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'ABSTRACT

We have analyzed approx1mately 30000 four-prong events at LA
beam momenta of 3.2 and 4 2 GeV/c, - obtalned w1th the 72-inch hydrogen
~ bubble chamber at the Lawrence Radiation Laboratory. We present all

the effectwe -mass distributions obtainable from the final states pTT T,

e : pﬂ’+Tr°" 7, and nﬂfﬂfﬂ T, as well as‘the cross sections of these final '

- :states. In addition, we present the results of our study of the quasi-

" . three-body final states N*'*'"'('1238) wws, pw pf, pTT-w' and pTm. We have

'v glven partlcular empha81s to the productlon and decay of the A1, AZ’ and

- - . B enhancements; the A1 and B enhancements observed in our data are

consistent with the mterpretatmns as kinematic enhancements although
‘the possibility exists that what we observe at our energies is an admix-

- ture of resonant’states and kinematic enhancements. On the other hand,

the AZ enhancement can be interpreted only as a genuine resonant state.

From the study of the decay angular correlatlons in the A, region as well
as the control regions, we have determmed that the lowest possible quan-

tum numbers of the Az’ are. J? = 2%,
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I. INTRODUCTION
” Dliring the past féw years, many people have investigated the
multipion final states from T p interactions at incident beam momenta

ranging from 1.5 to 10 CzeV/cz.:l This report consists of an analysis of

approximately 30 000 four-prong events leading to multipion production

from w p interactions at 3.2 and 4.2 GeV/c.

Previous investigations in 7p interactions have shown abundant
production of resonant states such as the isobars [especially the N*(1238)]
and the meson reéonances P, W, émd n. More recehtly, many investi-
gators have observed enhancements in the spectrurﬁ of a pion a.nci one of
the meson resonances cited above. Thus, the A1 and Az‘enhancements |
have been observed in the spectrum of T and p -(Ref. 2), and the B en-
hancement in the spectrum of ™ and w (Réf. 3)..

Our main objective in this report is to describe in detail the pré-
duction and decay mechanisms of these enhancerﬂer;ts, as well as the com-
pé?irig channels which contribute.to their background. For the A, and B
enhancements, we show that the competing channels dominate and the -

enhancements as observed in our data may be interpreted as kinematic

effects in the competing ché;nnels themselves. On the other hand, the

A_ enhancement i& shown to be consistent with the interpretation as a

2‘
genuine meson resonance, From the study of the internal correlations

5 a8 well as the control regions, its spin-parity (JP) assignment
is shown to be consistent only with JP = 2+.

In Secs. Il and III; we discuss briefly the experimental procedures

and the results of cross-section measurements., A more detailed account

of experimental details is given in Appendix D.
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In Sec; IV, we ;liscuss‘the final-state pTI'«+-TI';TT— in which the p? and
the doubly charged i_soba.r N*H (1238) is produced copiously. Results
concerning the A1 a.hd A2 enhancements are pre'sented here, while the
matrix elements used in their spin and pa‘rity analysis are given in
Appendix A. |

In Sec. V, we discuss thé final state pwfn"ﬂ'fr', in which w and
N production is observed. Results concerning the B enhancement are
presented in this section. Properties of the w Dalitz plot are derived
in Appendix B, while in Appendix C the expectéd angular correlations'in

the B~ mw decay are given for various spin-parity assignments,

11, ‘EXPERIM.ENTAL PROCEDURE

This exéeriment was carried out in the 72-inch hydrogen bubble
chamber (af the Lawrence Radiation Laboratory) exposed to a ™ beam
from the Bevatron. A total of 37 OvOO four-pron.g events were measured
and procéssed through the standard data-reduction system of the‘Alva.rez
Group at the Lawrence Radiation Laboratory.4 The pictures were taken
at two dist_in’ét beam momenta; the‘lower momentum was de‘termir.xed to :
iae 3.21£0,026 GeV/c and the higher momentum to be 4,16 £0.015 GeV/c." ’

