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u u + / J!lcCJIe,ZJ;OBaHVIll: B3aJllMO,ZJ;eVICTBVIVI K p rrpVI 4,6 GeV c 

VI 1'+ P npVI 3,6 GeV/c npVIBo,ZJ;ll:ll1VIX COObITVIll:M C ,ZJ;BYMll: BeTKaMVI 

n~VlMMVI H. MaKHOTOH 
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Berkeley, California 

Ma~,1971 

AOCTpaKT 

3Ta ,ZJ;VIccepTaIJ;VI5I KaCaeTCll: BonpocoB oopa30BaHVIll: ,ZJ;BYX 

3apll:~eHHb~ tIaCTVIIJ; npVI peaKIJ;V!V! K+ Me30HOB npVI 4,6 GeV/c 

VI II + Me 30HOB npVI 3,,6 GeV / C B )I(V!,ZJ;KOBO,ZJ;OpO,ZJ;Hb~ ny3bIPbKOBb~ , 

KaMepax. IlpVI 3TOM ObIJIO paccMoTpeHHo ynpyroe paccemJ:VIe, 

pO~,ZJ;eHVIe O,ZJ;Horo ll-Me30Ha VI HeCKOJIbKO HeMTpaJIbH~ 

ra.n;pOHOB. 

. + 
IlpVI K 3KCnepJllMeHTe ObIJIVI onpe.n;eJIeHbI CetIeHVIe VI 

yrJIOBOe pacnpe.n;eJIeHVIe ynpyroro paCCell:HVIll:. Oopa30BaHV!e 

6(1236) VI K*(890), pacna.n; KOTOPb~ ObIJI paccMoTpeH, 

COCTaBJIll:eT OOJIbIDyro tIaCTb npV! pO~,ZJ;eHVIVI O,ZJ;Horo ll-Me30Ha. 

KpOMe Toro ObIJIO oopa 30BaHO K* (1420). TaK~e ObIJIO 3aMe"-

tIeHO .n;VIcPcPpaKIJ;VIOHHOe pa 3'be.n;VIHeHV!e p ~ Pll
O

• IlpV! po~-

.n;eHVIVI HeCKOJIbKVIX He3apll:~eHHb~ ra,ZJ;poHHoB ObIJIVI oopa 30BaHbI 

6(1236), K*(890), D(548) . 

IlPVIn + 3KCnepJllMeHTe ObIJIVI onpe.n;eJIeHbI CetIeHVIe VI 

yrJIOBOe pacnpe,ZJ;eJIeHVIe ynpyroro paCCell:HV!ll:. Oopa30BaHVIe 

+ 6(1236), p 'v! ,ZJ;VIcPcPpaKIJ;VIOHHOe pa3'be,ZJ;V!HeHVIe 
o 

p ~ pll VI 

+ 
p ~ nll COCTaBJIll:roT OOJIbIDYro tIaCTb npVI pO~,ZJ;eHVIV! O,ZJ;Horo 

-vii-

ll- Me30Ha. EbIJIa 3aMetIeHa VIHTepcPepeHIJ;VI5I Me~,ZJ;y oopa30BaHVIeM 

+ ;r, u 

P VI ,ZJ;VIwcPpaKIJ;V!eVI. 

VI pacna,ZJ;a 6(1238 ) 

J!lcCJIe,ZJ;OBaJIOCb TaK~e CBo~cTBa oopa30BaHVIll: 

+ 
V! P nO,ZJ;tIepKVIBa5I CJIe,ZJ;c TBV!ll: ,ZJ;pyrVIX 

+ 
npoIJ;eCCOB Ha oopa 30BaHVIe p " KpoMe Toro ObIJIO oopa 30BaHO 

N*(1688) npVI OOJIbIDVIX nepe,ZJ;aHHb~ JIlMnYJIbCax. Oopa30BaHV!e 

6(1238), A2, D, ill, D'(960 ) COCTaBJIll:roT OOJIbIDYro tIaCTb 

npVI po~.n;eHVIV! HeCKOJIbKVIX He3ap5I~eHHb~ ra.n;poHoB. 
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STUDIES OF TWO-PRONG INTERACTIONS 
INIK+p AT 4.6 GeV/c AND rr+p AT 3.6 GeV/c 

Jimmy N. MacNaughton 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 94720 

May 1971 

ABSTRACT 

This thesis covers studies of two-prong interactions produced by 

a K+ beam of 4.6 GeV/c and a rr+ beam of 3.6 GeV/c interacting in 

liquid hydrogen bubble chambers. Elastic scattering, single-pion 

production, and production of multiple neutral hadron processes were 

studied. 

In the K+ experiment, the cross section and angular distribution of 

elastic scattering were measured. Single -pion production has large 
", 

contributions from ~(1236) and K"'(890), whose production and decay 

characteristics were studied. K':'(1420) is also produced, and there is 

evidence of diffractive dissociation of p ->- prro. The multiple neutral 
/ * hadron events contain production of ~(1236), K (890) and 11(548). 

In therr + experiment the cros s section and angular distribution of 

elastic scattering were measured. Single -pion production has large 

contributions from ~(1238), p + and diffractive dissociation p ->- P rr ° 
and p ->- nrr + Evidence is presented for interference between p + pro­

duction and diffraction. Production and decay characteristics of the 

~(1238) and p +, with special emphasis ~n the effects of other processes 

on the study of the p + were investigated. There- is also evidence of 

N':'(1688) production at relatively large momentum transfer'. The 

multiple neutral hadron events contain production of ~(1238), A
2

, 

11, W ,11' (960). 
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1. INTRODUCTION 

In January 1963 the 20 -in. Brookhaven National Laboratory liquid 
+ ~ 

hydrogen bubble chamber was exposed to a rr beam of 3.67 GeV/c. 

Analysis of the two-prong events in the summer of 1964 led to study of 

diffractive dissociation of the proton into proton + rro, a relatively new 

idea at that time. Further analysis sugge sted a shift in the mas s of 

the p + produced in the final state p + P in the region of overiap with dif­

fraction. Subsequently two-prong events were studied in an exposure 

of the BNL 80 -in. hydrogen bubble chamber with a K+ beam of 4.6 

GeV Ic. The two-prong events were analyzed, primarily, to look for 

diffractive dissociation p ->- prro in this reaction also. Some evidence 

for this process was found, but the cross section was too small to al­

Iowa detailed study. Many other processes in the two-prong events 

were studied. 

In the Fall of 1966 the 72-in. LRL hydrogen bubble chamber was 

expos ed to a rr + beam of 3.6 GeV / c. This experiment provided much 

better statistics, and the earlier work could be pursued in more de­

tail. This experiment has been long in the analysis. In the meantime 

there have been many studies of diffraction dissociation. This experi­

ment has produced evidence for interference between p + production 

and diffraction which was fit by a very simple parametrization. Many 

other properties of two-prong interactions were also studied. 

Both the K+ and rr+ experiments were carried out by using tradi­

tional analysis methods for bubble chamber experiments. Pictures 

were taken of the bubble chamber, and the film was analyzed ove r ,a 

period of several years. Events of interest were located by scanners 

using scanning machines, and then recorded either on IBM cards or 

on magnetic tape . 

Accurate measurements of the tracks were made by using 

Franckensteins or Flying Spot Digitize r (FSD) -a semiautomatic mea­

suring machine. Both off-line and on-line Franckensteins were used. 

Measurement rates were about 4 events per hour for off-line 

Franckensteins, 8 events per hour for on-line Franckensteins, and 

100 events per hour for the FSD. However, the FSD required human 

premeasuring of three crude points per track-" roads." The making 

of" roads" proceeded at 15 events per hour. 
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Sections II - VI deal with the K+ experiment, Sections VII - XI 

with the 7T+ experiment. Section II gives experimental details; 

Section III, cross section determination; Section IV, elastic scattering; 

Section V, single-pion production; Section VI, missing-mass events 

for the K+ experiment; Section VII, experimental details; Section 

VIII, cross-section determination; Section IX, elastic scattering; 

Section X, single-pion production; and Section XI, missing-mass events 

for the 7T+ experiment. 
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II. EXPERIMENTAL DETAILS-THE K+ EXPERIMENT 

A. Source of Film 

The data came from a 50,000-picture exposure of the BNL 80-in. 

hydrogen bubble chamber at th~ Alternating Gradient Synchrotron. An 

electrostatically separated beam of momentum 4.6 GeV/c was used. 1,2 

The film was taken in the Fall of 1964 and Spring of 1965. Figure 1\ is 

a typical frame of film. 

B. Scanning Procedure 

. About 900/0 of the film was scanned at scanning tables for all two-, 
+ + + -four-, and six-prong events and for tau decays (K - 7T 7T 7T ). Sec-

ondary decays of KO, A , K±, ~± were included. Information about the 

events was recorded on IBM' cards. Table II contains a list of the 

numbe r of events of each topology found during this s can. The re­

mainder of this discussion concerns only two-prong events. 

C. Measuring Procedure 

The first measurement for all events was carried out by the Flying 

Spot Digitizer (FSD). The FSD required human premeasuring of three 

crude points per track-" roads." Roads were made for all- two-prong 

events. For the 900/0 of the film which had a prior scan, information 

from the previous scan was used to locate events. 

A set of IBM cards was generated that contained information re­

corded during the road-making process. Only those events included in 

this set of cards were analyzed further. For 100/0 of the film, scanning 

and road-making were carried out simultaneously. This subsample 

should have a higher effective scanning efficiency. Most two-prong 

events which had a secondary positive decay were included in the 

sample of two-prong events. Events which were called" two-prong 

+ vee" were not analyzed as two-prong events. Sometimes the vees 

were not real, e. g., electron pairs. A few legitimate two -prong events 

were lost for this reason. 

After the road-making, events were measured by tpe FSD. Events 

for which the first FSD measurement was unsatisfactory were again 

"road-made" and remeasured by the FSD, and failures on the second 

measurement were--measured on an off-line Franckenstein. Off-line 

Franckenstein measurements proceeded at the rate of 4 eventS/hour. 

The results of FSD and Franckenstein measurements were analyzed by 

.... ) 

.. ~, 

~ 

w' 

.' 
"#" 
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the kinematic fitting program PACKAGE. The results of the fitting 

program were examined for each event. 

D. Difficulties Encountered in the Measuring Process 

If one or more tracks failed to reconstruct, or if no satisfactory 

kinematic fit was obtained, the event was remeasured. If it was de­

cided that the event should not be included in subsequent analysis,it was 

rejected. Reasons for rejection were as follows: 

1) Not beam track-the measured momentum of the beam track was 

~"... more than 3 standard deviations away from the average beam momentum. 

• 

• 

2. Outside fiducial volume. 

3. Zero constr"aint-if an interaction or decay occurred so close to 

the primary vertex that the momentum measurement .of the track had 

an error of 390/0 or more and if the kinematic fitting hypothesis 

K+ p - K+ P did" not succeed, the event was rejected. 

4. Ambiguous -if more than four nonstrange kinematic fitting hy­

potheses of the same constraint class appeared reasonably likely the 

event was rejected. In all except 10 cases the choice was between 

more than four missing-mass hypotheses. 

5. Not to be measured-event could not be measured because of 

damaged film, obscuration by flare, or the like. 

6. No event-it was decided that what had been measured was just a 

coincidence. 

Table III lists the number of events rejected for each of the above 

reasons. A large number of events that were found on the original 

scan could not be located while m'aking roads. There were a number 

of difficulties: 

1) The film was very brittle. Frequently the film was damaged be­

tween scanning and road-making . 

2) Many events were covered in one view by the flare. These events 

were frequently recorded while road-making. 

3) Certain mistakes, such as frame-number errors on the original 

scan, caused the event to be missed while road-making. 

4) Some marginal events, such as events from slightly off-beam 

tracks, were recorded by the initial scanner but thrown out while 

road-making. 

5) Finally, some valid events that were recorded on the original scan 

were not found while road-making. 
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Difficulties 1), 2), 3) and 4) are largely nonbiasing. Difficulty 5) 

increases somewhat the number of valid events which were not mea­

sured; the scanning efficiency is thus somewhat lower than it would 

have been if a different technique had been used. 

E. Kinematic Fitting 

The following hypothes es were included in the kinematic fitting 

program: 
+ + Kp-+Kp (1 ) 

+ + 0 
K P - K p1T (2) 

+ + 0 K P - KO p1T (no decay of K seen) (3) 

+ + + Kp-K1Tn (4) 

+ + + ° K P - K K 1'1.0 (no decay of A seen) (5) 

+ + + 0 0 K P - K K 2: (no decay of 2: seen) (6) 

+ + 
K p -'>- K P + neutrals (7) 

+ + 
K P - 1T P + neutrals (8) 

+ + + K p -+ 1T K + neutrals (9) 

+ + + K P -+ K K + neutrals (10 ) 

K+ + + + I P -+ 1T 1T neutra s . (11 ) 

A reaction with no missing neutrals leads to a four-constraint fit; 

one m-issing neutral, a one-constraint fit; two or more missing neutrals 

a zero-constraint or missing-mass fit. ,,~ 

Reactions (1), (2), (3), (7), and (8) are included in the subsequent 

analysis. In addition the two-prong + vee topology includes events 

from reaction (3) which can be identified with essentially no ambiguity 

problems. These events were processed by Chumin Fu and are in­

cluded in the analysis of reaction (3). Reactions (4), (5), (6), (9), (10), 

(11) were not studied owing to the extreme difficulty of picking out these 

reactions from the other reactions. 

':'A missing-mass" fit" is really a calculation rather than a fit, but it 
is considered as a fit in this discussion. A" no fit" event is thus an 
event which had neither acceptable constrained fits nor acceptable 
missing-mass" fits. " 
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If the event fit K+ P K+ P with X 2 < 24, this hypothesis and no 

other was accepted. One event fit K+ P ..... K+ P with either outg9ing 

track as the K+ or p. In this case both hypotheses were accepted. If 

the event was not yet accepted, all tracks were visual,lyinspected to 

obtain an ionization estimate. All one-constraint hypotheses with 

X 2 < 6.7 which had masses consistent with ionization were accepted 

with the exception that the hypothese~ K+ p ..... K+K+ /',,0 and 

K+ p -->- K+K+ ~o were considered only if no other one-constraint hy­

pothesis was acceptable. If no one-constraint hypothesis was accept­

able, all missing-mass fits were accepted, provided that all mass 

hypothes es were consistent with ionization and provided that the 

mis sing mas s was large enough for the production of two neutral hadrons. 

If no acceptable fit was found, the event was remeasured. 

After all measurements were finished, some even,ts were still 

unresolved for one of two reasons: 

1) There was no 'measurement where all tracks reconstructed. 

2) The event failed to achieve an acceptable fit. 

There were 10,606 accepted events, 3870 rejected events, and 867 un­

resolved events. 

The value for the beam momentum used in kinematic fitting for each 

event was a weighted average of the individually measured beam mo­

mentum for that event and an empirically determined mean beam mo­

mentum. The mean momentum at the center of the chamber was 

4600±40 MeV/c. 

III. 
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CROSS-SECTION DETERMINATION FOR THE K+ EXPERIMENT 

A. General Procedure 

Due to the fact that the two-prong events were processed sep­

arately from events of other topologies, it was difficult to compare 

absolute numbers of two-prong events with events of other topologies 

at any stage of the experiment after the initial scan. However, the 

ratio of the two-prong cross section to the total cross section can be 

determined from the original scan listing. Also, owing to the large 

numbers of events rejected and lost during road-makin/5 (discussed 

previously) it is difficult to compare numbers of t:-V0-prong events 

used in analysis with numbers found while scanning. However, the 

reasons for rejecting and losing events are largely independent of 

which reaction a particular event represents, so the ratioof the num­

bers of events in a given reaction to the number of two-prong events 

can be relatively accurately determined. Corrections are made for 

the effects of ambiguous and zero-constraint rejects. 

The cross -section determination is thus subdivided into three 

parts: 

1) Determination of total K+p cross section. 

2) Determination of the ratio of two-prong cross section to total 

cross section. 

3) Subdivis'ion of the two-prong cross section into various channels. 

Most emphasis is given to determination of elastic-scattering cross 

section since it is relatively easy to separate elastic-scattering events 

from other two-prong events, but it is difficult to -separate the re­

maining two-prong events into various reactions in a substantial num-

ber of cases. Let a", cross section for a particular reaction: 
p 

0'2 = total two-prong cross section, 

a = total K+p cross section at 4.6 GeV/c, 

0'2 
a = a X -

P a 

a 
X---E 

0'2 

: .. -, 

." ~ 

• 

i 

/ 
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B. Determination of Total Cross Section 

The total cross sections measured by counter experiments are 

LlUch more accurate than total-cross-section estimates from this ex­

p2riment. Comparison between total-cross-section estimates nor­

IYcalized from K+ ->- 1T + 1T + 1T - and the counter measurements provides a 

'm,eful upper limit on 1T + contamination in the beam. 

