distributigns-for 
the proton, the AH' and the vectér nofmél té the plane of the
(p-ﬂ+-nf) system in{the T and S channels. (Note that the hor-

izontal scale is different in the 2 seté of plots.) Isotropy is’

well satisfied in the T-channel: x?/DF=1.88 for proton, 0.82
for &% and 0.55 for the normal to (p-n+-n_) systeﬁ. However,
in the S channel, the proton diétribution shows anisotropy
(xz/DF = 2.74). The other results are: xz/DF = 0.92 for A7
and 1.69 for the normal to (pen’+m”) system in the $-channel.
- The data in both channels'appear to be consiétent with-
helicity conservation ekcept for the'proton'distribution in

S-channel. This result is in contrast to the previogs
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Figure 5.8. ‘Helicity frame.
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mcasﬁromcnt by theAANL group (7), where y?/DF = 3.21 for the
proton and 2.99 for A" in the S-channcl; XX/DF.ﬁ 1.79 for
normal, 1.30 for proton and 0ﬁ9l.for A" in the T-channel.
The conclusiph of Reference 7 is that T-channel helicity

is conserved. .

.
Spin of N

‘It has been known that the Gribov-Morrison spin parity

~rule holds in inelastic diffractive scattering; namely

Pg = py (1) (5-9)

which simply states'that'higher épin states are allowed for

* : L ‘ ‘ -
N . A detailed study of the spin assignment for the pﬂ+n A
enhancement in pp interactions was made by the Iowa State

groﬁp at 22 GeV/c (22) and by J. G. Rushbrooke et al. (23)

~at 16 GeV/c. The conclusion of their work is that spin % is

required for the 1450 MeV enhancement and spin-parity series
7, %+,.%— for. the 1700 MeV enhancemeh;. The effect of spin
is seen in the polar angular distribution of the nqrmal to
the decay plane in the N* rest frame. Shown in Figure 5.10

are the data from the present experiment at 200 and 300 GeV/c

with three different mass cuts. The distribution for the

- "1450" recgion is consistent with isotropy, which suggests

spin %. The other figures indicate the existence of higher

spin states in the‘higherAmass regions.
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pp—-— N*p ct 200 & 300 GeV/c
426 events

”L€5<:AANQ<:|j3
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~ cosé cos 8

| Figur.e 5.10.. The folded polar angular dlstrlbutlon in’ the
L *
Anormal to the N ‘decay plane.
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C. Double Ekcitation

The Double Excitation in the semi-inclusive channels at

Fermilab energy was studied by A. Firestone et al. (24) in a

.bare BC experiment on‘pp interactions at 300 GeV/c. At ISR

energies, the inclusive Double Diffractive Dissociation was

investigated by R. Webb et al. (25). Both works supported

the hypothesis os pomeron factorization under different cuts.
'While A. Firestone et al. used the Mass Cut Mz(p°ﬂ+-n-)< 40.0

GeV?, R Webb et al. suggested in the text (25) that in their

experiment with a t cut: 0.15 < t < 0.53 GeV/c?, pomeron
factorizationtholds only for the mass region M(p°ﬂ+°n-) <
1.85 GeVv. The presentlanaIYSis attempte for the first time
at.Fermilab-ISR energies to study the Double Excitation in

the exclusive channels with emphasis on the effects of any

‘mass cuts on the tests for pomeron factorization. The

hypothesis of pomeren factbrization predicfs:

d K do k%
gt > PN) PP > NN ) o
: -7 : (5-10)
do do X : ,
3c (PP > pP) . gelpp > N p) -

The diagrams for each reaction in equation 5-10 are shown in

-Figure 5.11. . The differential cross. sections for these

- reactions can be written in the form:

* = A[By(£)B2(E)|* - (5-11)



.

106

(c)pp— N" N*

(b)pp—pp  (dpp—=Np

Figure 5.11.