 About 42% of the total sample came from the higher beam-: |

momentum data where all four-prong eventé were scanned for and meas -
| uAred‘ (the 4.2-GeV/c sample). Of the remaining 58% of the sample, at
| 3.2 GeV/c beam momentum, about 33% consists of events measuféd only .
when an outgoihg 1')roton could be identified on the ééanning table on the
basis.of ionization density; we call this the 3.2-GeV/c selected sample.
In the remaining 25% of the total sample all four prong evenfs were

scanned for and measured; we call this the 3.2-GeV/c normal sample.
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il

We note that the distribution for the selected sample in the four-

' momentum transfer squared to the proton (A; ) is more peaked in the

‘lower region than that for the normal sample (see Fig. 1). For this .

reason, only thé 3.2-GeV/.c normal and 4.2-GeV/c samples have been
used for histograms and scafter plots involvipg A; jor Aini. Since
resonances of interest are produced more often in peripheral collisions
than in other types of interactions, the selected. sample should be richer

in these resonances.

Types of reactions that have been tried are as follows:

T p > p1r+ o A ' _ (1a) -
- p‘.1r+ 0 n'fv" | " ' (1b)
- nrt "rr+1r'"l1r' _ - (1c)
- prut 7wl (kn?), k =2 (1d)
- mtat et aTn(kn), k24, O (1e)

Fo_r conve.nienc_ei,_. we shall' denote the final states in reactions (1a)
thx;ough ('1'e). by p3m, p4ﬂ, n4dmw, p3TMM, and_41TMM,}rles'pe‘ctively, where |
MM stands for the unobserved neutral svystem (as well as its effective
mass). o

For fitted events [reactions (1a), (1b), and {(1c)], only those with
a confidenée level greater than 0.5% were accepted.5 Events were tried
for hypotheses (1d) a.nd_'(i_e) only if they failed to fit reactions (1a), (1b),
and (1c)'. Ail ambiguous events that could be resolved on the basis of
ioniza_tioﬁ density were lookéd at by physicists and trained scanners,
éﬁd the hypotheses inéonsist_ent with the observations were eliminated.

In aadition, a small fraction of p4v elvents (less than 3%) which

were ambiguous with p37™ events was dropped from the p4T sample; it
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was judged from effective-mass plots that 80% of this sample contained -

p3T events. Moreover, if the measured missing mass for any p47m event

was too far removed from the 7 mass and the confidence level was

k)

low, that event was dropped from the sample (less than 4%). In a similar ' v o

fashion, a small fraction (6%) of events was deleted from the n4™ sample.

A more detailed account of the event separation among different hypotheses,

as well as other related topics, is given in Appendix D.

The total number of events used in the analysis for each reaction

category is given in Table I. As expected, the 3.2-_GeV/c selected sample

shows a drastica'lly reduced number of events for the final states with no -

proton (n41f and 4TMM); the events fitted to these final states represent

cases in which the low-momentum ' track (or steeply dipping track)

was misidentified as an outgoing proton during visual examination of

ionization,

Table I. Number of events used in the analy'sisv.

Final states 3.2-GeV/c 3.2-GeV/c 4.2-GeV/c Total
Normal Selected' - | '
prtm n” 2333 3985 2986 9304
prtmwOm " 2336 3772 . 3471 9579
nrtate e 1114 449 1803 13366
pr T w T (kn?), k=2 665 1379 1954 3998 -
:nﬂ+w+ﬂ-v-(kW9),1Q;1 1040 165 2236 3441 . " g
Total | |

7488 9750 12450 29688
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' III. CROSS-SECTION MEASUREMENTS
Table II shows partial cross sections at the two beam momenta
studied (3.2 and 4.2 GeV/c). 'The cross sections were obtained by normal-

izing the total number of interactions .to the precise measurements of the

‘m°p total cross sections given by Citron et al,

Table II. Partial cross sections,

Cross sections (mb) .