Estimate of Pion Contamination in Beam 

From the number of three-prong eve,nts, N'T' one can determine 

the K+ path length by using the relation 

PKC'T
K 

lK = MKB' N'T 

where B is the three-prong decay branching ratio. For these quantities 

we use the values 

P
K 

= 4.6 GeV/c, 

MK = 0.494 GeV, 

10 / C = 3.0 X 10 cm sec, 

'TK. 

N 
'T 

X -8 1.235 10 sec, 

709. 

The value of B poses a minor problem: the 'T branching ratio is well 

known to be 5.57±0.040/0. However, the K 1T2 , Ke3' Kfl-3' and 'T' modes 

can, through Dalitz pair emission, simulate a three-prong decay. 

Occasionally such" fake" 'T'S are recognized by the scanner and are 

not recorded. To avoid uncertainty on this point we note that the proba­

hility of fake 'T decay is 0.390/0, and use for B the value 5.57+0.39/2 

:1: 0.39/2 = 5.77±0.200/0. 

From the 709 three-prong events we determine a path length of 

(4.24±0.21)X 10
7 

em, where the error includes both the uncertainty 

in B and the statistical error. 

Finally we get the total K+ p cros s section: 

AHXNK 
a = PH X N A X£K ' 

Nhere 

AH 

PH 

NA 
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= atomic weight of hydrogen 

= density = 0.0629 g/cm
3

, 

= 1.008 g, 

23 
Avogadro's number 6.02X10 , 

NK = number of K interactions = 27376. 

From these numbers we find that a = 17.2± 1.2 mb, where we have 

included a ± 50/0 uncertainty from the previously mentioned topological 

variations in scanning efficiency. 

2. Evaluation of Total Cross Section from Other Experiments 

A suitable average of values given in the literature
3 

appears to be 

17.2 ± 0.2 mb. The fortuitously good agreement between this value and 

and our measurement allows us to set some rough limits on pion con­

tamination. Thus if a K '. a
1T 

are true kaon and pion total cross sections 

and a KM is the measured kaon cross section nor:rpalized on 'T decays 

and if x is the number of pions .for each kaon in the beam, one easily 

shows that 

x 
a KM - aK 

a 1T 

Substituting in a KM = 17.2 ± 1. 2 mb, a K 17.2±0.2 mb, and a
1T

= 28mb, 

x=0±40/0. 

C. Determination of the Ratio of Two-Prong Cross Section 
to the Total Cross Section 

A listing obtained directly from the initial scan at scan tables for 

900/0 of the film was used in this determination. The number of two­

prong events with no VO found was 14,954. The total number of inter-
. ~ 

actions found was 26,552. 709 three-prong decays .were found. 824" 

events should be added to both the number of two-prong events and the 

total number of events to correct for losses of elastic-scattering events 

where the proton was so short that the event was not found by the scan-

ner: 

* This number differs from the estimate of the same correction in the 
next section since the sample of events u'sed here is the set of events 
found on the initial scan, whereas the next section deals with accepted 
events. The assumption made is that the size of the correction scales 
with total number of two-prong events in the sample. 
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a 
~ 15778 

a 27376 = 0.576. 

The errors are mostly from topological variation of scanning efficiency 

and misidentification of event types. We assume that the scanning ef­

ficiencies for the major topologies do not differ by more than ± 5% . 

This leads to an error in a 2/a of 0.025. The statistical error is 

0.003, which is negligible. Thus we take a
2
/a = 0.576±0.03, from 

which a 2 = 9.9 ± O. 5 mb. It should be emphasized here that a 2 is the 

cross section for two-prong events not accompanied by a vee. 

D. Subdivision of Two-Prong Cross Section into Various Channels 

Table IVa gives the distribution of two-prong events into various 

subclasses. Events which were rejected as ambiguous or zero con­

straint (Table III) were included in Table IVa as events with two or 

more missing neutrals. All other rejects (Table III) were assumed to 

divide up into various categories in just the same manner as accepted 

events and were not included in the determination. 633 events are 

added to the number of elastic-scattering events to correct for losses 

of elastic-scattering events with short recoil protons. 

1. Determination of Elastic-Scattering Cross Section a 

a e 
a 2 

4670 = 0.388±0.02. = A"..., ..... "''1'''''' 

e 

The error comes from a conservative estimate of systematic errors 

such as pos sible biases in the rejected events or events which failed to 

be measured successfully and uncertainties in extrapolating the elastic­

scattering distribution to small momentum transfer [less than 0.05 

(GeV Ic)2]. The elastic-scattering cross section a is thus determined 
e 

to be a = 0.576XO.388X17.2 = 3.85±0.25 mb, where the error is 
e 

estimated by assuming that the errors on all three factors are 

independent. 
., 

2~ Determination of Cross Sections for Other Two-Prong Reactions 

The biggest .difficulty encountered in determining cross sections 

for inelastic two -prong reactions is the numerous events which are 

ambiguous between two or more reactions. Table XVb lists both the 

number of events accepted unambiguously and ambiguously as 

+ ° ° + + + K prr , K prr , and K rr n. 
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Because of ambiguities in the kinematic fits of the two-prong 

e';ents, only rough estimates of the K+ prro and K+ nrr + cross sections 

can be given. If we assign to each of these final states the number of 

unambiguous fits plus one-half of the ambiguous fits with an error corre­

sponding to one -half the ambiguous fits, we obtain, fo r the K+ prro and 

K+nrr+ cross sections, estimates of 0.8±0.2 and 0.6±0.3 mb respec­

tiv:ely. These estimates are, if anything, likely to be on the high side 

since they do not correct for multi-neutral events ambiguous with the 

one-constraint fits. 

The cross section for the KO prr + final state was determined to be 

1.06 ± 0.1 mb in collaboration with Chumin Fu, using the two-prong 

+ vee topology. 

The cross section for production of events with two prongs and 

multi-neutrals is 4.0±0.5 r:t:J.b, where the error is an estimate of 

systematic uncertainties. 

... !-

~' .j 

,. 

~ .. 
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IV. K + P ELASTIC SCATTERING 

A. Angular Distribution 

The complete center-of-mass angular distribution is shown in 

Fig. 2. An azimuthal correction has been applied which is explained 

in a footnote for Table V. The measured values of da/dt as a function 

of I t I, the squ'ared momentum transfer, are given in Table V and 

shown, for the forward angles, in Fig. 3. A satisfactory fit of the 
, / 2 data between Itl = 0.05 and It I = O.S (GeV c) can be made to the form 

da = (da) eBt 
dtdt 0 

The result is (da/dt)O = 16.0±L3 mb/(GeV/c)2, B = 4.2±0.2 (GeV/cf 2 , 

where the errors include the systematic uncertainty due to possible 

pion contamination. The ratio of real to imaginary part of the forward 

scattering amplitude, 0', with 17.2mb taken as the' tot~l K+ p cross sec-

tion, is 

I I IRI f(O) j = 0 25+0 . 14 
0' Imf(O) . -0.25 

This result may be compared with the following theoretical expectations: 

(i) The Regge pole analysis by Dass, Michael, and Phillips 4 leads to 

a prediction of 0' = - 0.4 at our momentum. (ii) 'A variety of dispersion 

relation calculations has given values of 0' ranging from -0.1 to -0.4 

(Ref. 5). It is clear that the errors of our experimental result are too 

large to permit differentiation between various predictions. It is worth 

noting, however, that this result appears somewhat smaller and perhaps 

in better agreement with theoretical expe~tations than the value 
. 6 

10' I = 0.60±0.14 at 7.3 GeV/c quoted by Chien et al. 

As is clear from the distribution shown i,n Fig. 2, there is a small 

amount of scattering in the backward direction. The cross section for 

scattering through c. m. angles greater than 90 deg is 13 ± 4 flb. The cor­

responding figures for 3.0,3.5, and5GeV/care33±10, 24±6, andS,±5 
6 " 

flb respectively. Using only the events from cos e = - 0.92 to cos e = - 1, we 

estimate da/d!J(1S0 deg) = 7~~flb/sr. A~uchmoreprecisemeasure-
7 ' ment has been done at 5.2 GeV / c by Baker et al., with the result 

da/d!J (1S0 deg) = 10±3 flb/sr. It is interesting, to note that a recent 

analysis of K- p scattering at 4.6 GeV / c reports no events at angles 

greater than 90 deg and sets an upper limit to the backward scattering 

cross section of 2 ± 1 flb. S . The observed backwa,rd scattering in K+p is 
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generally interpreted in terms of u-channel baryon exchange. Such 

exchange would', for K- p, require S = + 1 baryons, for whose existence 

there is no clear evidence. 

B. Discussion and Comparison with Other. Data 

We have studied the properties of the forward diffraction peak in 

K+ p scattering, using both our data and other published information. 

In order to have some reasonably precise quantities calculated uniforml 

for all the data, we have made fits at all the momenta to the form 

da = (da) 
dt dt 0 

:S O.S (GeV/c)2 . Bt 
e with 0 < I t I 

In Fig. 4 we plot the values of B for momenta b.etween 1. 2 and 14. S 

GeV / c. It is clear that the points follow a smooth curve , and indeed 

are excellently fitted by the function 

2 /-2 B = 6. S {3 (GeV c) , 

where {3 is the c. m. velocity of the K+ p system. There are several 

intere sting remarks to make here: 

(a) The proportionality between Band {32 also occurs in the other 

well-known case of substantial shrinkage of the diffraction peak with 

energy, namely proton~proton elastic scattering. Indeed, K~'isch 9 has 

suggested {32p:, where P 1 is the transverse momentum (P: :;,: It I 'It 

high energy) as a universal variable in terms of which p-p angular 

distributions can be represented. In p-p scattering the coefficient of 

proportionality B/{32 is larger, namely about 10 (G~V/c)-2 instead, of 

6.S (GeV/cf 2. This similarity to the p-p interaction is but one of many 

including the absence of resonances and close resemblance in the mo­

mentum dependence of elastic an,d inelastic cross sections. 

(h) The asymptotic value of B (assuming that this has meaning-that 

is, that the Pomeranchuk trajectory is flat) is 6.S (GeV/c)-2. It should 

be noted that for K- p the value of B changes very little with momentum 

and appears to have. when fitted over the same range of I t I a value of 

7.1 to 7.2 (GeV/c)-2. Thus the K+ and K- scattering in the diffraction 

peak do become nearly identical at high momentum, although very dif­

ferent at low momenta. This value of B is also in good agreement with 

the value obtained in pion elastic scattering. again almost independently 

of incident momentum. 
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(c) If we as sume that asymptotically (i) the real part of the forward 

'scattering amplitude goes to zero, (ii) the total cross section remains 

at 17.2 mb, (iii) the linear exponential remains a good representation 

of the angular distrihution f;om t = 0 to at least It I ::: 0.6 (GeV/c)2, 

the elastic cross section a has the asymptotic value of 2.2 mb, and 
e 

the ratio a e/a t has the limit 0.13. Both of these figures are sub-

stantially lower than those at the highest measured momentum of 

14.8 GeV/c, a = 3.41±0.17 mb, a/at = 0.20 (Ref. 11)::' However, it 
e e 

is interesting to note that for K-p at 10 GeV/c, with a = 3.20±0.14 mb, 
e 

at = 22.5±0.2 mb, the value of a e/at' namely 0.142±0.006 (Ref. 10), 

is close to the above asymptotic limit. 

We now consider briefly the phase of the forward K+ p amplitude. 

For all momenta at which measurements have been made, the forward 

cross section (da /dt)O always lies substantially higher than the optical 

value. In fact, as indicated earlier, both dispersion-relation calcula­

tions and Regge-model predictions lead one to expect a substant,ial ratio 

of real to imaginary forward amplitudes, decreasing in magnitude with 

increasing momentum. The experimental data do not exhibit any clear 

trend with changing momentum except the existence of a sizable real 

part for the forward amplitude. More precise data are clearly re­

quired to study this question, particular since the possible presence of 

a significant spin-flip term. m.ay ITlake the usual extrapolations to t = 0 

sOITlewhat uncertain. 

':'This experiITlent found a substantial real part of the forward ampli­
tude, which also indicates that 14.8 is far from aSYITlptopia if assuITlption 
(i) is valid. 
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V. SINGLE-PION PRODUCTION 

The list of reactions studied in this section is presented in 

Table VI. The data came froITl the two-prong topology and also, for 

reaction (1), froITl the two-prong + vee topology for which the data were 

obtained from Chumin Fu. 

A. The Ktl.(1236) Final State 

The data for the study of this state come from topologies (i) and 

(ii) fitting the reaction (1) (Table VI). To avoid ambiguity problems for 

the two-prong events we confine ourselves to the region of momentum­

transfer- squared between incident and outgoing K, -t
K 

< 2 (GeV / c)2. 

The data from topology (ii) indicates that the tl. population at higher mo­

mentum transfers corresponds to a cross section of less than 15 f.Lb, 

well within the uncertainties of the overall tl.K cross section. In Fig. 5 

we show the pTr + mas s distribution for all KO pTr + events of topologies (i) 

and (ii) with -tK < 2 (GeV / c)2, indicating also the ambiguous contribution. 

It is clear that fo r pTr + mas se s below 1.8 GeV this contribution is negligible. 

A fit to the histogram in Fig. 5 for M(pTr +)< 1. 75 GeV with a superposition of tl. 

and phase space leads to a cros s section for tl. production in the reaction (1) 

of 0.42 ± 0.03 mb. 
The form'of Breit-Wigner used for the tl. was 

rO -t q3 \( q 03 -1,,~ 
m 2 I q 2 P 

1 + :Tr2)\: m:2 

rO 
222 

(m - mO) + m 02 

3 
q 

2 
l+q 

3 
qo 

2 qo 
1 + -2 

mp 

where 

q = ~-z +-m 2 _ m + 2 ~ 2 2 
P Tr _ m 

\ 2m p = momentum of outgoing proton in 

+ pTr center of mas s, 

vf 2- ----z ) Z 
mO + m - mTr2 2 

q - p - m 
0- 2m p 

... '~ 

.. ! 

~ 
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':' _ II EO + m -~ It 2 2 2)2 
p 0 2EO 

_ m 2 = momentum of KO 

center of mass, 
EO = total center of mass energy, 

m = mass of prr+ system, 

mKO = KOmass, 

m = proton mass, 
p + . 

mrr = rr mass, 

mO = 1225 MeV, 

rO = 105 MeV. 

is overall 

The amount of b. ++ produ~tion was determined from the integral of the 

Breit- Wigner over the fitting region. The overall Kb. production from 

K+ p interactions including all final channels is then, using the ap­

propriate Clebsch-Gordan coefficients, 0.56 ± 0.04 mb. The tK distri­

bution and b. decay density matrix elements are shown in Figs. 6 and 

7. The momentum transfer distribution has a dip in the forward di­

rection, but appears to be nearly exponential for O.2::s t::s 1 (GeV I c)2. 

It has been fitted to an exponential of the form (dO/d7)a: eBtK, 0.2 < - tK 

< 1.0 (GeV/c)2, where B = 4.9±0.6 (GeV/c)-2. Except at very low 

momentum transfers the density matrix elements are in fairly good 

agreement with the simple Stodolsky-Sakurai 12 predictions 

P33 = 0.375, Re P3, -1 = 0.21, Re P31 = O. This behavior is known to 

hold over a range of incident momenta from essentially threshold to the 

highest momenta studied. 
.c 

B. The pK'"(891) Final State 

For momentum-transfer-squared between initial and final proton 

-t less than 1.2 (GeV I c)2, the final proton is recognizable by ioniza-
p 

tion. With this reaction, one-constraint fits to topology (i) are either 

unambiguous or have as their only ambiguity an interchange between 

the outgoing kaon and the outgoing pion. It follows that in .this low-
':'+ momentum,..transfer region the K (891) produced in the reaction 

+ ':'+ 
K + P -+ P + K (891) can be detected by plotting the Krr mass spec-

trum for all events in the various clas ses listed in Table VII. 