(a) and (d): Single diffractive dissociation,
(b) Elastic scattering, and (c) Double
excitation, _

R
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: where A is a constant and B(t) is a residue function at each

vertex in the diagram. It is assumed that the residue func-

tion is approximatélY-éxponentialﬂfbr the small t region and

then it is written as

B(t) = BePt. (5-12)
Also the optical theorem gives
Orot = 81(0)32(0)-' : 4‘ : : (5-13)

" Thus, from the above three equations, the factorization

relation (5-10) leads to.

bt : bt o B
. Pspt o A » -
Psp © ~_ %pePor® (5-14)

. ébE2t~ o 6. b ebSDt ' :
EX SD °SD

- Osp

oEzb

- where the abbreviation means:

SD: Single Diffraction
EL: Elastic'Scattering
DE: Double Excitation.
The equaﬁion (54145 is satisfied at aﬁy’t;'thus, one.obtainé

the following’relations;'
- b = -b.. ' 5-15)
bsp = Prp = Ppp bSD, o _(

énd »
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- 2 ‘ 2
. = (o9sp)™  Psp | (5-16)
'DE o b, b )

Equation 5}16 is different from the formula used in Reference
24 by the factor involving the ratio of the siope parameters.
One way to separate the decay products of target asso-

* . . * -— -
ciated N from those of beam associated N 1in the pp o

10

final state is to compafe the CM rapidity between protons,

‘positive pions and negative pions respectively. Then the

combination pn+n— with the smaller rapidities is assumed to
} _ K ' L -

be a target associated N and the combination p1ﬁ3r with the

. * S
larger rapidities to be a beam related N . The corresponding

. - ' + - : + -
.masses. are referred to as M(P-m -m )SLOW anq M(p*m *T )pagy
respectively. Figure 5.12 shows the scatter plots of

M(p-n+-w ) The low mass

SLOW

enhancements that were observed in ppn&ﬁ— final state again

with respect to M(pew *T ) pacepe

stand out on both axes. In the lower left corner of the

scatter plot, there is a region where two mass combinations

1QRapidity is defined as

where E isfthe energy and p,,; is the longitudinal component
- of the momentum of the particle. The first order approxi-
mation of rapidity is the longitudinal velocity.
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have low masses of similar magnitudes. The events in this
 area represent Double Excitation. ‘In'Figure 5.13 the CM‘
rapidity distribution for two distinct particle combinations
are presented for 200 and 300 GeV/c data. There are two

| ‘and Y + - per event in

o {pm SLOW PT™ ) pagy
the plot. It is evident that beam associated N goes

data points (Y +

m)
. g * : )
forward, the target associated N heads backward and there
is a rapidity gap betweén.them in the CM frame. The data
is symmetric and does nbt_indicategany'sign of a'bacquound

problém.

A mdre_exact way to sfuay the Double Excitation is to
look at the particle configuration and charge distributions
:.in the CM frame. Ih the present analysis, it was decided
" that a Doubie Excitatién'event is required to have:

' 1; Thfee particies infthg forwara hemisphere and

thfee pérﬁiclesvih the backward heﬁisphere.

2. Two positive_charges and one negétive charge in

eaéh hemisphere (see Tablé 4.4C).
In addition to Single Diffraction cross section and ElaStic
Scattering.croés section, the slope value of the t.distri—_
butions is needed for thé.?redictién'of Double Excitation
cross section'using eqﬁation 5-16. The t distributions for
'Single Diffraction and Double Excitation events at 200 and
300 GeV/c are presented in Figure 5.14. It should be noted

that -the t for Single Diffraction is calculated between the
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100 .
A pp—=ppr+r—at 200 & 300 GeV/c

369 events (3:1 Configuration & X*<30)

50

App—’-pp w+w=-m+w- ot 200 8 300 GeV/e -
93 events (3:3 Configuration X2<30)
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Figure 5.14. The four-momentum transfer squared distribu-
tion between the target and slow proton (slow

pwtn— system) . .
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‘térget and slow proton'in‘the'four pronged 4C events with
x? < 30 and only for events with a one backward to three
forward division of the particles. For Double Excitation

.events, t is.bétween.tﬁe target and the“(p-n+-n ) sr.ow system
in théiG pronged'4C events'(x£ < 30)'with a three to three
particle configuration (two positive charge to one negative
charge in each‘group in the cM frame). Using the averaged
slope for elastic evénts: b =10x20.5 at ZOQ and 300 GeV/c,
the relation (5-15) between slope pa.;arlnetve'rs‘ is well satisfied;

' hémely,

bgp = bgy = -4-05
and
b, - b.. = -4.15.