Reactions - . 3.2 GeV/c . 4.2 GeV/c
npprTTET 1.91%0,08 . 1.92£0.40
- prtn0nn” 1.86£0.,08 . 2.18%0.11
Nk A 0.89+0.04 1.16£0.06
- pn+ﬂ"w‘(kw°), k=2 , ,
N 1.46 % 0,07  2.75%0.14
—qam o w (ki?), k=1
Total  6.43%£0.24 - 8.01%0.39

In a special cross-section scan, the entire quantity of film used

. for this experiment was rescanned to find the number of two-Qprong, four-
" . prong, and strange-particle-productioh events, For twov'—prc'mg events,

' we corrected for the loss of events due to small-angle scatterings.

Other corrections were made for scanning efficiency, failing events, and °

Ja - the possible contamination in each channel due to misas signed hypotheses.

A more detailed account on cross-section measurements is given in
Appendix D.4.
! Figure 2 shows partial cross sections reported to date for reac-

tions (1a), (1b), and (1c) at various beam momenta.8-17 The curves
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drawn are freehand fits to the data. According to these curves, the
cross sections for p3m and p47 final states reach their maxima in the
/F,‘

region of 7~ beam momentum from 3.5 to 5.0 GeV/c, whereas the

maximum for n4w final states seems to lie above this interval. : J

IV. pm w n” FINAL STATE

A, Effective-Mass Distributions

In :fhis section we present general feaf':ures of the p37 final state.
In Figs. 3 and 4, all the effective-mass distributions are shown sepa-
rately for 3.2- and 4.2-GeV/c data. The histograms at 3.2 GeV/c (Fig. 3) |
| inclﬁde both the normal and selected samples. Both these sampleé exhibit
" rather similar effective-mass distributions, except for som.ewh_at stronger
'prbduction of resonances such as N*(1238),‘ Al; and A2 for the |
seiected sample,

The most striking feature of thié finai state is that both .N*++(1238)
and p° resbnancés are copiously produced, rI.‘he éufves in Figs, 3 and 4
‘ Qere obtained by adding nonresonant phase space (42‘-’70), Vphase space |
modified by a Breit—Wigner form for N*++(1238) (34%), and‘ the‘ same
for p% (24%) (Ref. 18). Thelamount assumed for each resonance is
- somewhat a.rbitra.ry;‘19 the curves are meant to show only to what extent
gross features of thi's final state can be explained in terms of phase-
space curves modified by the two noninterfering resonances,

The effective mass of the n+nfn- systemA(Mni_n'_“_) shows clear, - ¥
_ deviation from phase space at the mass of the A2 and a broad enhance-
ment in the region of the Ay (see Figs. 3g and 4g). The distribution in
M (Figs. 3b and 4b) shows evidence for N*°('1'233), N¥9(1518), and

pw
N*O( 1688) productions,
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Note that the M distributions (Figs, 3c and 4c) do not show

wte-

evidence for f%(4253), in contrast ‘to i+ the results from ﬁ+p interactions
in ti‘liS energy raﬁge;zo it has been shown that the £° product1on from

T p interactions takes place mainly through the channel N (1238) £°,
The equivalent channel for 7 p mteractlons would be the channel |

>k°(1238) f°, the cross section of which should be only one - ninth that

~ of the reactmn ™ p - N (1238) 2, In addition, f° cannot be produced
_in conjunction with lngher—mass 1sobars such as N (1688), since the

'~ reactions of this type are below the threshold at our energies.

For the partial cross-section evaluation at 3.2 GeV/c, we use .
the normal sample alone; the cross section for p° production is deter~ -

mined to be 0,48+0,07 mb, and for N ¥ production, it is 0.59 £0.07 mb,

for p“ and N»=++ productions, respectively,

The respective production cross sections for the A1 and Aé are

140 and 150 yb at 3.2 GeV/c, and 160 and 175 ub at 4,2 GeV/c, The

errors in these values are large, because of the prox1m1ty of the reso-~
nances and the uncertainty in estimating the background, The errors

range from 25 to 35%,

: , : . . ' bt -
In the following sections we discuss in detail the channels N T ™

and pw p%in turn,

. - $tt - -
- B, Reaction® p-» N ++1r m

. At 4.2 GeV/c, we find the cross sections 0.52 £0.07 mb and 0.59 £0.07 mb

In order to investigate the production mechanism of the 3-3 isobar,

we present in Fig. 5a the Chew-Low plot of four -momentum transfer to

the p'rr+ system (A2 Jr) against M The fact that the isobar is produced
. pr _

prt’

p‘redomin,antly in the region of low A + suggésts the one-pion-exchange
prw . '
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process represented in Fig, 6, This feature is emphasized further in