For the ambiguous events (last row of Table VII) the choice of the 

KO rr + mas s as the one plotted is arbitrary: since the proton is di­

rectly recognized and accurately measured, the Krr mass is essentially 
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independent of whether the KO rr + p or K+ '!f 0 P fit is the one chosen. The 

validity of this assertion has been verified experimentally by compari-

son of Krr masses in ambiguous events. The mass distribution, for 

chosen according to Table VII 
7 

is -t < 1. 2 '~GeV I c)2, of the events 
p ,~+ 

shown in Fig. 8. A large K (891) peak is evident and leads to a cross 

section in this region of momentum transfer 

sum of the KO rr + and K+ rro final state s. 

of 0.57 ± 0.04 mb for the 

For higher momentum transfers, -t > 1.2 (GeV/c)2, the am-
p 

biguity problems are somewhat worse in that the proton identification 

is no longer clear-cut. We show in Fig. 9 the Krr mass spectrum for 

such events which have at least one fit as KO prr + or K+ prro Every 

Krr mass combination corresponding to an acceptable fit with 

-t > 1.2 (GeV/c)2 is shown, except that where KOprr+ is ambiguous p . 
with K+prro with the same particle as proton, only the KOrr+ mass is 

shown. The most significant feature in Fig. 9 is the contribution at 

1,420 MeV which will be discussed in the next section. There is also a 
,~ +10 

small K signal near 891 MeV of 12_;; events, corresponding to a cross 
+8 "'+ section of 10 -4 fJ.b. The overall pK cross section for all momentum 

transfers is then 0.57 + 0.01 = 0.58 ± 0.04 mb. This cros s section in­

cludes both final- states KOprr+ andK+prro, and presumably di~ides it­

self between them in the ratio 2:1 predicted by Clebsch-Gordan co­

efficients. 

The momentum-transfer distribution from the sample of Table VII 

is shown in Fig. 10. It has been fitted to the form 

dO" Bt 2 
CIt ex: e P, 0.2 < -tp < 1.0 (GeV Ic) , 

where B = 3.6±0.4 (GeV/c)2. It is perhaps of interest to note that the 

values of B for both the Kb. (1236) and the K'~(891)p channels are quite 

similar to the value 4.2±0.2 (GeV/c)2 found in elastic scattering at just 

the same momentum. It is ~ priori far from obvious that such a simi­

larity should be expected in view of the importance of Pomeranchuk 

exchange in the elastic channel and its absence in the channels under 

discussion. . .. 
We now consider the K"'(891) decay, angular distributions, and 

confine ourselves to -t < 1.2 (GeV/c)2. The events in the last row 
p 

of Table VII pose a slight problem in that although the Krr mass and t 
p 
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He essentially independent of whether the K* decay is actually 

K+ rro or KO rr +, the decay angles are sensitive to this choice. ,A re­

vealing feature of the ambiguity problem is illustrated in Fig. 11, which 

shows the KOprr + Dalitz plots for two-prong ambiguous and unambiguous 

events. It is clear from Fig. 11 that the low-prr + -mas s half of the 

K':'(891) band has essentlally no ambiguous events. If interference be­

tween K':' and either b,. or background is neglected, parity conserva-

* * + tion in the K decay requires that for every K event in the low-prr 

mass half of the Dalitz plot with Jackson decay angles a!, <j> there is an 

event in the high-prr + -mass half with angles rr-a!, <j>+rr. Consequently, 

events in the unambiguous low-prr + -mass half of the Dalitz plot give 

unbiased decay angular distributions provided that appropriate folding 

is done. This choice of events was thus made for both KOprr+ and . 

K+prro two-prong topologies, retaining of course all K"~ events for the 

unambiguous two-prong + vee topology. 

A sample of 350 K~' events so selected gives the density matrix 

elements shown in Fig. 12. The usual pattern of vector exchange 

dominanc'e (POO - 0) is evident, with significant pion exchange contri­

butions at momentum transfers below 0.1 (GeV/c)2. 
:::~ 

C. The pK (1420) Final State 

In Figs. 8 and 9 there are enhancements at 1420 MeV for momentum 
2 

transfe rs below as well as above 1.2 (GeV / c). The enhancements cor-
2 respond to 80±22 events for -t < 1.2 (GeV/c) ,and 30± 12 events for 

-t > 1. 2 (GeV / c)2. The corre~ponding cros s sections are 0.065 ± 0.02 
P *+ 

and 0.025±0.010 mb respectively. Thus the total K (1420)p cross 

section is 0.09±0.025 mb. It is interesting to note that whereas only 

* / 2 about 2% of the K (891) events have -t > 1.2 (GeV c) , about 25% of 
* p the K (1420) are produced with such large momentum transfers. 

Because of ambiguities between KOrr + and K+rro decays of the 

K"'(1420), limited statistics, and significant background, 'we have not 

attempted to study the K'\1420) decay behavior in this experiment. 

D. Diffractive Dissociation 

Evidence for a process which has been called diffractive dissocia­

tion has been observed in a number of reactions. 13 It is expected 

that the proton dissociates into prro and nrr + This process should 

produce an enhancement at low I t K+ I and at low m ° and m ~+ in the 
prr n" 

final states K+prro and K+nrr+, but not KOprr+ The reaction K+nrr+ 
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suffers from a large ambiguity problem and is not studied here. To 

reduce the ambiguity problem for the reaction K+ prro in the diffraction 

region, the fiducial volume was reduced by throwing out events from 

the downstream part of the chamber to ensure enough track length to 

make a good momentum measurement of the fast outgoing K+ The 

reaction K+ prro is compared with KOprr +; diffractive dissociation should 

be present in the former, but not the latter final state. In this section 

the contribution to the KOprr + final state from the topology two-prong 

+ vee has not been included. 

Two selection criteria have been applied to the data to reduce the 

background from other proces ses: 
,~ 

1) K (890) has been removed. 

2) Events where the cosine of the angle between incident and out­

going proton in the prr center of mass lies between 0.5 and 1 have also 

been removed. 

The purpose of the second criterion is to reduce background from 

processes which favor very small momentum transfer to the proton 

and which can contribute to both final state s KO prr + and K+ prro 

Figure 13a and 13b are scatter plots of m 2prr vs. b,.2prr for events 

consistent with these cuts for K+prro and KOprr+ respectively. In both 

figures there is strong evidence for b,.(1238j production at low t +' In 
K 

the mass region above the b,. there is an excess of events at very low 

t +' in the reaction K+prrO, but not KOprr +. Figures 14a and 14b show 
K 

a ItK I distribution for the final states K+prr~, KOprr+ respectively for 

events satisfying selection criteria (1) and (2) and with m
prro or 

I m + 1350 - 1800 MeV. Figure 14a is consistent with an exponential prr 
distribution e

AtK 
in the region -t

K 
< 0.8 with the value A being the 

same as for K+p elastic scattering at this momentum, whereas the 

distribution in Fig. 14b is quite different. 

Figure 15 shows the mass spectrum of the prro system in the final 

state K+ prro for events satisfying selection criteria (1) and (2) and with 
2 momentum transfer - t to the prro system less than 0.4 (GeV) . 

There is evidence of b,. ~ production near 1. 225 GeV, and a pedestal un­

derneath the b,. + extending from threshold to about 1. 8 GeV, falling off 

gradually as the prro mas,s increases, which is 'presumably due to dif­

fraction dissociation. Present statistics do not allow identification of 
specific prro resonances. 

.. .. 
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VI. MISSING-MASS EVENTS 

Many two-prong events at this momentum have more than one 

missing neutral. In thi's case an effective mass of all missing neutral 

particles combined can be calculated provided the masses of all 

charged particles are known. In many cases at least one track cannot 

.. ,o be identified uniquely; thus there are many ambiguities. There was 

a total of 3535 accepted missing mass events with a maximum of four 

acceptable hypotheses; 673 events were rejected because there were ... ~ 

~ 

more than four acceptable hypotheses. Because of the large frequency 

of ambiguous events, a detailed analysis of the missing-mass' events 

will not be attempted here; however, evidence for the production of 
~, ++ . 

Tj, K (890), and!::. resonances is presented. 

A. The reaction K+p ->- K+ P MM 

The distribution of the missing mass in this reaction, shown in 

Fig. 16, shows evidence for Tj(548) production. Since some Tj pro­

duction may also have been lost in the 673 events rejected as too 

ambiguous, no attempt is made to estimate the cross section for 

Tj(548) production. 

B. The reaction K+ p ->- IT + P MM 

Figure 17 is a scatter plot of the MM vs. m + systems. Figures 
. plT 

18 and 19 are projections of the MM and m + spectra respectively. ," ·r There is clear evidence for K"'(890) and!::. +(1238) pt:oduction. There 

is an especially large concentration of events in the region where the 
,~ ++ 

K (890) and!::. (1238) bands cross. 
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VII. EXPERIMENTAL DETAILS IN THE IT + EXPERIMENT 

A. Source of film 

The data came from a 200,000-picture exposure with an electro­

statically separated ~ + beam of the Lawrence Radiation Laboratory 

72 -in. hydrogen bubble chamber. The exposure was made in the Fall 

of 1966 at the Bevatron. The data were taken at several average beam 

momenta ranging from 3.56 to 4.00 GeV / c. The beam momentum was 

near the upper limit of the operating range and as a consequence proton 

contamination in the beam was considerable. 

B. Scanning 

About 75,000 pictures were scanned for all interactions. The re-

maining pictures were scanned for all interactions except two-prong in­

teractions without. stopping protons. All pictures were in addition 

scanned for one-prong and three-prong decays. It is very difficult to 

see decays IT + ->- f.1 + v at 3.7 GeV / c owing to the very small 
+ + 

IT and f.1 • Most of the one -prong events found are not 

angle between 
+ + 

IT ->- f.1 V. 

The one-prong events were included in the scanning instructions to im­

prove the scanning efficiency for two-prong events with short recoil 

protons. The one-prong events were measured because some might 

have been interactions in which two charged particles were actually 

produced, but one was a proton which had a range too small to be, 

visible in the bubble chamber. 

A number of interactions were found which appear to violate charge 

conservation. There are a number of reasons why charged tracks may 

not be seen, giving rise to the apparent violation of charge conservation­

protons with extremely small rnage, negative particles which charge 

exchange close to the primary interaction, electrons with momentum 

greater than 180 MeV / c which cannot be distinguished by bubble density 

from strongly interacting particles, secondary interactions so close to 

the primary interaction that there appears to be only one interaction, 

or possible contamination of the hydrogen in the chamber with deuterium 

helium, or other nuclei. These interactions were recorded since they 

constitute an uncertainty in cross-section determination. In addition 

the four three -prong events identified as K+ ->- IT + IT + IT - provided an 

estimate of 0.1% for K+ contamination in the beam. 

In order to identify as many strange particles as possible-l'I.0 , 

+ 0 - +- - 0,..., - ""'0 
L; , L; , L; , K , K , K , ,::. , ,::. -all secondary decays were 
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measured: neutral decaying into positive and negative track (vee), 

charged track decaying into one charged track + neutral(s), and 
± ± + -

K - TT TT TT (tau decay). Electron pairs, TT decays in flight and the 

like were often interpreted by scanners as secondary decays; these 

events are listed in the initial scan as topologies with secondary de­

cays, but as soon as a decay or "vee" was discovered not to be legiti­

mate evidence of strange-particle production, the event was reclassified 

as a different topology. The measurement of secondary decays was 

used in kinematic fitting only for strange particles. Table VIII con­

tains a list of numbers of events 'of each topology found at each mo­

mentum during the original scan. 

C. Measurement 

Scanning and initial road-making were carried out simultaneously. 

After the events were road-made, they were measured by the FSD. 

Events which were not measured satisfactorily were again road-made 

and remeasured by the FSD. Those events which were not yet mea­

sured satisfactorily were remeasured on a Franckenstein measuring 

projector connected to the COBWEB on-line computer-controlled sys­

tem. 

1. Bookkeeping 

The results of the initial road-making were recorded on magnetic 

tape. A record of each event found on the initial scan was thus gen­

erated. The results of each subsequent measurement were matched 

by a computer program with the record generated during original scan, 

and a new record containing both scan and measurement result informa­

tion was generated and stored on magnetic tape. The status of any 

given event at any time could thus be determined from a magnetic tape 

record. 

2. Difficulties Avoided 

The data-handling system for this experiment was designed 

to avoid many. of the difficulties which had been encountered in the 

earlier K+ experiment. All events which had been found during 

the original scan could be located at any desired time because at 

the time of the original scan a measurement of the position of the 

vertex of the event was made so that it was known exactly where 

to look for each event. As each measurement was made a check 

was made to ensure that the position of the vertex according to 
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that measurement agreed with the position from the original scan. 

All topologies were processed at the same time so that changes 

in the topological classification of an event did not lead to loss of 

events. Also there was no difficulty of a differential normalization 

factor for different topologies. 

D. Kinematic Fitting 

1. Decision-Making 

The results of FSD and Franckenstein measurements were 

analyzed by the kinematic fitting program SIOUX. The results of 

kinematic fitting for each event were either examined in conjunc­

tion with a visual inspection of the event or were analyzed by a 

computer program written to simulate this procedure as closely 

as possible. 14 About one-half of the events were processed by the 

human method; the other half were sent to the computer program. 

The computer program failed to reach a decision for about 20% of 

the events it recieved, and these events were also processed by 

the human method. 

2. Remeasurement 

If one or more tracks failed to reconstruct or if no satisfactory 

kinematic fit was obtained, the event was remeasure'd. 

3. Rejects 

If it was decided that the event should not be included in sub­

sequent analysis, it was rejected. 

Table IXa gives a list of reasons for rejecting events. 

Table IXb gives a list of numbers of two-prong events rejected 

for each reason. Reasons 1, 2, 3, 4, 5, 7, 11 are nonbiasing. 

There were only a very small number of events rejected for rea­

sons 1, 4, 6, 9, 10, 11. The number of rejects for reasons 8 and 

10 will be taken into account for cross-section calculations. 

4. Reactions Considered 

The following hypotheses were included in the kinematic fit­

ting program and considered at this stage: 

for two-prong events: 
+ + TTp->-TTp 
+ + 0 TT P - TT pTT 
+ + + TTp-TTTTn 

Number of constraints 

4 

1 

1 

,., .. 

i 



. .. 
leo ' 

+ IT P 
+ IT P -+ 

+ IT P + neutrals 

IT+IT+ + neutrals 

for four -prong events: 
+ IT P 
'+ 

IT p-

pp -+ 

+ rr p 
+ IT P 
+ rr p 

K+K-pIT+ 

+ - + IT rr pIT 
+ -pprr IT 

+ - + 0 IT rr pIT IT 
+ - + + rr rr IT .IT n 
+ - + IT rr pIT + neutrals 
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IT + IT - IT + IT + + neutrals + IT .p -+ 

for six prong events: 
+/ + ++--IT P -+ IT pIT IT IT IT 
+ + ++--0 

rr p - rr pIT IT rr IT rr 
+ + + + + - -rr p IT IT IT IT IT IT n 
+ + + + + - -rr p IT P IT IT rr IT + neutrals 
+ ++ + + - -

IT P - rr rr IT IT IT IT + neutrals. 

o 
o 

4 

4 

4 

1 

1 

o 
o 

4 

1 

1 

o 
o 

The strange-particle reactions are discussed elsewhere. 15 

An estimate of the ionization of each track was made either 

visually or from information obtained from FSD measurement. 16 

All hypotheses inconsistent with ionization were discarded. Also 
. 2 

all hypotheses which had a X greate~ than the cutoff value were 

discarded. The cutoff values were: 4-constraint, 24; i-con­

straint, 6.7. Unconstrained fits which had effective mas s of neu­

tral particles too small to be consistent with at least two neutral 

hadrons were also discarded. The remaining hypotheses were 

considered potentially acceptable. All potentially acceptable 

four-constraint hypotheses were accepted. If there were no 

poh~ntially acceptable four - constraint hypothe ses, all potentially 

acceptable one-constraint hypotheses were accepted. If there were 

no potentially acceptable four-constraint or one-constraint hypothe­

ses, all potentially acceptable missing-mass hypotheses were 

accepted. If there were no potentially acceptable hypotheses, the 

event was remeasured. 
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E. Proton Contamination 

There was substantial proton contamination in the beam. In order 

to monitor beam contamination all four-prong events were fit to re­

actions 
+ + +-

IT P - IT pIT IT 
+ -pp _ pp IT IT 

A small fraction of the events fit both reactions. Let Nrr + be the 

number of unique fits to IT + P -+ 'T1' + pIT + IT - and Np be the numbe r of 

unique fits to pp -+ pp IT + IT -. Figure 20 sh9wS a graph of 

(N IN + N +) X 100 as a function of roll number. Figure 20 shows 
p p 

that the prolon contamination varied considerably during the experi-

ment. The largest contribution to the error in this measurement of 

proton contamination is due to those events caused by IT'S and which 
+- + + +-fit pp - IT TT ppbutnot IT p- IT pIT rr. These events are presumably 

rare, but we cannot measure how likely they are to occur since we 

have no rolls known to be uncontaminated. About 1000 pictures were 

taken with incident protons with presumably very small pion contamina­

tion. These pictures were scanned, measured and processed just as if 

the beam were incident pions. No successful fits to IT + P -+ rr + pIT + IT­

were achieved in this section of film. 