>DE - ~SD

The estimatéa cross section fof Diffracti&e Dissociation
strqhgly depends tpon the mass cut that is used to define
~the N*. This is also true of the result of the test on:
'pomeron factorizatiqn;-lTable 5.3 présents the cross‘sections
‘using different mass cﬁtsifor the N*;,togethér'withithé pre-
dicted Double Excitation cross section using‘equation 5-16;

The agreement between the measured o and the predicted

DE
9bE becomes Quite good as the mass cut is reduced. There is-
no doubt that agreement with the prediction of pomeron -
féctorization'requires'the mass cut M(pen +m ) S 2.5 GeV,

which suppg?ts.fhe ébsé;ﬁation of R. Webb et al. (25).



“Table 5.3. Double Excitation.

'L'“Cut on

B M(p'ﬂ+°ﬂ—) | . Op - QDE(PrediCted) ‘g gf oDE(Experlmental]
7 (Gev) 0 (ub) - (wby Events (ub)
6 415 + 64 S a9 11 133 ' 280 * 63
3 337 + 44 .33 & 12 30 - 63 * 20
2.5 298 .+ 49 25 210 18 ' 38 t 15
2.0 - 206 £ 37 12 £ 5 8 t g

17

PTT
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D. Double Pomeron Exchange
The Ekclusive bouble Pomeroﬁ Exchange (DPE) at Fermiiab

énergies was first sﬁudied_by Dérrick et al. (26) in the 200
GeV/c pp expériment'using the bare 30-inch bubble chamber.
‘This analysis was based upon 191 evenfs in the ppn+ﬂ- final
‘state. Using a cut on the proton-pion effective mass'(M;Tr 2
4 GéV?) for allﬁcombinations, 9 eventé were identified as DPE
candidates. Thése'were ﬁhep used to obtain an upper limit of
44 + 15 ub for the DPE process. Affer a further cut on the
pion-pion mass (Mn*n_ <.0;6GeV), only 2 events (9 ub) were
left, so‘theée'aﬁthdrs conclﬁded‘that‘there is no experimental
evidehce for.the'DPE proceés. D. M. Chew'(27) took a‘dis-
'tinctly-différent'appfoach to the problem usihg éAvariéble
called Z. ,The“z.variable'isidefined in terms. of the'rétio'
between the sqﬁare of’the center of mass‘ehergy and the
missing mass sqqaréd with';espect to one of the p;oﬁbns.
.Thus two Z‘véxiablesuareidefinéd for each pp im final

state (ApéENDix‘B): ' | |
S
AW

i

5§ . - . : (5-17)
B M . .

1]

According to the definition by D. M. Chew (27), the DPE events, .

illustréted ih-Eiguré.S;IS, are thase which have:
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223 and 2, 2 2.3 | © (5-18)

Figure 5.15. .Double Pomeron Exchange

Using this cut,Athe ANLAexperiment'had 17 DPE'candidates,
whieh correeéonds to 60 + 15 ub. However, D. M; Chew pointed
out that the statistics of the data afe insufficient to argue
the prcsence or absence of the DPE process.

Since the present report has the mest events in this
ép?ﬁ?ﬁi chanhel presently available at Fermilab energies, an
attempt will be made terlarify thé‘acdumulated speculation
about the DPE process. - Before further discussion, it should

be mentloned here that the very idea of multlple pomeron
: exchange 1s subject to a theoretlcal d1ff1cu1ty 1f the 1nter-:’

cept of the trajectory is one (28)



117

Using the definition (5-18), the DPE cross sections in

the present’expe;iment have been estimated (Table 5.4).

 Table 5.4. Estimated DPE cross sections.

P ,ODPE(Estimatedy
GeV/c - o DPE Candidates : (ub)

200 | 34 95 * 19

300 _ 32 115 * 26

AThe estimated DPE cross section at 200 GeV/c from the present
‘data is hiQhef‘than‘thé prévious measurement (17 DPE events,
60 + 15 ub) by the ANL group. In Table 5.5, the confié—
uration ofAthéiéérﬁicles for the DPE candidates in the

CM fréme_is preseﬁted. It should be noted that the dis-
t:ibuﬁion-is symmetric in the»CM frame and'that 50% of the
DPE candidates have a Ewo-tortwo diQision of particles .in the
CM frame.z Shown in Figures 5.15, 5.17 and 5.18 are the tri-
angle plots for events from the reaction pp -+ pp1fﬂf'.at 200
GeV/c,.300AGeV/c and the summed_data.from both energies. The
DPE candidates are confined by the Zp = 2.3 line, the 2y =
2.3 line and the solid line which defines the boundary due to

the available energy for the process. Of course, the two
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o
o
o

pp—=ppm+m-
at 300 GeV/e
- (236 events)