+

Figs, 7 a,band 8 a, b, where we show the‘A2 distribution in the isobar ": o

L, < 0.5 (GeV/c)2

. P

‘region (1.12 to 1.32 GeV) and the M, distribution for A
pT. : pw

at each beam momentum separately,

Before we study the final state N*++1'rv-'rrf, we first look for.pos.-
sible c'onvtanﬁnatio_n in the N* 1+ sample. As is shown in Sec, IV.C, one
of the important channels of the p3w finalv state is that of double re sonance
formation, N'(1238)p°, N*°(1518)p°, and N*°(1688)°. Figure 5b is a
scatter plot of Mpn" vs M"+ﬂ_ fo"r events in the N region [an‘d with,i’
| A2p"+'< 0.5 (GeV/c)Z], where we used only the combinations Mp“_._iz and -
M“+T;; satisfying the condition AZY - < AZ .. There is clear evidence

'rr P
1 2

‘that the N*°p° channel is present; the N."(1238) channel especiélly appears_'v o

‘ tq bg an important one, The projections onto the M"+ﬂ_ and Mpﬁ_ axes
shown in Figs. 7 d, e and 8 d, e demonstrate furAther the presence of p°
and N0 .reéonange_s, |

It is rather difficult, however, to estimate quantitat_ively the
amount of bo formation in the N* Tt sample; the distribgtioﬁ of Mﬁ+w‘
with a2 > A% _ tends to be peakved below the p® region, and it is iot

1 P73 .
clear how one should estimate the background. Nevertheless, we be-

: . . P : *
lieve that there is a fair amount of contamination from the N °p° channel.
. - . | . * = = ‘
Furthermore, kinematics and decay angles of the'N tti"r” channel are
v 4+ - . *0 0 £
such that some of the N events 'spill over'" to N "p” final states,
especially in the N %(4238) region,
With this possible contamination in mind, we next turn to the de-
PRI ' : - - * : , |
- scription of decay correlations at # 7 and N ¥t vertices (see Fig. 6).

.. For this purpose, we define two coordinate systems as follows: In the

v
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T (pn+)_ rest frame, the z axis is parallel to the beam (target)
momentum and the y axis is parallel to the normal to the production
plane. Polar and azimuthal angles in these systems are denoted by

6(n 7 ), 4>(1'r-1r-), 6(p1r‘1+),_ and <’p(p1r+), where the symbols in parentheses

-indic'ate the rest frames in which they are evaluated. Note that the

azimuthal angles thus defined are just the Treiman-Yang angles.

Figure 9 gives the distributions in cos 8 and ¢ for events in the

'N*H_' region (and with low Ai)‘ﬂ"") and also the same distributions for

2

those events with the further selection that Mw‘*n'l' (a7 . = Azpﬂ_) lie

2 P74y 2

outside the p° region (0.66 to 0.84 GeV).

We see that the Treiman-Yang angles are relatively isotropic,
supporting our belief that the one -pion-exchange mechanism is the dom-
inant one. Note that the distributions in cos 6 (pw+) become more sym-

metric outside the p° bandz‘1 (see Figs. 9c and 9g) and é.pproach the

" well-known (1 + 3 cosze) distribution for the isobar décay.' The solid

. curves in these figures are fitted by the least-squares method to the.