1. Correction for Proton Contamination 

To correct for proton contamination the rolls of film were divided 

into three sets. 

1) Heavy contamination-the proton component comparable to or 

larger than the IT + component in the beam. 6300 frames fell in this 

set. 

2) Moderate contamination-those rolls with the largest proton con­

tamination exclusive of the rolls in set 1. 18 200 frames fell in this 

set. 

3) Low contamination-those rolls which did not fall in set 1 or 2. 

50400 frames fell in this set. 

There were 366 unique four-constraint fits to pp.- ppTT+rr- in 

set 1. The remaining rolls were subdivided into sets 2 and 3 such 

that there were the same number of unique fits to pp -+ pp IT + rr - in set 

3 as in set 1. Events from set 2 were not included in subsequent 

analysis. Events in set 1 were subtracted from events in set 3 in all 

subsequent distributions, which should remove the proton contamination. 
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Whenever two-dimensional plots were made, those events in set 3 

which were nearest neighbors to events in set 1 were removed. There 

were two exceptions to the above procedure: 

a) Only a subsample of set 3 was used for cross-section determina­

tion •. A weighting factor was introduced to compensate for the different 

number of unique four-constraint fits to pp .... pp IT +'r - ~n this subsample 

b) Since pp .... pp cannot simulate backeard elastic scattering 

IT + P .... plT +, no proton removal was made for the appropriate part of 

h + + I d' 'b' t e IT p .... IT P angu ar Istn utlon. 

The average proton contamination in the beam for the rolls in set 3 was 

70/0 • 

VIII. 
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CROSS SECTION DETERMINA TION IN THE 
IT + P EXPERIMENT 

A. Elastic-Scattering Cross Section 

1. Selection of a Sample 

A subsample of the data was selected for cross-section determina-

tion in accordance with the following criteria: 

1) All events recorded during the initial scan. 

2) Relatively low proton contamination. 

3) Only a small percentage of the events unresolved after three 

measurements. 

The cross -section subsample was further subdivided into beam mo­

mentum regions 3.56 and 3.67 GeV / c. 

Since the cross-section subsample was somewhat smaller than 

that used for the remaining analysis, it had fewer unique four-con­

straints fits to pp -+ pp 7T + 7T -. To correct for this an appropriate 

weighting factor, W, was introduced. Given a number, N, of events 

in a sample, we estimate the number of events, NlT , produced by 

incident 7T+ as N = N-WN , where N is the number of events in 
7T p P 

the proton test sample. Obviously the only effect of subtracting the 

. small number of pion events in the proton test sample is to increase 

slightly the statisticalerrors since the only important measured 

quantities are ratios of numbers of events. 

2. Determination of W 

The number of unambiguous four-constraint fits to the reaction 

pp IT + 7T - in a sample of film was as sumed to be proportional to the num-

• 

,," ... 

ber of proton beam tracks in the sample. For the 3.56-GeV/c cross- ... 

section sample, 75 such fits were found; at 3.67 GeV /c, 220 fits. The 

proton test sample was divided into two parts for subtraction from the 

3.56- and 3.67-GeV/c samples respectively. The first part had a beam 

momentum of 3.56 GeV/c and 72 such fits; the second had some 3.67-

GeV/c film and some 4-GeV/c film and 294 such fits. Thus for 3.56 

GeV/c, W = 1.04±0.17 and for 3.67 GeV/c, W = 0.75±0.07, where the 

errors are statistical. There is a possible difficulty here, namely 

that sometimes a IT+ event could fit pp -+ PP7T+lT-. This cannot be mea­

sured directly since we have no film without proton contamination, but 

it is probably small since in the pure proton film there were 119 un-

b · f't t . + - b . b' f't t + + - + am IgUOUS 1 S 0 pp .... pp 7T 7T ut no unam IguoUS 1 s 0 7T p .... 7T 7T p7T . 
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3. Difficulties in Cross-Section Determination 

The following difficulties may lead to incorrect determination of 

the ratio of the number of elastic-scattering events to total events: 

a) Events ~ccepted as fits to an improper hypothesis 

b) Events missed during scanning 

c) Rejected events 

d) Unresolved events. 

We discuss now each of these difficulties in some detail. 

a. Events accepted as fits to an improper hypothesis 

The most likely confusion is between T/p -TT+pand TT+P- TT+PTTO 

The most important selection criterion for separating these two re­

actions is identification of the proton track by ionization. Almost all 

elastic scattering events have small enough momentum transfer so 

that the proton is easily recognizable by ionization. 

Elastic -scattering events misidentified as TT + PTTO usually produce 

a peak in the TT+TTO mass spectrum near 400 MeV. We see no such 

peak, which indicates that the misidentification of events is small. 

b. Events missed during scanning 

(1) Correction for small-angle elastic scattering events 

It is well-known t~at it is very diffi~ult to find small-angle elastic­

scattering events. and. due to the peripheral nature of the interaction. 

they are rather numerous. Since there was a. large number of recoil 

protons in the bubble chamber most of which were unassociated with 

desired events, many scanners overlooked events with recoil protons 

of considerable length but with small angular deflection of the beam 

track. Only events with scattering angle, a, between incident and out­

going TT + projected into the film plane greater than 3 deg and momentum 

transfer -t> 0.05 (GeV/c)2 were used in the analysis. This cut re­

moved events with very small momentum transfer and events where 

the scattering plane was nearly perpendicular to the film plane. The 

population in these regions was estimated by using an exponential ex­

trapolation to t = 0 and by weighting events with a > 3 deg with a weight 

determined by calculating for what fraction of the events the projected 

scattering angle at the given t would be greater than 3 deg provided 

the angular distribution between the film plane and scattering plane 

were uniform. The total number of elastic-scattering events estimated 

to be in various t regions at 3.56 and 3.67 GeV Ic is given below: 

-t (GeV/c)2 

0.05-0.6 

> 0.6 
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3.56 GeV /c 

1918±63 

173.5±14 

3.67 GeV/c 

3521±90 

327±19 

where the errors include the statistical errors with the appropriate 

corrections for weighting to remove the bias caused by:: the a > 3 deg 

restriction and for proton contamination subtraction. but do not include 

the error in W. 

Data for both momenta were combined and fit to the form e -bt in 

I -2 the t region 0.05 -0.6; b was found to.be 6.85±0.20 (GeV c) . If 

N2 is the number of events from 0.05 to 0.6, N1 the number of events 

from 0 to 0.05, N3 the number> 0.6, and an exponential distribution 

e-
bt 

is assumed in the region 0.05 to 0.6, 

Define: 

N A 
eTT 

sample 

N1 
1_e- 0 . 05b 

N2 -0.05b- ~O.ob 
e -e 

to be the number of accepted elastic-scattering events in the 

of relatively pure TT + film, 

N A to be the number of accepted elastic-scattering events in the ep . 
sample of relatively pure proton film, 

NecA to be the total number of accepted elastic - scattering events 

after correction for small-angle scatters, 

i. e., NecA = N1 + N2 + N3 . 

NXA is the estimated number of events lost owing to difficulty of 

seeing small-angle elastic-scattering events: 
_ c TT P 

NXA - NeA - NeA + WNeA· 

Table XII gives values for N:A , Ne~' W, NXA ' and .6(Ne~)' 
(2) Estimation of other effects of events not found during scanning 

To estimate the scanning efficiency, about 10% of the film was 

scanned twice and the two scans compared. 5663 accepted events were 

found on both scans: 183 accepted events were found on scan 2 (but not 

scan 1) of which 73 were elastic - scattering events with projected angle 

less than 3 deg, and 212 accepted events were found on scan 1 (but not 

scan 2) of which 94 were elastic-scattering events with projected angle 

less than 3 deg. If it is assumed that all events are equally difficult 

to find, 98% of the events are found on a given scan, excluding elastic-



-31-

scattering events with projected angle less than 3 deg. For the re­

maining 2% of the events in the rescanned region it was found that the 

ratio of elastic-scattering events to total events was approximately 

the same as for accepted events, so no correction will be made. We 

assume a 2% contribution to the error on the elastic-scattering cross 

section from events missed on the original scan. This is equivalent 

to assuming that the fact that 2% is probably an underestimate of the 

number of events missed while scanning due to variation in degree of 

difficulty in finding various events is compensated by the fact that only 

the biases in the 2% missed cause an error in the elastic-scattering 

cross section. 

C. Rejected events 

There were two reasons for rejecting events that were biased 

i) const.raint dropped, 

ii) track identification proved that event was really a reaction not 

included in the kinematic fitting program. 

Reason i)-constraint dropped: If an elastic-scattering event 

dropped one, or in a few rare cases, two constraints, it was still 

accepted as a three- or two-constraint fit respectively. If, however, a 

one-constraint or missing-mass event dropped a constraint, it was 

classified as a zero-constraint reject. Therefore if the numbers of 

zero-constraint rejects N'IT, NP are added to the number of nonelastic 
z z 

accepted events, this difficulty is removed. 

Reason ii)-track identification proved that event was really a 

reaction not included in the kinematic fitting program: In many cases 

fits which involved K+ production were omitted from two-prong and 

four -prong event types; consequently, if ionization determination dis­

covered a K+, the event was rejected. N'IT, N P are the number of 
w w 

rejects of this type. If N 'IT, N P are added to the number of nonelastic 
w w 

accepted events this difficulty is removed. 

d. Unresolved events 

Table XIII gives numbers of events in various categories of un­

resolved events. An event was unresolved if after three measurements 

it had been neither accepted nor rejected. There were two basic rea­

sons for events falling in this category: 

a) events which never passed geometric reconstruction, 

b) events which pas s ed geometric reconstruction but failed to make 

any of the fits listed in Table X. 
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Events unresolved for reason a) may be biased, and events un­

resolved for reason b) are certainly biased since it is much more 

likely that an elas tic - scattering event will fail to achieve any fit than 

that a missing-mass event will fail to achieve any fit. In order to 

determine the number N'IT ,NP of elastic scattering events and the 
ue ue 

number of events N:N' N~N which are not elastic scattering events 

among the unresolved events, all available measurements of unre­

solved events were examined. Table XIII gives the breakdown of the 

unresolved events into various categories. The small number of 

events which could not be classified as either elastic or inelastic fein 

into one of three groups: ~ 

i) event which should be rejected, 

ii) there was insufficient measurement information to make a detrr-

.-mination, 

iii) it was difficult to make a decision on the basis of available inl 

formation. 

The numbers falling into each group are included in Table XIII. 

To calculate N'IT , NP , N'ITN' NPN events in group i) were dis-
ue ue u u 

carded, in group ii) divided into elastic and inelastic according to the 

ratios for accepted two-prong events and in group iii) were arbitrarily 

assumed to be one half elastics and one half inelastics. The resultant 
'IT p 'IT P . 

values for N ,N ,N W' and N N appear in Table XII. ue ue u u 
The errors in N'IT , NP , N'ITN' NPN were assumed to have in-

ue ue u u 
dependent systematic and statistical contributions. A conservative 

estimate of the systematic error was made by setting it equal to one­

half of the sum of the numbers of events in groups i), ii), and iii). The 

values of 6.(N'IT ), 6.(NP ), 6. (N'IT
N

) , 6.(NPN) calculated in this manner 
ue ue u u 

appear in Table XII. 

Onc more correction was made. N C events were added to the 
ue 

number of elastic-scattering events to correct for events missed while 

scanning which would have been unresolved if found. It was assumed 

that the percentage of events lost for this reason would be the same as 

for accepted events: 

N
C 

ue 
NXA 

N'IT -WNP 
eA eA 

(N'IT. -WNP ) . 
ue ue 

\ 

• 

., 

: 



• 

~ . 

~ 

.' 
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This assumption was checked by comparing the momentum distributions 

of the recoil protons for accepted and unresolved elastic scattering 

events which showed very .similar dips at small recoil momenta. 

Estimates of the error in N
C 

appear in Table XII. 
ue 

4. Results 

The above considerations lead to the 'following formula for the 

elastic cros s section 0' : 
e 

N 
0' =0' N7T - WNP +N7T - WNP +N + XA (N7T - WNP ) 

e tot eA eA ue eu XA N7T _ WNP ue ue 
eA eA 

+ N7T _ WNP +N7T _ WNP+N7T _ WNP :tN7T - WNP +N 7T - WNP :tN 
tA tA z z W W ue ue uN uN XA 

N 
+ XA ( 

N:
A

- WNP N:e- WNP )' 
eA ue 

or 

N C + N7T -'WNP + N C 

eA ue ue ue 
0' =0' 

e tot N7T _ WNP +Nc +N7T _ WNP +N7T _ WNP :tNc 
N N eA ue ue uN uN ue 

Substituting in values from Table XII, 0' 6.93 mb at 3.56 GeV/c and e ' 
7.15 mb at 3.67 GeV/c. 

5. Calculation of Errors 

As sume the following independent contributions to the errors: a 

Z% error from scanning efficiency and independent contributions from 
c 7T pc' 7T P 7T P 

C.(NeA ), C.(Nue )' C.(Nue )' C.(Nue )' C.(NN)' C.(NN)' C.(NuN ), C.(NuN ) . 

The error in W makes a negligible contribution since the ratio of 

elastic-scattering events to total events is not much different for proton 

events from its value for 7T events. Substitution of numbers from 

Table XII leads to the following results with the total cross section 

taken as 28.15 mb:
17 

0' = 6.93±0.24 mbat 3.56 GeV/cand 7.15±0.21 mb at 3.67 GeV/c. 
e 
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B. Determinations of Cros s Sections for 
+ + + - ++ - + -

7T P-+ 7T p7T 7T, 7T p7T 7T 7T 7T 

The same general principles apply as for cross-section determina 

tion 7T + P -+ 7T + p. There are a considerable number of ambiguous events 

. h . + + + - 0 1 f b' 't' f In t e reactIon 7T p -+ 7T p7T 7T. n y two type s 0 am 19U1 Ie s are re-

quent enough to be important here: 

i) ambiguity as to which track is the proton, 

.. ) b" b + + + - d + - A b' 't 1 11 am 19U1ty etween 7T p -.. p7T 7T 7T an pp -+ pp 7T 7T. m 19U1 y 

is not important since there is no confusion as to what the reaction 

actually was. Ambiguity ii) is corrected for by assigning all events of 

h · .. f t bt t' t + + +-t IS type remaInIng a ter pro on su rac Ion 0 7T P -+ 7T P 7T 7T . 

The final difficulty was classification of unresolved events. It was 

assumed that the unresolved events were of two types. 

a) No fit events with no missing neutrals. During the processing of 

SIOUX output, a record was made of all events which were apparently 

measured satisfactorily, achieved no fit, but seemed to have no 

missing neutral particles. 

b) Measurement failure independent of reaction. Unresolved events 
, + + +-

of type a) were as sumed to be all events of type 7T p, 7T p7T 7T , or 
+ + + - -7T p7T 7T 7T 7T. Unresolved events of type b) were distributed among 

various reactions according to the numbers of accepted events. An 

error of 20% was assigned to this estimate. It was found to be con­

sistent with the, more careful estimate previously described for two­

prong events. 

Results: Th ' . + + + -. 34 6 e cross sectIon for 7T p -+ 7T P 7T 7T IS . 7 ± 0.12 at 3. 5 

GeV/c and 3.59±0.14 at 3.55 GeV/c. The cross section for 
+ + ++-- / 7T P -+ 7T p7T 7T 7T 7T is 0.22±0.02 mb at 3.65 GeV c and 0.20±0.02 mb a 

3.55 GeV/c. 

C. Cross Sections for the Final States 
+0 ++ + ++ ++-0 +++- ++-p7T 7T • 7T 7T n, p7T MM, 7T 7T MM, p7T 7T 7T 7T , 7T 7T 7T 7T n, p7T 7T 7T MM, 

+++- +++--0 ++++-- +++-- ++ 7T 7T 7T 7T MM, p7T 7T 7T 7T 7T 7T , n7T 7T 7T 7T 7T 7T , p7T 7T 7T 7T 7T MM, 7T 7T 7T 
+ - -7T 7T TT MM 

The biggest difficulty in measuring the cross sections for these 

final states is reliability in identification of the reaction. In particular 

two difficulties arise: 

i) Separation of final states containing a proton from those which do 

not (events ambiguous within the same constraint class) 
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ii) Contamination from events which should have been assigned to a 

different constraint class. 

Events in final states which do not contain a proton are more 

likely to be ambiguous than in the final states which do, since if an 

event is peripheral to the proton, the slow proton will lead to an un­

ambiguous identification as a final state which contains a proton, 

whereas a slow neutron does not help solve the identification problem. 