10,00

‘Figure'_sj.]..7. The triangle plot with events of the
o reaction pp +~ pprntrT at 300 GeV/c.
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o pp—=ppT*T-
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Table 5.5.  Configuration of particles of DPE
candidates in CM frame.

p . ) . . - ’
‘GeV/c .-~ 3F:1B 2F : 2B " 1lF : 3B
200 .- . - .9 : 17 8
3600 10 | 10 6

highly populatedAa:eas correspohd to target and beam‘diffréc-
tive dissociation, discussed earlier in this chapter.
Alternately)'it'is also possible to present ‘the data using

" the variables:
Z, = S - (2, + Z3) < |  (5-19)
“x &8 .S - L : .

and
7 = g(zA - 2p) | : ' _,(5-20)

where 2z, and Zp were defined previously and S N 0.14 Gev2.
Figures 5.19 and 5.20 show fhesé new triangle plots for
events at 200 and 300 GeV/c. Again the DPE candidates are
locétéd inside theAsmaller triangle in each figure.

In order to examine the reliability of the definition

of DPE (5?18) by b; M. Chew, we shall now investigate the

contamination from diffractive events in our DPE samples
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pp—= pp m+m-at 300 GeV/c
(236 -events)
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- Figure 5.20. ' The triangle plot with events of the
- reaction pp + pp mtrT at 300 GeV/c.
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presented in Tables 5.4 and 5.5. Shown in Figure 5.21 are
!the mass disfributions Qf.the.proton—w+ combinations. The
DPE candidates defined by equatien 5-18 are shaded in the
figures. Although‘no stron§ signal for st production is

. seen in the DPE candidates, there are 31 events oet of 66 DPE
.Acandidates that have M(pnt) < .2 Gev. Figure 5.22 presents
tﬁe disfributions of: (a) ¢pp; azimuthal angle between the

two final state protons and (b) M(penT o) The ¢

smallest” PP
distribution for the DPE candldates is similar to those of the
entlre 4 pronged 4C events that are domlnated by Single

lefractlve Dlssoc1at10n namely there is an excess of events

between 90° and 180°, Of 541 events in the pp1r1r final
state, 193 eﬁents‘are between 05 and 90° and 348 events are .
betﬁeen 90’.and7180°. Ae.er DPE caﬁdidates, 25 events are
in 0° -90° and'él events are in 90° - 180° regions. 1In the
distr;bution of M(.p'-ir+-1'r-‘) amallost
: 66 DPE candidates have M(p°n+-n-)

24 events (36%) out of
smallest < 3 GeV. These
events could‘well be- candidates for interpretation as Single
Diffraction. The mass of the two pion system is shewn in |
‘Figure 5.23 together with the rapidity of the m¥1”  combina-
tien. There are 24 DPE candidates in the mass range 0.6 <
M(w+n-) { 0.94 GeV, in which seven events have the corre-

sponding M(p-ﬁ+-w_) < 3°GeV. The cut M(n'r”) < 0.6

smallest

' GeV used by the ANL group (26) was criticized in Reference

27 as "far below begiﬁhing of DPE region." This argument
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pp— pp 7+ 7~ at 200.8 300 GeV/c
(DPE candidates are shaded)
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‘Figure 5.21. ‘The effective-mass distribution

: : of two p 7t combinations.
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pp—= ppm+ - at 200 & 300 GeV/c
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~in Reference 27 is somewhat oversimplified, since the newly

proposed cut on the Z variable (5-18) does not eliminate the

~ possible contamination from'p° production at all. We shall,

for the moment; assume that'real DPE events are dominated
by a low mass S wave TT System; namely, events with

M(rt%7) < 0.6 GeV. There are 27 DPE candidates with M(T 1)