Thus we set the following as upper and lower limits on the distribution 

of the ambiguous events: 

i) All ambiguous events do not contain an ou!going proton. 

ii) The ambiguous events are divided between the two channels in 

the same proportion as the unambiguous events. 

The cross section for each channel was determined from the number 

of unambiguous events in each channel plus a number of ambiguous 

events halfway between the two extremes. The error was estimated 

from two contributions 

i) statistical error, 

ii) half the difference between the two extremes. 

Table XIV lists the cross sections for various final states. 
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IX. ELASTIC SCATTERING 

A. Angular Distribution 

The momentum transfer, t, distribution from 0.05 (GeV /c)2 to the 

kinematic maximum is shown in Fig. 21 and listed in Table XV in the 

form da/dt. The t region from 0.05 to 0.6 contains corrections for 

losses from scatters with a less than 3 deg. The region t> 2.1 con­

tains no correction for proton beam contamination since pp -+ pp in 

not ambiguous with TTp -+ TTp in this angular region. The measured 

values of da/dt as a function of I t I are shown, for forward angles, in 

Fig. 22 and listed in Table XVI. A satisfactory fit of the data between 

It I = 0.05 and It I = 0.6 (GeV/c)2 can be made to the form 

~=(da) Bt dt dt e . 
O 2 . 

The result is (da/dt)O = 46.5±1.8 mb/(GeV/c) , B = 6.85±0.20 

(GeV/c(2. The ratio of real to imaginary part of the forward scat­

tering amplitude, a ,with 28.15 mb taken as the total TT + P cross sec-
. 17. 

bon, IS 

lal = 0.39±0.06. 

The da /du distribution for events in the backward hemisphere is shown 

in Fig. 23. 

• 

.~ 

• 
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+ ° + + X. THE REACTIONS pTI TI AND n TI TI 

For study of these final states, p_roton contamination was sub­

tracted in the manner described in Section VII.E.1. When producing 

scatter plots for each event in set 1 (heavily contaminated with protons) 

on the scatter plot, the point in set 3 (low proton contamination) lying 

closest to the point in set 1 in question was deleted. Only the re­

maining points in set 3 were plotted. 

A. General Features 

The Dalitz plots for the final states p TI + TIo and n TI + TI + are shown in 

Fig. 24a and 24b respectively. In Fig. 24a there is clear evidence 

for p + and t:,. ++ production and a general increase of pOp'ulation at low 
- 2 

PTIo mass. Figure 25a, b, c, d, e are plots of t:,.PTI+ vs. 
2 + 2 ° 2 ° 2+0 2+0 2 + m pTI , t:,. pTI vs. m pTI ,t:,. TI TI vs. m TI TI , t:,. nTI vs. 

2 + A2 + + 2 + + . I Th t 'k' f t m nTI , L.> TI TI vs. m TI TI , respechve y. e mos strl lng ea ures 

in the s e plots are concentrations of events at low momentum transfer 

in the t:,. ++, region in Fig. 25a, a broad enhancement at low pTIo mass in 

Fig. 25b, in the p + region in Fig. 25c, and a broad enhancement at 

low nTI + mass in Fig. 25d. All of these effects will be discussed in 

more detail. 

B. The TI~(1236) Final State 

In Fig. 26 we show the pTI + nlas s distribution for the channel 

pTI + TIo A fit to the histogram for m(pTI +) < 1. 75 GeV with a superposi­

tion of t:,. ++ and a phase space back~ound weighted by an empirical 

weighting factor equal to 1 + bmp TI + of 0.43 ± 0.03 mb. The overall 

TIt:,. cross section from TI + P interactions including all final channels is 

thus, using appropriate Clebach-Gordan coefficients, 0.72±0.05 mb. 

The t ° distribution was determined by fitting m(pTI +) spectra for a 
IT 

series of tlTo regions to a superposition of t:,. ++ and phase space._ The 

Breit-Wigner for the t:,. ++ had the same form as used for K+p -t:,. ++Ko 

(Section V.A). The-fitted amount of t:,. ++ 'production for each t ° region 
TI 

was as sumed to repres ent the amount of t:,. ++ production in that t o,region. 
2 IT 

For tlTo < 0.4 GeV only the backward region of cos a was used and the results 

multiplied by 2 in order to reduce the background from processes 

having preferentially low momentum transfer to the proton, notably p + 

production. The resultant dO" /dt distribution is shown in Fig. 27. 

There is a striking dip near t = - 0.5 (GeV / c)2. As described in the 

Regge pole description with exchange oCthe p trajectory the helicity 
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flip amplitudes for TI + P -TI°t:,. ++ go as 

1-e 
g(a) F(s-u, a)(3(t) 

-i'lTO' 

r (at1 )sin lTa 

18-20 . 
where g(a)- 0 as a -->- O. 'For a p trajectory of a(t) = 0.5+t,a 

zero is expected at -'0.5. Since the spin density matrix elements in­

dicate a large spin-flip contribution, these arguments lead to expecta­

tion of a dip near t = - 0.5, which is in fact observed. The spin densib 

matrix elements, shown in Fig. 28, were determined with only a -mas s 

band selection [1.12:S III +:s 1. 32 GeV] , but for t ° < 0.4 (GeV /c) 2 pTI TI 
only the backward cos a region was used. 

C. Diffractive Dissociation of the Proton into nlT + and PTIo 

In Fig. 25b and 25d there is a large excess of events at small mo­

mentUlll transfer and at fairly low mass. The enhancement certainly 

contains some t:,. + production, but it is too broad and contains too man~ 
events to be explained entirely by t:,. + production. The combination 

0"1/2 = 0" ° + 0" +-(2/3)0" + isolates the isospin-1/2 nucleon pion pTI nTI pTI 
component by subtracting the isospin-3/2 component and the inter-

ference between isospin 3/2 and 1/2. 0" + in the region in question 
nTI 

is less than a factor of 2larger than 0" 0, which indicates appreciable 
pTI 

interference between the isospin 1/2 and 3/2 amplitudes, since the 

isospin-3/2 amplitude is quite small except in the region of the t:,. ++ 

Taking the states PTI+TIo, nTI+lT+ as NTI
1
;2' Fig. 29 is an NTI1 mass 

spectrum of the isospin-1/2 component, using the above formula. For 

- + f ° +, 0" +, TI1 - TI or 0" 0, TI1 = TI ; for 0" + both TI r S are trled as pTI pTI nTI 

TI l' The events plotted in Fig. 29 have the following restrictions: 

i) The cosine of the angle between Nand TI2 in the NTI 1 center of 

mas s is limited to the range -0.5 to +1 to eliminate effe~ts of p + pro­

duction. 

ii) The momentum transfer to the NTI1 combination is restricted to 

o - 0.4 (GeV /c)2. 

The shaded events have momentum transfer less than 0.1 (GeV/c)2. 

Figure 30 presents the lllomentulll-transfer distribution to the NTI 
, 1 

combination for: a) lllN < 1.8 GeV, b) mN < 1.3 GeV, 
, TI 1 IT.1 

c) m NTI 'from 1.3 to 1.5 GeV, d) m
NTI 

from 1.5" to 1.8 GeV with con-

dition daIs 0 satisfied. 1 
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Figure 29 presents evidence that there is considerable peaking in 

the isospin-1/2 component of the N mass spectrum at masses con-
iT 1 ". 

siderably lower than the lowest-lying N°- resonance according to phase 

shift analysis as pointed out by the Anglo-German collaboration. 21 

Figure 30b), c), d) shows that the momentum-transfer distribution is 

more peaked for the smaller-mass part of the diffractive enhancement 

than for the larger -mas s part. This effect was reported by the Anglo­

German collaboration. 21 

D. P + Production 

The study of p + production is complicated by background problems, 

including interference. The most serious problems are caused by 

!::. ++ production and diffraction dissociation. Figure 31 a-j shows plots 

of t' , momentum transfer to the outgoing proton minus the kinematical 
p 

mInImum, vs. miT+iTo for various regions of cosa, the cosine of the 

angle between the incident and outgoing iT + in the iT-iT center of mass. 

The plots show considerable p + production for all values of cos a. Of 

special interest is the relatively large amount of background under 

the p+ near cos a = - 1 and +1 at small t' which is connected with the . p 
!::. ++ and diffractive dissociation. Also noteworthy is the relatively 

large signal-to-noise ratio for p + production at small t' near 
p 

cos a = O. Cos a is the cosine of the angle between incident and out-

going iT + in the iT-iT center of mass. <l> is the Treiman- Yang angle in 

the iT-iT center of mass. 

1. Determination of the Mass and Width of the p + 

The form of the Breit-Wigner used was 
r ,,~ 

where 

'::: 
p 

B 
w 

p 

(m2 -m 2)2 + r2 2 ' o _ mO 

~ q 2 ) 1+_0 _ 

r= r L miT
2 

o 3 2 
qo 1+~ 

2 
m iT 

J( E 2 ~- ~ 2 - m2)2 2 
c. m. p _ m 

2E p c. m. 

(1 ) 
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-" 
p'o- is the momentum of the outgoing proton in the overall center 

of mass, 

Jm2 
- 4 miT 

2 

q = 4 

mO - 4 miT J 2 2 

qo 4 

q is the momentum of an outgoing iT in the iT-iT center of mass, 

m is the effective mas s of the iT -iT system, 

miT is the mass of a iT, 

m is the mass of a proton, 
p 

E is the total center of mass energy, c. m. , 
mO' r 0 were left as free parameter s. 

The sample of data selected was t < 0.5 (GeV/c)2, Icosal < 0.5 
P 

since this sample had a good signal-to-noise ratio. The background 

was parametrized as 

ta k 
~ m X PS, (2) 

where PS stands for phase space (including effect of tp cut), Ak's 

were arbitrary coefficients, and C is a cutoff value. Fits were tried 

for various values of cutoff value C. 

The iT-iT mass spectrum fit is shown in Fig. 32. The curve shown 

was obtained with C = 2. The X 2 was 28 with 24 bins; the fitting 

region was 0.28 - 1.6 GeV. The results of the fit were mO =765± 8, 

r 0 = 170 ± 30 MeV, where the errors corne primarily from a~ estimate 

of uncertainty in the shape of the background obtained by comparing the 

results for various cutoff values C. The resolution was checked and 

the approxiInate formulas of Coyne et al. 22 showed that it was good 

enough to have negligible effect on the width measurement. 

2. p + - Diffraction Interference 

a. Evidence for the Effect 

Figure 33 is a plot of cos a vs. m for t < 0.5 (GeV/c)2. There 

appears to be a significant upward shift of the p + peak near cos = +1. 

This shift was made quantitative by the procedure described below. 

! 

• 
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The data was divided into ten separate regions of cos a each of 

width 0.2. Each region was fit by using the Breit-Wigner of Eq. (1) 

and the background of Eq. (2). r 0 was fixed at 170 MeV, but mO 

was left free. In all cases reasonably good fits to the IT-lT mass spec­

tra were obtained from threshold to a region considerably above the 

P +. Figure 34 shows the re sults of the fitted values of mO as a func­

tion of cosa. There is indeed a large (- SO MeV) upward mas s shift 

near cos a = + 1. 

b. Fit to the Region cos a > 0 

An attempt was made to fit the IT-lT mass spectra for the five sep­

arate cos a regionse~ch of width 0.2 for cos a> 0 with t < o. S (GeV /c)2 

with completely coherent P + and diffraction amplitudes . .fhe P + ampli­

tude, T +, was parametrized by p . . 

T + = NR 
P 

~ 
.Jrp· 

(m
2 

- m 0
2

) - i mOr 
R(a,<I» . 

NR is a normalization factor, and R(a, <1» describes the decay of the 

p and is taken to be . 

R(a.<I» = J 4~ [a cos a + b sin aei<l> + b sin a -i<l>] , 

where a =~. 

The diffraction amplitude was as sumed to be 

TD = ND "" mpq 

2 m 

-'Y t lT+/2 
e 

-ill 
e 

2 
mp ) 2 2 4mp m 

(3 ) 

(4) 

(S) 

where p = 
2 

(EO -

4m
2 momentum of outgoing 

proton in IT-lT center of mass, 

"" mpq leads to IT-lT phase space upon squaring, 

'Y is the slope of the exponential diffractive momentum 

transfer dependence, 

EO is the total energy, 

ND is a normalization factor, 

6 is an arbitrary phase factor. 

It should be pointed out that this amplitude is meant to describe approx-
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imately the t + characteristics of the experimental data, but is not 
IT ' 

sensitive to the actual m(plTo) distribution of the experimental data. 

This amplitude, nominally a "diffractive" amplitude, contains a sub­

stantial contribution from f::,. + ... PlTo, but is dominated by the iso­

spin-1/2 contribution. Diffraction and f::,. + production have similar 

t lT+ distributions. 

Closely connected with the lack of consideration of the experimental 

m distribution, TD is independent of <I> which causes all terms from 
plT 

(4) involving sin a to drop out upon integration with respect to <I> except 

a term proporti<nral to p 11 sin
2
a. 'Y was estimated empirically to be 

/ 
-2 -

S.5 (GeV c) from Fig. 30a. t lT+ was expressed in terms of m and 

cos a by using the relation 

t lT+ A - B cos a, 

where 

A = 2 ( 2)( 2 . 2 2)" t +m2+m m +m+ -rna p IT IT IT_ 
2m 2m 

2 + m lT+ -

2 2m . 
IT 

2 J( t +m~+m2) 
B -2 P -- . 2m 

2 
m.;+ J( 2m 

m;. f- m 
IT 

t was set to 0.2 (GeV/c)2 
p 

T = T + + T D , . P 

Rate = IT 12 . 

Before integration over cos a, 

2 )~ 

NR rp 
IT 12 

[(m2 _ m
0
2 )2 + m02r2] 2 

(poo cos
2

a + PH sin
2
a) 

( 2 2)+ 2r2)+N 2 B -'YA 'YBcosa m - mO mO D mpq e e 

2 NR.Jf'p* 
+ -(~2~_-' --~2~)2~+--~' ~2~r~2~ 

m mO mO 

2 X e'YB cosa/2 [cos () (m 

(~Ocos a) J-~D2:~~-;~~~A 

m~) + sin 6 mOr). 

(6) 
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Aiter integrating over cos a from XL to XU' where XL and Xu are 

the lower and upper limits on cos a, 

IT 12 = 
NrZ I'p~' 

[(m2 _ 
2 

m
0
2 )2 + m

0
2r2] 

[ 
p 00 (X 3 _ X 3) 

3 U L 

1 3 1 3.1 [ 2 2 2 2 2 2 2 ] 
+P11(XU -XL - 3 X U+ 3 X L)J (m -mol +mO) +mor 

+N
2 

D mpqBe-
yA ~B [e yBX o - e yBXL ] 

2N .JT~..r;:::.· 
R 00 

+ 2 2 2 2 2 
(m ~ mO) + mOr 

J Z -yA 
ND mpqBe 

x [coso (m
Z

_ m~) + sin 0 mOr] 1, 

where 

I = ~B (Xue(YBXu/Z)- XL e(yBXL/Z)- y~ e(yBXU/Z) 

+ y~ e(YBXL/Z)). 

Calculation of NR , Poo' P11: Fits were made to the 7T-7T mass 

spectra for t < 0.5 (GeV/c)Z for cosa regions -1-0.6 and -0.6+0.6, 
p 

using the p + form in Eq. (1) and the background of Eq. (Z). mO and 

r 0 were fixed at 765 MeV and 170 MeV respectively. The results of the 

fit were: NR = 3180, p~O = 0.46, P11 = 0.Z7. The region -1 to -0.6 has 

a large overlap with t:;. + production. This estimate of POO ignores in­

terference between t:;. ++ and p + production. As pointed out in Section 

X.D.5. , this interference effect appears to be quite small. 
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Five separate mass spectra-Fig. 35a-e with cosaO.8-1, 0.6-0.8, 

0.4-0.6, O.Z-O.4 and O-O.Z respectively-were fit simultaneously by 

varying the value of tl. For each value of 0, ND was calculated such 

as to make the sum of all events in the fitting regions of all five spectra 

equal to the total number predicted. 0 was found to be 10 ± 6 deg where 

the error is statistical. A X Z of 61 was obtained with 5Z bins. The 

fits are shown as curves on Fig. 35 a-e. It is remarkable that such a 

simple amplitude with complete coherence should fit the data so well 

over such a large range. 

It should be pOinted out that P + production interfering with a con­

stant 7T-7T S-wave background cannot reproduce the observed features 

of the data. There is present,in Fig. 34,a substantial upward mass 

shift of the p + near cos a = 1, but no evidence for a downward shift 

near cos a = - 1. A slowly varying S-wave interference which produces 

an upward shift near cos a = + 1 also produces a downward shift near 

cos a = - 1. 

A calculation was made to see how large a mass shift could be ob­

tained from such a p + - S wave interference. The final state 7T + 7T + n was 

used to obtain an upper limit on a possible T = Z 7T-7T S-wave .. From· 

the number of events with -t < 0.5 (GeV / c)Z and leos a I < 0.5, the 
n 

upper limit (obtained by assuming all events in this region represented 

7T-7T S-wave) for the S-wave intensity is 8 events/O. OZ GeV. Clebsch­

Gordan coefficients then yield an upper limit of Z events/O.OZ GeV for 

the p 7T + 7T O final state. 

The S-wave amplitude was thus written as T =...rz e -io, w"ith 0 
s 

an arbitrary parameter. The total amplitude was then written as 

T = T + + T S ' where T + is the amplitude for the p + used in the p+ 
P. P 

diffraction interference calculation. The intensity was calculated as 

ITIZ. The largest mass shift obtained for any value of 0 was 15 MeV, 

a shift much smaller than observed experimentally. Furthermore, 

since p + -diffraction interference has a strong effect on quantitie s such 
+ as the forward-backward asymmetry of the p decay, attempts to mea-

sure 7T-7T S-wave should use extreme caution to· insure that all effects 

of p + - diffraction interference have been properly taken into account. 

3. Momentum Transfer Dependence of p + Production 

In order to separate p + production from background, the following 

procedure Was adopted. The data were divided into several regions 

" 
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of t' . For each region the'll" -'ll" mas s spectrum was plotted and fit p 
with a P + intensity of form (i) and a background intensity of form (2). 

mO was set to 0.765 GeV, rO to 0.i7 GeV. Fits were tried with c = 0, 

i,2. The basic assumption underlying this method is that the P + pro­

duction does not interfere with background. It has aLready been shown 

that the P + p~oduction does interfere with diffraction, so for the t' 

region t' < 0.6 (GeV / c)2 only events ~ith cos O! < 0 were used, a~ it 
was assu!.ed that the amounts of p + production with cos O! < 0 and 

cos O! > 0 are equal. 

This method of fitting works much better for a t' distribution than 
p . 

for a t distribution, because t' 
p P cuts distort the background much Ie s s 

than t cuts. It is important in this fitting procedure that the back-

groun~ have a much slower 'll"-'ll" mass variation than the p +. The re­

flection of the t::. ++ production satisfies'this condition even with various 

t' cuts, as can be seen in Fig. 3i a-b. 

cut is used instead. 

This is no longer true if a t 
p 

Figure 36 shows da /dt for p + production. The ordinates come 

from conve rting the fitted amounts of p + production in each t' region 

. Th' I . f + + p d to cross sectIons. e tota cross section or 'll" p -- P P was e-

termined to be 0.79 ± 0.07 mb from a fit according to the procedure 

described above to a 'll" +'ll"0 mass spectrum with no t' cut. There is 

some evidence for a dip at t' ::::: 0.5 (GeV / c)2. There appears to be 

some p + production at all valJes of t'. Figure 37 a and b show the 
+. p 2 

'll" 'll"°mass spectra for t' 2-4 and> 4 (GeV/c) respectively. The 
p 

dashed curves are the fitted background levels. The solid curves are 

the fitted amounts of p + + background. The difference is the fitted 

amount of p + productiqn. 

4. Spin Density Matrix Elements 
) 

A very similar procedure was used to determine the spin density 

matrix elements of p + decay as was used in the determination of 

da/dt. For each spin density matrix element the data were divided 

into two appropriate angular regions and the 'll"-'ll" mass spectrum for 

each region was fit to p + +' background as described in the preceding 

section. I~ certain cases the diffraction region was eliminated. 

Table XVII lists the angular regions used in each fit. The spin density 

matrix element in question was calculated from the fitted number of 

p +, s in each region. To determine the spin density matrix elements 
(4.' 
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as a function of t' p' the data were further subdivided into various t' p 

regions and the same process was repeated. 

The results for the spin density matrix elements integrated over 

all t' were: Jackson frame: POO,0.33±0.09; Pi-i' 0.i5±0.iO; RePiO 

-0.04±0.06; helicity frame: POO' 0.33±0.08; Pi-i' 0.i8±0.06; 

RePi0' 0.08± 0.05. The corresponding results obtained with identifica-
+ ' 

tion of the p as m'll"'ll" 660-860 were: Jackson frame: POO 0.37 ± 0.04; 

Pi-t' 0.05±0",04; RePiO' -0.08±0.03, helicity frame: POO' 0.45±0.04; 

Pi-i' 0.13±0.04; ReP i 0' 0.11±0.03. The primary e££ectof the back­

ground correction was to correct for t::. ++ production and a phase-space 

like background. The t::. ++ production is the dominant e££e ct. In the 

Jackson frame its removal decreases POO' increases P1-1 and de­

creases RepiO' (The diffraction region was not used in this dete,rmina· 

tion. ) 

Figure 38 a, band 39 a, b present the spin density matrix elements 

in the Jackson and helicity frames respectively averaged over various 

t' regions. The results were obtained by the fitting procedure de-
p 

scribed above. The difference between Fig. 28 a and b and between 

Fig. 39 a and b is the size of the t' regions selected. The dashed 

crosses in Fig. 38a and Fig. 39a ~how the results obtained if the P + 

is defined by mass band selection only (0.66 :::::m:::::0.86 GeV).· The in­

fluence of the t::. ++ is particularly strong in Fig. 38a in the region t' 
p 

from O.O~ to 0.5, where its removal causes a decrease in PO~' an in-

crease in P1 -i' and a decrease in RePiO' 
++ + 5. t::. -p Interference Model 

We have used the empirical interference model of Bland et al. :23 

d
2a 

2. 2 
dM 'll"dM N'll" K 

= a + bl
p 

+ cIt::. + 2d (bcIplt::.)i/2 

cos 

where 

I 
P 

It::. 

(<Pt::. - <Pp + <PO) 

2 BW (i - A cos}" ) 
P 'll"'ll" 'll"'ll" 

2 
BW t::. (1 + AN'll" cos }"N'll") 



BW = 1 

tJTr 

-47-

r(p/p)m
o 

2 2 z 2 
(m - mO) + (rm

O
) 

r "rO(p2 
2 

P 
+ m 2 

TT 
/~02 +P~.2 ) ( +0-) 

cP 6,.' cP p are the phase s of the Breit- Wigner amplitudes of the 6,. and 

and p respectively which are proportional to 

1 

2 2 r 
(m

O
- m ) - m ~ 

o qo 

ATTTT' ANTT are empirical constants added to allow for the decay 

distribution of the p + and 6,.++ respectively. d is a coherence factor 

which ranges from 0 to 1. If d is zero, the model reduces to an in-

h .. f + d A +-1 co erent superposlhon 0 p an u 

The model was applied to fitting various Dalitz plots in the region 

far removed from diffractive dis sociation. Four Dalitz plots were 

fit: not' cut,t' =0-0.5 (GeV/c)2,t' = 0-0.08 (GeV/c)2,t' =0.08-0.5 
2P P P P 

(GeV / c). Figure 40 a, b, c shows Dalitz plots with no t' cut, . P 
t' =0-0.08, t' =.08-0.5 respectively. Itshouldbenotedinparticular 

p p 
for t' < 0.08 that there appears to be little production of anything be-

sides ~ +, 6,.++, and diffraction. 

ANTT was determined from the population of the 6.++ band in the 

half of the Dalitz plot which does not include the overlap region with 

the p + This assumes that the t' cuts do not introduce asymmetries· 

in the 6.++ decay, which is consi~tent with Fig. 31 a and b. 

A noncoherent fit was tried by setting d to 0 and varying a, b, c, 

and A TTTT 
as well. 

A fit with interference was also tried by varying d and CPo 

The results of the fits are tabulated in Table XVIII. There is 

some very weak evidence of interference though clearly more data are 

needed to establish the effect. Within the context of this model even 

if there is interference, the POO spin density matrix element in the 

helicity frame is not appreciably affected. 
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6. Difficulties of Determination of TT-TT Phase Shifts 

In Fig. 36a and b there is evidence of an increase in POO at very 

small values of t' p' The increase is rapid enough so that only 

t' < ~ 0.04 (GeV/c)2 is useful for extrapolation. However, in the t' p . . p 
region 0 - 0.08 (GeV/c)2 there are a number of difficulties with the 

TT-exchange model: 

i) p + - 6,.++ interference may cause the rise in POO' This would re­

quire a different interference model than presented in the preceding 

section. If this is the case, extrapolation is not valid. 

ii) Poo is not consistent with 1 in this region. It is rising rapidly, 

but is still far from 1 so that a considerable extrapolation is necessary. 

iii) 6.++ and diffraction are still important in this region. Evidence 

for ii) can be seen in Fig. 31 d-g. Evidence for iii) can be seen in 

Fig. 38b where in addition to p + production the Dalitz plot appears 

dominated by 6,.++ production and diffraction even fo r t' < 0.08 (GeV / c f­
It should be pointed out that 6,.++ production introduces ~ignificant 
partial waves up to 1. "" 9 into the cos >-. distribution of the TT-TT system 

due to the Breit-Wigner mass dependence. By the Wigner-Eckhart 

theorem these higher partial-wave contributions must be present in 

the Jackson frame as well. 

Present data do not permit a check on an extrapolation procedure 

to see whether or not it extrapolates out correctly the higher partial­

wave background. 

E. N~'(1688) 
Figure s 41 and 42 show the nTT+ and PTT O mas s spectra for the final 

+ + + ° states nTT TT and pTT TT . The shaded events are t TT+ greater than 

/
2* 0.5 (GeV c). There is evidence for N (1688) formation at large mo-

mentum transfer. This effect can also be seen in Fig. 25b and d. 

F. Other Peaks in Mass Spectra 
+ + 1. TT TT Spectrum 

Figure 43 shows the TT + TT + mass spectrum for events with 

t < 0.5 (GeV / c)2. There is an apparent exces s of events near 730 
n 

MeV .. Further investigation of this region shows that there are several 

possible explanations for the effect and that it is difficult to determine 

the relative contributions of each pos sibility. 

.: 
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Since the excess of events oC,curs in a mass spectrum composed 

of two positively charged particles, the resonance most likely to re­

flect into this spectrum is the e:,. ++ In order for this to happen, one 

of the particles which has been called a TT + 'must be a proton. During 

the process of selection of events, a track which had momentum less 

than 1.45 GeV / c could be identified as a proton or TT + by ionization, but 

for tracks faster than this cutoff va~ue the proton mass hypothesis 

could not be distinguished from the TT + mass hypothesis by ionization. 

The effective masses of the two charged particles were calculated by 

assuming that each track was a proton and the other track a TT + Sig­

nificant ~ ++ production was found only for the case of events which had 

one,and only one track with momentum greater than 1.45 GeV/c, with 

the faster track being the proton. 

Figure 44 shows the correlation between the pTT + mass calculated 

by assuming the faster track is a proton for events with one and only 

one track with momentum greater than 1. 45 GeV / c, events with unique 

possibility of misidentification, and the TT + TT + mass for a) eve~ts in 

set i of Section VII. E.1-beam highly contaminated with protons -and 

b) events in set 3 of Section VII. E.1-low proton contamination in beam. 

Figure 44 shows that the TT + TT + ~event exces s is ~orrelated with ~ ++ 

production, and Fig. 44a shows that the proton contamination in the 

beam leads to a large amount of ~ ++ production which is confused with 

the final state TT + TT + n. Figure 45 is a plot of the pTT + spectrum for events 

with unique possibility of misidentification. For this figure proton sub­

traction has already been made as usual. There is some ~ ++ produc­

tion, but also a large number of ~vents in the ~ ++ region which are 

not ~ ++. In order to determine the source of the ~ ++ production, 

Fig. 46 shows the missing-mass spectrum for events in Fig. 45 

having PTT+ mass 1.14 - 1.3 GeV"based on the following mass assump­

tions: 

') + + + MM I TTp-+lTlT , 

") + + MM II lTp-lTp , 

iii) pp -.. pp MM. 

All events used in this study were accepted as IT + P IT + IT + n. Un-

fortunatel y Fig. 46 contributes little info rmation. All th'e mis sing­

mass spectra contain peaks near the neutron mass which is basically 

a kinematic effect due to the requirement of a kinematic fit to 
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+ + + F' 46b l' . t th t' + A ++ ° TT P IT IT n. Igure e ImIna es e reac Ion IT p - '-" IT as a 

possible source of the ~ ++ production. The neutron peaks in Fig. 46 

can have contributions from three sources: 
. + + + +. 
1) IT P -.. IT IT n, where the calculated" p" IT mas s happens to he 

h 
A ++ . in t e '-" regIon, 

ii) TT + P -.. ~ ++ MM, where the proton is too fast to be identified by 

ionization and the missing mass happens to lie near the neutron mass, 

iii) pp -+ ~ ++ n., which has not been properly accounted for by the 

proton subtraction. 

If possibility ii) contributes, a depletion of events would be expected 

in the ~ ++ region and missing-mass region near the neutron mass for 

events which have a fast proton. Figure 47 is a scatter plot of the plT + 

mass vs. the missing mass for the final state plT +MM for 

a) t < 1.5 (GeV/c)2 and b) t > 1.5 (GeV/c)2. Figure 47b is con-
p p 

sistent with a depletion of events in the region expected. There is 

some evidence of e:,. ++ production in this plot. The much larger gen­

eral population in this plot at high missing-mass values is probably 

due to contamination from the final state IT + IT +MM. SummariZing, the 

structure in Fig. 43 can have contributions from: 

i) IT+P -+ e:,.++MM, 

ii) pp -- e:,. ++ n with improper subtra~tion, 
iii) statistical fluctuations, 

iv) structure in the IT + TT + system. 

We conclude that it is difficult to separate these possible interpreta­

tions. 

It would be interesting to obtain information on the behavior of the 

diffractive dis sociation process in the low IT-lT mas s region from the final 

state IT + IT + n where there is no p + production, but the four po s sible back­

ground contributions listed above make such an analysis extremely difficul 
+ 2. IT lTo Spectrum 

Figure 48 shows the IT + lTo mass spectrum for t from 2.2 to 4.4 

(GeV/c)2. There is some evidence for a fairly bro~d enhancement 

near 1.37 GeV. In this momentum-transfer region the proton cannot 

be distinguished from a IT +. In fact there is considerable ambiguity 

between IT+PlTo and IT+lT+n. Figure 49 is a scatter plot of IT+lTo mass 

vs. nlT + mass for events ambiguous between IT + IT + n and only ,one of the 

two pos sible IT + P lTo hypotheses and with t from 2.2 to 4.4. For the 
p 



-51-

final state TT + TT + n, that TT + is combined with the neutron to form the 

nTT+ mass that was combined with the TT O for the PTT+TT O hypothesis to 

form the TT + TT O mass. Figure 49 shows production of N~'(1688) in the 

nTT + combination and, further, a very strong correlation between the 

N~'(1688) and the 1.37-GeV enhancement. We conclude that the 1.37-GeV 

* enhancement is a reflection of N (1688) production. 
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XI. MISSING-MASS EVENTS 

A. The Final State TT + pMM 

Figure 50 shows the missing-mass spectrum in this final state. 

There is clear evidence of TJ production, evidence of w production, 

and some evidence for TJI (960) production. Figure 51 shows the pTT + 

mass spectrum; there is a large amount of ll.++(1238) production. A 

comparison of Fig. 47a and 47b shows that it is produced preferentially 

at small momentum transfer; Fig. 47a further shows clustering' in the 
++ . ++ ll. band at the masses of the TJ and w. The-cluster 1U the ll. band 

near 320 MeV is highly suspicious as will be shown later on. Figure 

52a and 52b shows the missing-mass spectra for events witl;). pTT + mass 

of 1.14 - 1.3 GeV for tMM arbitrary and le.ss than 0.6 (GeV/c)2 re­

spectively. Figure 52 shows evidence for ll. ++ TJ and ll. ++ w production, 

which is especially strong at small ~M' The peak near 330 MeV in 

Fig. 52 is highly dubious since it is a small remnant of a large proton 

subtraction, as can be seen by contrasting Fig. 52b and Fig. 53. (The 

latter is the same as Fig. 52b except that no proton subtr'action was 

done.) The source of the peak is pp .... ll.++n, where the missing mass 

is shifted from the neutron mass to - 300 MeV by changing from 
+ + + pp .... TT pMM to TT P ->- TT P MM. 

. Figure 54 shows the TT +MM spectrum for a) all t and 
p 

b) tp < 1.2 GeV. There is evidence of A2 production, especially at 

small t . 
P 

B. The Final State TT + TT +MM 

Figure 55 is the missing-mass spectrum for this final state. The 

spectrum shows little structure, but there is some evidence for 

ll. °(1238) production. 

.. 