.< 0.6 GeV in the data sample of this experiment. In addition,

17 events out of 24 DPE candidates with M(p+7" +7") < 3 GeV
also have M(nt+n”) < 0.6 GeV. Thus 63% of the good DPE
candidates (M(n'1”) < 0.6 GeV) are associated with low mass

enhancement of the p>v+ﬂ- system where the mass is smaller

" than 3;GeV. In the'pfeviOus section, it was shown that

' P a X ) ' --. .. * ' . .
pomeron factorization is satisfied if N mass is assumed to

* : .
- be less than 2.5 GeV. ‘A cut at 3 GeV for the N mass also

~gave a reasonable result. If these facts are taken into

account, one can conclude that a large fraction of the good
DPE’candidates M(nT 7)< d.6 GeV) are Single Diffraction

eventéa Therefore, the cut:(5-18) proposed by D. M. Chew
has serious difficulty inlselecting DPE events in that it

does not provide clean separation of DPE events from diffrac—’
tiVeAeVEnfs in the low M(r 77) region. There are 7 DPE .
candidates in HOOKUP 4 pronged 4C channel at 200 and 300

GeV/c. Of these, 6 events are also DPE candidates when SC

‘information is not used. OneAHOOKUP DPS'éandidate does not

.haVe'DPE_fit whén the Sc'information'is ignored. 'Thus, the
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uncertainty of kinemetic fitting‘for DPE candidates is
.felativelyismell. This‘may’be due to the'fact'tbat 50% §£
- DPE cendiaetes have two—toétwo'division of particles in the-
CM frame.
In this section, so far two points have been.disctssed:
a. Tbe definition of DPE by D. M.. Chew is questionable.‘
'bf The DPE candidetes.from bare BC data are relatively
eleaﬁ. |
Now one beeds to discuse thelheart of the problem; that is,
the experimental feature of good DPE candidates. It was
p01nted out earlier that 63% of good DPE candidates
(M(n em”) < 0.6 GeV) may be single diffractive events.
'Then; how about the ‘remaining 37% of DPE candidates with
M(n ‘%) < 0.6 GeV? Since 2z variables are equivalent to
fepidity gaps,. up to diéplecements of the'order'of 1(27),
it is not wise to reexamine'the rapidity distributions of
DPE candidates. Rapidity distributions and the relations
between . 2 variableS'and rapidity are shown in APPENDIX B.
By Stﬁdying_ali ether‘distributiOns for DPE candidates.hith
| M('n*"-n‘) < 0.6 GeV and M(p°n+°1‘r_)vsmallest > 3 GeV, it is
found that there is one interesting feature in the distri-
bgtion of ¢pp' There are 8 events in 0° - 90°, but only 2
events are in 90° - 180° range. This is a remarkable con-

traet to the ¢pp distribution of Single Diffractive events,

which had a peak at 180° (Figure‘5.22). The excess of DPE



130

events in 0 < ¢p < 90° region may be attributed to the

P
'small azimuthal angle between ﬂ+ and 7 and the overall
transve:se,mohéntdm'conservation'in the pp'n+n-' final state.
In summary, the_ciean'DPE signai is-small in the present
experiment. Based on the restrictions M(rt-n") < 0.6 Gev
and'M(p-n+-n-)

smallest > 3 GeV, one obtains 10 DPE events

'which’correspbnd to 16 + 7 ub.

E. Two Particle. Exclusive Azimuthal Correlation

~ An extensive literaturé has bﬁilt up in recent years on
the examination of inclusive twé particle correlations at
high energies (5). Howe&er, mbst of the studies were
restricted to the central fegidn énd'to.the.specific particle
multiplicity range:‘<xi> <ng 2 <11>;~ In low multipiicipy
e&enté; there are.complications due to diffraction and the'
detaiis of the two particle cbrrelation are unekplofed és*
yet at Fermilab energies. In this section, attention is paidA
to the two—particle cérrelations in the 4-pronged and 6-
pronged events in pp interéctions at 200 and 300 GeV/c. We
shall confineAquréelves té'the study of two particle azimuthal
correlations.

The azimuthal angle between the transverée componenté.

of the momenta of particles i and j can be defined as (Figure

5.24) :
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+ ->

o= - Pir” Py 21y
¢lj< cos ! [ Pig Pig ] (5-21)

-From transverse momentum conservation, one expects:

< c°s¢13 vy,

where n is the particle multiplicity. This means that the
two particle azimuthal distributions have a peak at ¢ =180°.

The peak beéomes.less‘prOnounced as the'multiplicityincreasés.

e e et i

>
Beam
direction

 Figure 5.24. Azimuthal angle between
particle i and particle j.

The diStributiQn in azimﬁthal angle for events with n par-

‘ ticleé'WOuld be given by:
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don . ..-don o _
g J ,
1>3] .

' An interesting quantiﬁy to measure is the Asymmetry Coeffi-

.cient Ap: |

do /2

[ /". 2 3¢ - f 2% d¢l/ ;“ %% a (5-23)
A =[0] 4 - ——. d¢ —— do . -
n n/2 d¢ o do o d¢

The proto-statistical model (29), which makes only two

~ assumptions, namely that transverse momentum is conserved

and théﬁ'thé distributidn'in transverse momentum is a
Gaussian disﬁributioﬁ would:pfedict‘that:
A - L : (5-24)
n n=1 S - | ‘
'whexe n is the pafticle multiplicity. For n = 4 this yields

A, = 0.33 and for n=6, A, = 0.20, both of which would be

6
independent of energy. Any‘deviation of the experimental
results from the A predicted by the proto-statistical modei
would indicate the existence of correlations due to some

 additional dynamical effect.

A recént study by Prétap et al. (30) at 205'GéV/c con-
cludesd-: "that there are azimuthal correlations present which
dannoﬁ be explained solely by energy and momentum conser-
vation ...".. This result of Reference 30 is based upon

 studies of the inclusive ahd'éemi-inclﬁsive data. In order

¥ . RN
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 to.understahd the effeét,-a comparison is made in the present
' éxperiment bétWeen the aSymmetry'poéfficients in the
exclusive channel and‘the‘saﬁe coefficients in the'semi—
inclusive chanﬁel. 'Fof this comparison, the identity of the-
proton is not always known in the gnconstrained events with
miséing'neutréi particles, so the coefficients have been
célculéted.using only the cﬁarges, that is a't, A", a™"

or A®® where the latter includes all charged pairs. The

results reported here for the semi-inclusive channel use only

the data from the Iowa State group, but the results at 200

GeV/c is consistent with the result atithé same energy
reported in Reference 30 except for A" in the 6-pronged
events. These results are bresented in Table 5.6. The
Apfedictibﬁ.(5-24) is_inlexcellent égreement with the
exclusive channel data. This strongly'suggests that the two-
particle exglusivé azimuthal correlation is dominated by the
kinematics. There are obvious differences between.the
coefficiénts'fof the exclusive channel and those for the
semi-inclusive channel. An attempt to use the proto—'
statistical model to expléin the coefficients for the semi-
inclusive data requires an average number of neutral par-
ticles well in excess of the measured average humber of
neutral particles for each topology, again in agreément with
the conclusions of Reference 30. 'However, the above result

may péssibly'be explained without using additional dynamical



Table 5.6. Two paftiqle azimuthal correlation.?

Topology or ce ‘ + - . S

Energy Final States - A R A A - A
ppmiAT 0.32 ¢+ 0.02  0.31 # 0,02 ~ 0.32 # 0.02 -
200 All 4 prongs  0.15 * 0.01 0.13 + 0.01 0.16 + 0.01 - =
GeV/e  ppmimomim 0.20 + 0.01  0.17 * 0.02 0.25 £ 0.02 . 0.07 * 0.03
_All 6 prongs  0.08 + 0.01  =-0.01 % 0.01 0.17 £ 0.01  -0.22 '+ 0.03
‘pprim 0.33 £ 0.02  0.33 £ 0.03 0.34 * 0.02 -
3000 - All 4 prongs  0.14 + 0.01  0.12 + 0.0l 0.16 + 0.01 .
GeV/c ppTmimomm 0.15 + 0.01 0.09 * 0.01 0.21 * 0.02 0.06 + 0.02
All 6 prongs 0.10 *+ 0.01 0.02 + 0.01 0.19 * 0.01 -0.21 * 0.02

aCoefﬁ.cients for excluslve channels are determined from complete data
set (Experiment 2B). ‘Coefficients for semi~inclusive channels are from ISU set
~only. Errors 1nd1cated are statlstlcal ‘errors only.