." 
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Table 1. Correspondence between topology and event type code. 

Even'!""!'y'pe code 

10 

12 

14 

17 

19 

20 

21 

22 

24 

26 

27 

28 

29 

30 

31 

32 

33 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

50 

51 

Topole>gy 

One-prong 

One positive outgoing track with decay 

One positive outgoing track with decay + vee 

One prong + vee 

Two-prong with two positive decays 

Two-prong 

Two-prong with positive tau decay 

Two-prong with positive decay 

Two-prong with positive decay + vee 

Two-prong with positive decay + 2 vees 

Two-prong + vee 

Two-prong + 2 vees 

Two-prong + 3 vees 

Two positive, one negative prong 

Three positive prongs 

Two positive, one negative track, 1 positive decay 

Four-prong, positive tau decay 

Four-prong, negative tau decay 

Four-prong, two positive, one negative decay 

Two positive, one negative prong + vee 

Four-prong, one positive, one negative decay 

Four-prong, two positive decays 

Four-prong 

Four-prong, negative decay 

Four-prong, positive decay 

Four-prong, negative decay + vee 

Four-prong, positive decay + vee 

Four-prong, negative decay + 2 vees 

Four-prong, positive decay + 2 vees 

Four -prong + vee 

Four-prong + 2 vees 

Three positive, 2 negative tracks 

Four-positive, one negative tracks 

: .. 

.J 



60 

61 

62 

63 

64 

67 
:;.J. '" 68 

80 . ' 

I" 
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Six-prong 

Six-prong. one negative decay 

Six-prong. one positive decay 

SiX-prong. one negative decay + vee 

Six-prong. one positive decay + vee 

Six7prong + vee 

She-prong + 2 vees 

Eight-prong 
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Table II. Numbers of events of various topologies found in 
scanning the 4.6-GeV film on scan tables. 

Event type code 
(explained in Table I) Number of events 

20 14750 

22 204 

24 53 

26 2 

27 2592 

28 47 

30 709 

40 7621 

41 28 

42 224 

43 3 

44 6 

47 620 

48 8 

60 371 

61 2 

62 6 

67 15 
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Table III. Number of events rejected for various reasons. 

1.. Not beam track 2224 

2. Outside fiducial volume 353 

3. Zero constraint 128 

4. Ambiguous 673 

5. Not to be measured 465 

6. No event 27 
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Table IVa. Distribution of accepted two-prong events. 

Elastic scattering events with four constraints 

Elastic scattering events with three constraints 

Events with one missing neutral 

Events with two or more missing neutrals 

Inelastic events in which a constraint is dropped 

Total 

Table IVa. 

Unambiguous 

KOp11" + 931 

K+ p11"0 666 

K+ + 11" n 434 

Ambiguous 

591 

501 

700 

~ 



'. • 

, . 
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Table V. Angular distribution for K+ p elastic scattering. 

t d./dt ] t d. /dt 1 I t I Average. ITlb I t I Average ITlb 

. / 2 
value 2 N 2 value 2 N 

(GeV c) of cos e (GeV/c) corr
a 

(GeV/c) of cos e (GeV/c). corr 

0.050-0.075 0.9835 13.20±1.08 400 0.725-0.7500.8059 0.56±0.14 17 

0.075-0.1000.9770 11. 91±1.00 361 0.750-0.775 0.7993 0.56±0.14 17 

0.100-0.1250.9704 9. 50±0. 83 288 0.775-0.800 0.7927 0.46±q.13 14 

0.125-0.1500.9638 8.38±0.76 254 0.800-0.8250.7861 0.56±0.14 17 

0.150-0.175 0.9572 8.05±0.73 244 0.825-0.850 0.7795 0.66±0.15 20 

0.175-0.2000.9506 6.30±0.61 191 0.850-0.875 0.7730 0.36±0.11 11 

0.200-0.225 0.9441 6. 83±0. 65 207 0.875 -0. 900 0.7664 0.46±0.13 14 

0.225-0.250 0.9375 6.57±0.63 199 0.900 -0.925 0.7598 O. 26±0. 09 8 

0.250-0.2750.9311 5.71±0.57 173 0.925-0.950 0.7532 0.36±0.11 11 

0.275-0.300 0.9243 5.02±0.52 152 0.950-0.975 0.7466 0.20±0.08 6 

0.300-0.3250.9177 3.80±0.43 115 0.975-1.000 0.7401 0.40±0.12 12 

0.325-0.350 0.9112 3.50±0.41 106 1.0-1.1 0.7236 0.27±0.05 33 

0.350-0.375 0.9046 3.14±0.38 95 1.1-1.2 0.6973 0.17±0.04 20 

0.375-0.400 0.8980 3.37±0.40 102 1.2-1.3 0.6710 0.11±0.03 13 

0.400-0.425 0.8914 2. 90±0. 36 88 1.3-1.4 0.6446 O. 033±0. 02 4 

0.425-0.450 0.8848 2.51±0.33 76 1.4-1. 5 0.61830.041±0.02 5 

0.450-0.475 0.8783 2.48±0.33 75 1.5-1.6 0.59200.033±0.02 4 

0.475-0.5000.8717 2.18±0.30 66 1.6-1. 7 0.56570.016±0.01 2 

0.500 -0.525 0.8651 1. 95±0.28 59 1.7-1.8 0.53940.024±0.01 3 

0.525-0.550 0.8585 1. 75±0.27 53 1.8-1.9 0.51300.008±0.01 1 

0.550-0.575 0.8519 1. 3 9±0. 23 42 1.9-2.0 0.4867 O. 008±0. 01 1 

0.575-0.600 0.8454 1.19±0.21 36 2.0-3.0 0.3419 O. 002±0. 001 2 

0.600-0.625 0.8388 1.29±0.22 39 3.0-4.0 0.07870.002±0.001 3 

0.625-0.650 0.8322 1.09±0.20 33 4.0-5.0 -0.1845 O. 001±0. 001 1 

0.650-0.6750.8256 0.83±0.17 25 5.0-6.0 -0.4477 0.002±0.001 3 

0.675-0.700 0.8190 1.02±0.20 31 6.0-7.0 -0.71100.005±0.002 6 

0.700-0.725 0.8126 0.96±0.19 29 7.0-7.6 -0.9213 0.007±0.O03 5 

aN is the nUITlber of events except for the first three values of I t I 
corr 

where a correction was a.dded to the nUITlbers of events to correct for a 
dip in the aziITluthal angular distribution of events around the beaITl due 
to reduced scanning efficiency for events with short recoil protons 
which were travelling nearly toward or away froITl the caITlera. The 
errors were increased accordingly in these three cases. 
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Table VI. List of reactions studied in regard to single-pion 
production in the K+p experiment. 

Topology 

i) two-prong 

ii) two-prong with vee 

iii) three-prong (7" decayL 

Reactions 

K+ P -+ KO + p + 'IT + (1 ) 

-+ K + + P + 'ITo (2) 

->- K+ + n + 'IT + (3) 

K+ + + -'IT +'IT +'IT (4) 
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Table VII. Classes of events used in study·of pK 
~:~ 

final state. 
Table VIII. Number of events of each topology found during the original sc':an-n + experiment 

(does not contain the 1000 frames of film with a pure proton beam). 

Topology Reaction Fit used 

Unambiguous KOprr + + 
All measured except two-prong events 

(ii) KOprr All measured without stopping prolons 

+ + 
Beam momentum 

(i) Unambiguous KOprr KOprr (MeV /e) -- 3559.5 3676.4 3996.9 Sunt 3676.4 3728.1 3750.6 3819.7 3996.9 Sum Total 

(i) Unambiguous K+ prro K+ prrO Event type code 
(Table I) 

(i) Ambiguous KOprr + KO p7T + ,~ 

10 30 168 13 211 64 39 115 55 276 487 

orK+prrO 12 1 _ 

14 

17 

19 16 18 5 22 40 

20 12,704 41,415 2574 56.693 3172 1985 218 5116 2380 12.H71 69.564 

21 1; 3 

22 189 556 27 772 158 107 20 344 149 778 1550 

24 27 99 l28 44 35 88 28 199 127 

26 6 11 

27 304 1052 27 1383 389 235 34 644 321 l623 3006 

28 26 84 113 40 17 68 31 159 272 

29 1 1 

30 66 76 II 14 49 26 104 180 

31 6 "4 10 

32 

33 

35 ·1. 

36 

37 

38 4 16 21 

39 10 21 26 

40 5963 21.372 874 28.209 9683 6112 763 15.965 8222 40.745 68.954 

41 25 110 6 141 43 23 90 40 199 340 

42 93 353 455 135 106 24 306 161 732 1187 

43 4· 6 19 30 35 

44 19 24 11 18 42 

45 4 

46 

47 50 136 189 63 33 4 78 55 233 422 

48 3 

50 10 II 20 31 

51 5 9 14 4 12 20 34 

60 266 990 34 1290 430 310 29 852 501 . 2122 3412 

61 4 11 10 21 

62 12 19 17 11 35 54 

63 

64 

67 

68 

80 ·2 4 16 19 

Other 22 60 84 32 10 58 35 139 223 

Total 19.733 66.565 3583 89.881 14,316 9060 1117 23.881 12.053 60.427 150.308 
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- I~ C1l "" l1") "" r- M 0 l1") 0 ~ N 

Table IXa. List of reasons for rejecting events. , I 
..., C!' 0 r- l1") ~ C!' C!' M M 
0 0 r- -D -D l1") 

E-< co N 

Reason 
number Reason 

1 Too many tracks -more than 30 beam tracks in the picture 
8 

1

0 l1") ~ M M co 0 0 0 0 N 
::l M co M l1") C!' M 

U) r- "" M -D 

2 outside fiducial volume-a fiducial volume was chosen ., 
'. 

..., 
to exclude events whose vertices were near the edge of 

I:l C!' Q) 

:> -0 0 co -D ~ l1") co ..... 
the chamber. en 

Q) ., C!' 0 l1") ~ 

ool:l C!' N ...... 

3 No event-event cannot be located, but chance configuration 
I:l I:l 0 M 
0 0"'" ., I-< 0 

of tracks simulates events or event is secondary an'd primary cd 0..1-< r-
Q) ,0.. 0-. "" I-< o 00 C!' N "" "" l1") 0 

is outside fiducial volume. ~ .S 
~ 

"" M M ...... ...... ., co 
"" ...... M 

,', Imrrieasureable -film is' defective (torn, 
::l ""0.. M 

4 warped, double- 0 ..., 0.. 
.~ 0..0 

Q)..., -D 

exposed, missing) or event is covered by flare. C1l u ., 0 :> ><..., N -D "" 
5 Nonbeam track. I-< Q) ::l l1") N 

r-
0 'U 0 M 

6 Baryon going backward in lab ·frame. 
.... 

Q)-£l 
'U I-< .... 
Q) ~ .~ ...... 

7 Two-prong event without stopping proton on roll where two-
..., 

00 u C1l ..... -D ...... ",,'N "" co 
Q) Q) N co "" 0 

prong events without stopping proton were not measured. 
. ...., 

8 r- ...... ...... 
Q) M 
I-< 

8 Zero constraint-a track was so short owing to secondary -., -..., <t: "" interaction or decay that its momentum could not be measured I:l -0 co 00 Q) M ...... N "" ..... 
:> r- N ...... ...... l1") 

to better than 300/0, leadin:g to loss of a constraint. No fit Q) -D M ...... ...... 
M, 

00 

with no missing neutral particles was achieved. I:l 
0 

I ...... C!' 
I-< 8 "" ...... "" l1") 0 l1") 0 ...... 0 

9 No fit-event was very far from any fit, even a.-s a II missing 0.. 
l1") N "" 0 -D M M 

, ::l M N' M l1") 

0 U) r- N 

mass'" event. ~ 

Wrong type -K+ rec<.?gnize~ble by ionization in' a two-, four-, 
..., 

10 .... 'U 
C!' 

0 Q) -0 l1") 

or six-prong topology withouf vee decay, and fits in the ., I-< C!' -D C!' ..... M N -D 
I-< ::l C!' N co N 

SIOUX program having the proper track assigned to be K+, 
Q) 

., M 

.0 C1l 

2 8 
Q) 

if any, had too large a X 8 "" ::l -0 Z - ...... r- co C!' N M ...... ~ 0 

11 Two recognizeable baryons in the final state. - r- M -D N 0 M N N 

~ -D '0 ...... l1") "" M l1") ...... 
.0 
q 

l1") 

Q) 0-. - r- r- ...... C!' co r- "" .0 l1") l1") "" ...... ...... 0 
C1l l1") 0 r- ..... 

E-< co. N 

~ f. I-< 
Q)~ 

Q)~ "8 cd 8 u ::lq 
0'--
8~ I:l Q) 

I:l- '='- N M "" l1") -D r- co C!' 0 

86 0.0 ...... 
., C1l ..... ..... 

C1l C1lt. 
Q) Q) 

i!l p::< 
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Table X .. :\furnbcrs of accepted events of various final states from 1T + P interactions. 

Sample for 
subtraction 

of proton 
contamination 

Final state 

Arnbip.uo~t\\'ccn 1T + P and pIT + 

Unambiguous iT + P 

Unambiguous IT +prro 

Ambi.guous between .. +prro and pi + nO 

Anlhiguous bet\\"ccn IT +pn o • p'" + nO and IT + + 
Ambiguous between n+prro and ;r+',-+n 

Unambiguous TO +;; + n 

Unambiguous TT +pM}..t 

Ambiguo~ls betw('en ;; +prdwl and pTT +:l\IM 

i\mbiguo~ls between TT +Plv\:i\!, pIT +j\,jM and TT + TI +MM 

Ambiguous between PTI1\.!i\! and rr+1T+l\IM 

Unambiguous TT + iT +1,11\'1 

Total two prong 

Unambiguous K+K-rr+p 

Ambiguous between K+K+TI+p and pprr+rr 

Ambiguous between K+K-pn+ and K+K-rr+p 

Unambiguous TT + pIT + IT-

Ambiguous between n + pIT +:r - and pplT + . 
Ambiguous bet\vcen TT + pIT + TT - and pTT + TT + 1T­

Unambiguo\,lS ppIT + rr-
Unambiguous ppIT + IT -. four-constraint fit 

Unan1biguous rr + To + IT + IT - n 

Unambiguous pIT + iT + n - ITo 

Ambiguous bct\vccn prr + rr + TI -no' and TT + TT + IT + TT - n 

Ambiguous between pTT + rr + IT - 11'0 and TT + pTT + n - nO 

Unambig:LlOUS TT + TT + rr + Tr -lvUvl 

Am.biguous bebveen IT + Tr + n + TT -!v1M and pTT + TT + TT -MM 

Unambiguous pTT + "IT + TT -MM 

Ambiguous behveen pIT + IT + IT -MM and n + pn + TI -MM 

Unambiguous pn + TI + TT - TT - TT + 
Unam.biguous TT + iT + iT + iT + TT - TT - n 

Unambiguous piT+rr+rr+1T-n-no 

Unambiguous pIT + IT + 11' + IT - 11' -MM 

Unambiguous n+n+lT+lT+n-lT-MM 

. Strange particles 

Total 

56 GeV L<:.. 

2761 

1133 

37 

108 

686 

1668 

4 

II 

769 

775 

7956 

27a 

l454 

34 

lO 

78 

75b 

222 

1398 

19 

16 

197 

45 

511 

75 

65 

6 

301 

l2422 

a Does not include contributions from strange -particle topologies. 

bSubsct of preceding category. 

56 GeV/e 

0 

351 

130 

8 

121 

315 

l27 

47 

llOO 

la 

61 

4 

I· 

75 

n b 

81 

53 

0 

9 

1429 

Sample for 
subtraction 

of proton 
contamination 

3.67 GeV/e 3.67 GeV/e 

0 

5137 1324 

1944 410 

73 16 

23 

277 35 

l347 360 

2963 805 

42 l5 

l445 320 

l258 l77 

14510 3468 

54 a Za 

II 

2451 ll7 

103 39 

46 

Z30 302 

220b 294b 

427 43 

2548 181 

51 4 

38 8 

336 21 

l24 29 

831 In 

1 

146 12 

12 

124 10 

14 

560 57 

22614 4483 
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Table XI. Definitions of symbols used in cross-section determination. 

TT 
NeA 

NP 
eA 

TT 
N

tA 

p NtA 

NTT 

Z 

NP 
Z 

NTT 

W 

NP 
w 

w 

NTT 

ue 

NP 
ue 

N
TT 

uN 

NP 
uN 

NXA 

c 
NeA 

NC 

ue 

IT 
NN 

NP 
N 

number of accepted elastic-scattering events in a cross­

section sample 

- number of accepted elastic-scattering events in a proton 

test sample 

total number of accepted events in a cross -section sample 
+ -(includes pp ~ ppTT TT ) 

total number of accepted events in a proton test sample 
+ -

(included pp ~ ppTT IT ) 

number of zero-constraint rejects in a cross - section sample 

number of zero-constraint rejects in a proton test ~ample 

number of wrong-type rejects in a cross -section sample 

number of wrong-type rejects in a proton test sample 

Weighting factor for proton subtraction 

number of unresolved events which are elastic~scattering 

events in cross -section sample 

nu~ber of unresolved events which are elastic-scattering 

events in proton test sample 

number of unresolved events which are not elastic-scattering 

events in cross - section sample 

number of unresolved events which are .not elastic-scattering 

events in proton test sample 

number of accepted events lost owing to difficulty of finding 

small-angle elastic scatters after correction for proton 

c ontamina tion 
IT 

NeA WNP + NXA eA 

NXA 
(N

lT 
_ WNP ) 

N lT 
_ WNP ue ue 

eA eA 

N lT 
_ N lT + N lT + N lT 

tA eA 2 w 

NP - NP + NP + NP 
tA eA 2 w 

·t 
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N 'IT b f b· f· + + + - . 4c nUITl er 0 unaITl IgUOUS Its to 'IT P 'IT p'IT 'IT In a cross-

NP 
4c 

'IT 
N4cA 

P 
N4cA 

'IT 
N4cu 

NP 
4cu 

'IT 
N60-4c 

P 
N60-4c 

'IT 
N60-4cu 

P 
N60-4cu 

section saITlple 

b f b · f· + + + - . nUITl er 0 unaITl 19UOUS Its to 'IT P -+ 'IT P 'IT 'IT In a proton 

test saITlple 

b f b · f· + + + - . nUITl er 0 aITl IgUOUS Its to 'IT P -+ 'IT p'IT 'IT In a cross-

section saITlple 

b f b · f· + + + - . nUITl er o. aITl IgUOUS Its to 'IT P 'IT p'IT 'IT In a proton 

test" saITlple 
+ + +-nUITlber of unresolved events estiITlated to be 'IT p -+ 'IT p'IT 'IT 

in a cross-section saITlple 
+ + +-nUITlber of unresolved events estiITlated to be 'IT p -+ 'IT p'IT 'IT 

in a proton test saITlple 

b £ f ·t t + + + + - - . . nUITl er 0 ISO 'IT P 'IT p'IT 'IT 'IT 'IT In a cross-sectIon 

saITlple 

b f £. t + . + + + - - . ttl nUITl er 0 Its 0 'IT P -+ 'IT p'IT 'IT 'IT 'IT In a pro on est saITlp e 

nUITlber of unresolved events estiITlated to be 
+ + ++--. . 'IT P -+ 'IT p'IT 'IT 'IT 'IT In across-sectIon saITlple 

nUITlber of unresolved events estiITlated to be 
+ +"+ + - -'IT P -+ 'IT p'IT 'IT 'IT 'IT in a proton test saITlple. 
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Table XII. Values of quantities need to deterITline elastic cross section. 

Quantity 3.56 GeV I c 3.67 GeV/c Quantity 3.56 GeV Ic 3.67 GeV/c 

N'IT 
eA 

2762 5137 N'IT 
4c 

1464 2497 

NP 
eA 

351/ 1324 NP 
4c 

62 118 

'IT 
NtA 12422 22614 

'IT 
N4cA 34 103 

NP . 
tA 

1429 4483 NtA 4 '39 

N'IT 
178 370 N'IT 113.9 194.5 z 

4cu 

NP 20 62 NP 3.8 19.5 
z 4cu 

N'IT 
w 39 40 N'IT 

60-4c 
75 146 

NP 4 5 NP 7 12 
w 60-4c 

W 1.04 0.75 N
1T 
60-4cu 

17.8 32.3 

N'IT 138 229.7 NP 0 3.6 
ue 60-4cu 

NP 59.8 83 b. (N~c) 38.26 49.97 
ue 

N'IT 
uN 

404 711. 3 b.(Nt) 7.87 10.86 

NP 
uN 

41.2 92 b. (N~cA) 5.83 10.15 

NXA 481.3 1130.6 b. (N~cA) 2 6.24 

b.(N
eA

) 91.1 128.9 b. (N~ ) 22.8 38.9 
cu 

b. (N'IT ) 
ue 

19.1 42.8 b. (N~ ) cu 
0.76 3.9 

b. (NP ) 
ue 

9.2 13.5 

L\(W) 0.17 0.07 

b. (Nc ) 10 20 
ue 

Ii (N'IT) 99.4 133.7 

b. (NP) 33.2 56.8 

b.(N:N) 25.1 48.1 

b.(N~N) 8.1 13.9 
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Table XIII. Assignment of unresolved events. Table XIV. Cross sections for various final states. 

Sample Sample 
for proton for proton 
subtraction subtraction 

at 3.56 at 3.67 

3.56 GeV/c 
GeV/c GeV/c 

3.67 GeV Lc 
Events which were 129 57 204 75 

Final state Cross section (mb) 
Beam 
momentum_ 3.56 GeV/c 3.67 GeV/c 

+ 6.93±0.23 7.15±0.21 p'IT 
+ + - 3.59±0.14 3.47±0.12 p'IT 'IT 'IT 
+ + + 0.20±0.02 0.22±0.02 . ; . 

p'IT 'IT 'IT 'IT 'IT 
elastic scatters P'IT+'lT° 2.51±0.2 2.36±0.2 

2 -prong events which 83 16 136 26 
were not elastic 

Non-2-prong events 308 19 538 53 
2 ':prong events which 10 0 18 4 

should have been 

+ + 1. 50±0 .. 2 1.68±0.3 n'IT 'IT 
+ + - 0 3.22±0.1 3.32±0.1 p'IT 'IT 'IT 'IT 
+0+ _ + 

0.55±0.03 0.57±0.04 n'IT''IT 'IT 'IT 
++-+-0 0.17±0.02 0.165±0.02 p'IT 'IT 'IT 'IT 'IT 'IT 

rejected + + + + - -n'IT 'IT 'IT 'IT 'IT 'IT 0.016±0.03 0.017±0.02 
2 -prong events with in- 13 9 40 21 

sufficient measure-
ment information 

+ 3.68±0.65 3.76±0.7 p'IT MM 

'IT + 'IT +MM 2. 76±1. 2 2. 50±i. 3 

2 -prong events- 9 0 23 0 
borderline cases 

+ + - i.13±0.07 0.99±0.1 p'IT'IT 'IT MM 

'IT+'IT+'IT+'IT-MM 0.51±0.07 0.52±0.1 
+ + - - + p'IT'IT 'IT 'IT 'IT MM 0.016±0.007 0.019±0.006 

+ + + + - -'IT 'IT 'IT 'IT 'IT 'IT MM 0.003 0.001 

" 
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Table XV. Differential cross section. dO/dt. for 
1T+pelastic scattering. a 

d(T 
crt 

t interval 

[(Gev7:)2 J 2 
(GeV /c) 

0.05 - 0.1 27.76 ±1.05 

0.1 - 0.15 18.78 ±0.75 

0.15 - 0.2 14.62 ±0.61 

0.2 - 0.25 9.23 ±0.42 

0.25-0.3 7.56 ±0.42 

0.3 - 0.35 5.45 ±0.35 

0.35 -0.4 3.57 ±0.28 

0.4 - 0.45 2.78 ±0.23 

0.45 - 0.5 1.81 ±0.20 

0.5 - 0.55 1.68 ±0.17 

0.55 - 0.6 0.91 ±O.U 

0.6 - 0.7 0.89 ±0.08 

0.7 - 0.8 0.46 ±0.06 

0.8 - 0.9 0.376±O.052 

0.9 - 1 0.'302±O.048 

0.1 - 1.1 0.181±O.38 

1.1 - 1.2 0.289±O.047 

1.2 - 1. 3 O. 235±0. 041 

1.3 - 1.4 0.154±0.032 

1.4 - 1. 5 0.168±0.038 

1.5 - 1.6 0.148±0.036 

1.6 - 1. 7 0.121±0.030 

1.7 - 1.8 0.060±0.020 

1.8 - 1. 9 0.047±0.O18 

1.9 - 2.0 O. 060±0. 020 

2.0 - 2.1 O. 054±0. 019 

2.1 -2.4 o 0200+0 . 006 
. -0.005 

2.4 - 2.7 o 0123+0 . 005 
. -0.004 

2.7 - 3.0 0.00615+0. 004 
, -0.002 

3.0 - 3.3 o 00308+0.0030 
. -0.0015 

t interval 

(GeV/c)2 

3.3 - 3.6 

3.6 - 3.9 

3.9 - 4.2 

4.2 - 4.5 

4.5 - 4.8 

4.8 - 5.1 

5.1 - 5.4 

5.4 - 5.7 

5.7 - 6.0 

> 6.0 
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Table XV. (contd.) 

d(T 
dt 

[(G:;C)2 ] 

0.00461+0.0035 
-0.0020 

0.00923+0.0046 
-0.0031 

0.0123+0.0052 
-0.0036 

0.0108+0.0049 
-0.0034 

0.0154+0.0057 
-0.0042 

0.0354+0.0082 
-0.0066 

0.0277+0.0073 
-0.0058 

0.0338+0.0080 
. -0.0065 

0.0185+0.0062 
- O. 0046 

O. 0923± +0.034 
-0.025 

a An azimuthal correction was made for t from 0.05 
to 0.6 (GeV/c)2 but not for t> 0.6. The proton sub­
traction was made for t from 0.05 to 2.1, but not 
for t> 2.1. 
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Table XVI. Differential cross section, do/dt, for 
rr+p elastic scattering for the region t = 0.05-0.8. a 

t interval 

(GeV jc)2 

0.05-0.06 

0.06-0.07 

0.07-0.08 

0.08-0.09 

0.09-0.10 

0.10-0.11 

0.11-0.12 

0.12-0.13 

0.13-0.14 

0.14-0.15 

<h15-0.16 

0.16-0.17 

0.17-0.18 

0.18-0.19 

0.19-0.20 

0.20-0.21 

0.21-0.22 

0.22-0.23 

0.23-0.24 

0.24-0,25 

0.25-0.26 

0.26-0.27 

0.27-0.28 

0.28-0.29 

0.29-0.30 

0.30-0.31 

0.31-0.32 

0.32-0.33 

0.33 -0. 34 

0.34-0.35 

0.35-0.36 

dO' 
d[ 

LGev~~)2J 
32. 87±2. 85 

31.66±2.61 

28. 55±2. 31 

28.66±2.16 

21.20±1.91 

20.25±1.82 

17. 92±1. 72 

19. 85±1. 64 

17.94±1.59 

18.10±1. 58 

17.14±1.50 

15. 13±1.35 

14.32±1.37 

12. 18±1.32 

12.71±1.25 

12. 19±1. 24 

9.15±1.15 

8.97±1.12 

8.27±1.02 

7.25±0.99 

10.05±1.07 

7.09±0.90 

7.05±0.90 

7. 70±0. 94 

4. 72±0.82 

8.23±0.89 

:4. 16±0. 72 

6.61±0.85 

5.22±0.80 

3.95±0.67 

3.60±0.68 

t interval 
OJ 2 (GeV c) 

0.36-0.37 

0.37-0.38 

0.38-0.39 

0.39-0.40 

0.40-0.41 

0.41-0.42 

0.42-0.43 

0.43-0.44 

0.44-0.45 

0.45-0.46 

0.46-0.47 

0.47 -0.48 

0.48-0.49 

0.49-0.50 

0.50-0.51 

0.51-0.52 

0.52-0.53 

0.53-0.54 

0.54-0.55 

0.55-0.56 

0.56-0.57 

0.57-0.58 

0 .. 58-0.59 

0.59-0.60 

0.60-0.61 

0.61-0.62 

0.62-0.63 

0.63 -0. 64 

0.64-0.65 

0.65-0.66 

0.66-0.67 
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Table XVI. (contd.) 

dO' 
d[ 

LGe~;c)2] 
3.50±0.64 

3.15±0.59 

3.90±0.64 

3.30±0.65 

2. 89±0. 52 

3. 36±0. 57 

2.29±0.52 

2. 84±0. 55 

2.03±0.48 

2. 11±0.46 

1. 62±0.43 . 

1. 77±0.43 

2. 17±0.48 

1. 60±0.41 

1. 60±0. 38 

1.85±0.38 

1. 51±0.43 

1.52±0.37 

0.95±0.32 

O. 63±0. 32 

1. 34±0. 38 

O. 71±0. 31 

O. 79±0. 25 

0.87±0.26 

0.95±0.27 

1.25±0.33 

1. 18±0.30 

0.86±0.26 

0.79±0.27 

0.79±0.25 

0.70±0.23 

.. 



~ 

t interval 

'j 2 (GeV c). 

0..67-0..68 

0..68-0..69 

0..69-0..70. 

0..70.-0..71 

0..71-0..72 

0..72-0..73 

0..73-0..74 

0..74-0..75 

0..75-0..76 

0..76-0..77 

0..77 -0.. 78 

0..78-0..79 

0..79-0..80. 
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Table XVI. (contd.) 

dO" 
dt 

LGe;;c)2] 

Q.7Q±Q.23 

1. Q9±Q. 29 

Q.46±Q.Z2 

0..70.:1;:0..26 

1.Q1±Q.3Q 

Q.39±Q.21 

Q.15±Q.15 

Q.46±Q.19 

Q.54±Q.2Q 

Q.69±Q.23 

Q.38±Q.23 

Q . .23±Q.13 

Q.23±Q.13 

a An azimutha~ correction was made for t from 0..0.5 
to 0..6 (GeVjc) , but not for t> 0..6. 
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Table XVII. Angular regions used for tits to determine 
spin-density matrix elements for P production. 

(Each reference frame has a polar angle P and an azimuthal angle ". 
In order to avoid interference with diffraction in certain 
t' regions, the forward region of cos P was avoided. ) 

p 

t' P region 

. 0.-0..0.5 

0..0.5-0..1 

0..1-0..2 

Q~6-Q.8 

0..8-1 

1.0.-2.0. 

0.-0..0.8 

0..0.8-0..5 

0..5-2.2 

all t' 
p 

Forward region 
of cos P avoided 

Yes 

Yes 

Yes 

No 

No 

No 

Yes 

Spin 
density 
matrix 
element 

PQQ 

P1-1 

Regions used for spin-density 
matrix element determination 
in those cases where the forward 
region of cos P was avoided 

Region 1 

cos P-1-Q.5 

cos P < 0. 
"0.- 45 ,135-225, 

315-360. 

Region 2 

cos P -Q.5+Q.~ 

cos P < 0. 
" 45-135, 225~ 

315 

Yes cos P < 0. 
Re P1Q ,,0.-90.,270.-360. 

cos P < 0. 
" 90.-270. 

No 

Yes 

Regions used for spin density matrix element determination 
in those cases where the forward region of cos P was not avoided 

Spin density 
matrix element 

PQQ 

P1-1 

Re P1Q 

Region 1 

I cos pI> 0..5 

" 0.-45,135-225,315-360. 

cos P -1-0., 
"0.- 90.,270.-360.; 

cos Po. 1 " 90.-270. 

Region 2 

Icos pi < 0..5 

" 45-135,225-315 

cos P-1 0. " 90.-270 

cos Po. 1 " 0.-90.,270.-360. 



t' region 

All t' 

t' 0-0.5 

t' 0-0.08 

t' 0.08-0.5 
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Table XVIII. /::.. ++ -p + interference fit results. 

No interference Inte rfe rence 
Number 2 A .2 A CPo of bins X 1T1T X 1T1T d 

48 56.5 0.1 ±0.3 51.3 .0.3 ±0.3 0.3 ±0.15 124±23 

40 64.5 0.35±0.35 61.3 0.45±0.4 0.2 ±0.15 97±33 

25 15.1 1. 75±1 14.2 2.1 ±1 0.2 ±0.2 164±62 

31 34.1 -0.35±0.3 30.1 -0.1 ±0.350.35±O.2 170±27 
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Fig. 1. A typical frame of film. There is a two-prong and a four­
prong event. (XBB 711-42) 
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Fig. 4. Momentum dependence of the parameter B in the fit to the 
diffraction region of the form e Bt. The solid curve is the function 
6.8 [32 (GeV/c)-2. 
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Fig. 5. pT/ mass spectrum in the KOpT/ final state with -tK < 2(GeV/c)2. 
All topologies are included, and ambiguous events are shaded. 
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Fig. 8. Krr mass sl?ec·trum for the event classes chosen as in Table VII, 
with -tp < 1.2 (GeV/c)2 and removal of events in the ~++ band. 
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KO P1f+ ~tate. Only the two -prong events are plotted. 
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