veET
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argument, if one considers the distribution of neutral par-

ticles, éspecially of 1%'s aésociated with a particular
-“multiplicity..‘ThelaV¢ragéd m°'s multiplicity in n pronged

events is:'
. N . ) .
<p% =1 . v : (5-25)
"h = 5o ‘z nopr , A
n'=0

where;cn:nols production cross section in n-pronged events.
O nt the partial cross section for n' neutral pion pro-

’ . . .
~duction in n-pronged events. Then the asymmetry coefficient -

for n-pronged events is given by:
N s : .
: : n,n _ .
A= I — - | (5-26)

Since % n is not available, no attempt is made to examine

’
this point of view. In order to display the energy dependence
of the diffe:ence between the exclusive and semi-inclusive
channels, Figure 5.25 shows A°¢ for 4 and 6~-pronged evenﬁs,
both exclusive and semi-inclusive from this experiment and

the earlier 28.5 GeV/c data of Reference 30. An important
point to note for the asymmetry in.the pp > pp 7T T channel

is the'laék of enérgy dependence,.pafticularly the lack of

any sign of a decréaée with ingreasing energy. The asymmetry
'coefficients for different particle combinations at 200 and

300 GéV/q afe given ‘in Table 5.7 for each exclusive reaction.
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Table 5.7;.~Asymmetry parameters for exclusive channels.?

Asymmetxy Parameters

Final States’

+ - + -
ppm W owwW

ppT T

N 0.33 + 0.01 0.19 + 0.01
aPP 0.29 * 0.03 0.26 + 0.04
aPT 0.34 % 0.02 0.14 * 0.01
aP ™ 0.37 £ 0.02 0.28 * 0.01
o F | A

A" T 0.26 * 0.02 0.18 * 0.02

+

a™ - 0.16 * 0.03
AT T - 0.07 + 0.02

3Errors indicated are statistical errors only.
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' The dé&é'aré;plottedAih Figure 5.26 for pgn+w- final‘staté
:and in FiguréASLQY for'ppn+n-n+n- final state.  The correla-
tion émong pions is weaker than the correlation betwéen‘proton
and pioﬁ or between protohuand proton. This hasAbeen known

as "mass effects" (29). ' This "mass effect" was also seen in a’
Monte Carlo calculation. Using é‘siméle Matrix Element of the
Diffractive ExcitationAModel~and the e#perimentally determined
t slopes in the deﬁsity function, thé program FOWL (31)
reprodﬁcéd the features of the pm>n+n— final state quite well
including the mass distributions, transverse momentum

distfibutions and‘asymmetry coefficiehts.
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‘pp— ppw+w— at 200 8 300 GeV/c
' ‘ (541 events)
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Pigure 5.26. Exclusive azimuthal distributions
' for different particle combinations.
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pp—'pp1r+1r"1r+1r- at 200 & 300 GeV/c
(238 events)
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PP | T+
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- 200F
. 0
150 {150
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Figure 5.27. Exclusive azimuthal distributions
‘ for different particle combinations.
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VI. SUMMARY AND CONCLUSION

The results"qf‘thé presént analysis are‘summarized as
foliows; | | |
1. - The cross sections for the pp + ppn n_ channel are
- 856 £+ 77 ub at 200 GéVVciand 849 + 111 uyb at 300. GeV/c. For
fhe PP * pp'ﬁ+ﬁ-ﬁfﬂ- channel, the cross sections are
484 + 69 b ét 200 GeV/c and 527 £ 100 ub at 300 GeV/c.

These reshlts are consistent with pomeron dbminance for
these reactions at Fermilab energies.

2. It is found that the majority of'events in the final
state.ppﬂ+ﬂ‘ are associatedAwith beam or target Diffractive
' Dissgciaiion. The low mass éyStem of p-n+-ﬁ— prédbminantly
'decays”via a41f+ intermediate'stéte.l forAthis sYsteh,
heligity'cohservationAwas studied. The resuits Qf‘this'l
study were not.cohclusive, but it should be noted that they
do not‘support the conclusions Qf‘the;ANL group at 2001GeV/c.
It is also found that the spin of the pn'm_ system is con- -
sistent with % for the "1450" MeV regibn but that higher
spin states are required for higher mass regions.

3. Strong évidenée of Double Excitation is seen in
pprtrTrtsT final stéte at 200 and 300 GeV/c. Pomeron
factorizatidn is well satisfied in the mass regibn

| ‘ < 2.5 GeV.

+ - o
M(P'".'? )smallest‘
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4, Using the definition of Double Pomeron Exchange from
the work of D. M. Chew and the 1$rgest number of events
presently aVailéble in a pé experiment at Ferﬁilab energies,
66 e&éhts in the ppnin~ final state are identified as
candidates for DPE‘events.at 200 and 300 GeV/c. Of 24 DPE
" candidates with M(t*1T) < 0.6 GeV, 17 events have M(pentenT)

M(p-ﬂ+-w—) < 3.0 GeV. This indicates that the

smallest
definition of DPE by D. M. Chew does not provide a clean
separation of DPE events}from Single Diffractive events.

It was found that the distribution of azimuthal angle between
protons is quite different bétween good  DPE céndidates and
the SingleiDiffractiVe events.

5. The two particle exclusive azimuthal cbfrelation
measured in the présent-experimeht agrees quite well with
the'prediction of the protbstatistica1<model and is
independent of energy between 200 and 300 GeV/c.

In cbnclusion,Athe succéss of various aspects of this
experiment involving scanhing, measuring, reconstruction and
HOOKUP, background analysis of kinematic fitting and physics
analysis strongly indicates that the BC-SC Hybrid System is

an exceedingly useful device for studying the multiparticle

exclusive. reactions at Fcrmilab cnergies.
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' IX. APPENDIX A: HOOKUP OUTPUT FORMAT

The output format of the ISU version of'HOOKUP is almost
the same as that of TVGP or SQUAW. The 7th word of BLOCK1
contains the length of BLOCK5, which in turn contains all
BC-SC(matching records, regardless'of whether they are good
or bad. The 30th word of BLOCK2 tells whether the SC informa-
tion was actually used for this event. BLOCK3 is the same as
the input TVGP records. If we do‘have a good BC-SC matching
record for a track, this replaces the correspondlng track
record in BLOCK4 of TVGP. When there are two mass interpre-
tations (proton and positive.pion in the present experiment)
and the'*ma'tching attempt. for -the second interpretation is
successful, both 1nterpretatlons are replaced by the HOOKUP
record. If no SC data exlsts ‘or the matchlng attempt falls,
the raw TVGP records are used. The subroutlne EDIT has
options to do the following: . -

a. Substitute data correSponding'to the averaqed

" beam curvature and angles into the beam track
data position. . B

b. Check thefcurvature‘and-the associated error of -

| HOOKUP tracks;
"If the ratio Ap/p is greater than 0. 5, the |
' HOOKUP track is not substituted 1nto the TVGP

v - record.
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X. APPENDIX B: Z VARIABLE AND RAPIDITY

The details of variable definitions are described in
Reference 27. For the process AB -+ An+n-B, two Z variables

can be defined:

_ s 1 _
ZA = n > - = Ln l-XA (10-1)
An W
and
2. = %n 8 .gn L (10-2)
B M2 _ l—XB
Br w

where A and B are protons in the present experiment and X is
the Feynman variable. The Double Pomeron Exchange (DPE)

candidates are those which have:

z z
e” B <0.1 and e B <o.1 .
or

The rapidity gaps between particles are related to Z

variables as follows:

YAB_
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- =~ Y 4
YA(n+-n ) ZA + in <M _> '
1A
: <M >
+, - Ry
yB(w ™) ZB + 4n < >
A L
and .
Yot~ = ¥am ~ Yanter™)y T ¥B(rTerT) "
where

M2 = M2+ P2,
n T T

Figure 1o.i shows the rapidity distributions'¢fvﬁ+ and U
in the final stéteippﬂ*n_'at-éoo‘and 300 GeV/c, in which
'DPE candidates are shaded. ‘Figure 10.2 isifhe raﬁidiﬁyA
distributibn of prptons. Figure 10.3 shows thé scatter

plot of y(n') with respect to y(m ).
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Figure 10.1, The rapidity distributions for the =% and n~
in the reaction pp + pp ntn™ at 200 and 300
GeV/c.  The DPE candidates are shaded.
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Figure 10.2. The rapidity distribution for the proton in the reaction pp'+pp'n+n—
at 200 and 300 GeV/c. The DPE candidates are shaded.
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Figure 10.3. Scatter plot of the rapidity of mt with respect to the rapidity of
n~ for the reaction pp - pp 7*m~ at 200 and 300 GeV/c.
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