Legendre polynomials,
n

; | .
Toosg = L pylcos O (2)
1=0 '

'Thevcoefficients', normalized to the total number of events at each

momentum, are:

. Coefficients
Momentum (GeV/c). ag . | a, : a,
3.2 , . 166, 4.1 105.9 7.8 111. +9.5

4,2 | 66.0£2.6 © 48.245.0 62.6+6.0
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| The behavior of cos 6(w w ) and ¢(1f1r{) as a fur;étion of M___ - "
is shown in Figs. 5c and_Sd. Here the distribution in cos Q(Tr-'rrp) is
relativelyi iSdtropic'(s-wave) at the low-mas‘sj region of M“_“_; higher | e
- partial waves appear gradually as M“_;r__increases. The distribution
ind(w w ), | on the other hand, remains relatively isotropic throughout‘
'_.v;the‘ entire range of Mn;w" The c_(.;os G(n-;rn) fborv foui‘ different regions
of M"_"_ are shown ir1.<Fig. 10 for tw6 beam momenta separately. Re-
s'ult.s of a 1east-équares .fit to the data a_.ré shown in Table IIIL. |

The M____ plots for the N*** region with Aiﬂ_ < 0.5 (GeV/c)?
are given'in Figs. 7c and 8c; we see no _evidencg of a’mw resonance

23 _ distributions to calculate

(I = 2). Several authors_ have used-M'"__
_ the total cross section fér the reaction #™n~ - 7w . However, in view
of the contamination in our data from the N*°p ® channel and of the un-
certainty in using semiempir_ica.l formulas, we db not present our result
here at this time; wé merely‘ point out that our results are in fair agree-
.ment with those obtained by others. |
| Finally, the .Mw_po:>distributions (with p° selected as desc’fibed

abéve) are ShOWD in Figs. 7f and 8f; there is little evidence that the A2

production contaminates this channel,

' C. Reaction 1 p = pn p°

+

In order to study this reaction, we cut off the N t region [Mpn

‘in the interval 1.12 to '1.‘32 GeV and Aiwr’f < 1.5 (GeV/c)ZA], (Ref, 24).
This cutoff does not substantially affect the analysis presented here, ¥
except for certain angular distributions; these are shown separately for

* .
the N T region,
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It is in this channel that we observe the well -established enhance -

vrrients--'the AZ meson, 25-34 and the A1 e‘nh_ancement, 35 which is not so -

well understdod. Figure {1a:shows the Chew-Low vplot of Ai f/s Mﬂ_po,
where we have taken those events with M;“;L“_ in the p° int.ervétl (0.66 to
0.84 GeV); since these enhancements appear to be primarily associated
.with the low Azp, it appears likely that peripheral processes aré respon-
sible for their production (see Fig, ,125); The histogram projected onto |

the Mﬂ-po axis (Fig, 11b) shows a prominent peak at the AZ, mass and a

broad enhancement in tﬁe region of the A'.l Broken lines in Fig, 11b
show the distribution of M - - for events with M S outs1de the p°
1nterva.l there is no evidence that either the A'l or the A, decays dlrecﬂ*
‘into a 311; channel without the 1ntermed1ate p formation,

According to our data, the mass and width of the A2 meson are

1340+20 and 8020 MeV. As for the Ai’ the mass and width of 1090
and 125 MeV are consistent with our dé.ta; their precise values are
rather difficult to determine, as the A1 does not appear as a sharp peak,

In this connection, note that a recent world compilatioh by F‘e'r.bel?‘6

of |
the M +1T_7"i distribution from nip interactions shows a sirr'xil'a.r tr'endl;
the A1 enhancement does not appear as a sharp peak.

In this channel, another imporfant process occurs, namely that
of double -resonance formation N*°p°, as is illustrated in Figs. 11c and
11d. We see from these figures that N*(1238), N*°(1518), and N*%(1688)
are copiously produced, Again, they are produced primarily at low |
AZ - which suggests the one-pion-exchange (OPE) mechanism for the

pw
_process (see Fig., 12b).
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In Figs. ‘11c and 11d, only one combination of pw (or 1r+1r-) has‘ -

been chosen for each event,” For single-p® events (only one combination

of M"+"' in the p° interval), we naturally choose the combination PT,

+

or v w,) if Mw+ﬂ_'is in the p®interval, As for the double-p° events

2)
1 1

.(both combinations of M_; . in the p® interval), the following method

has been used to choose the one combination: We first take a somewhat

. . : 1

falls in the narrower p° interval and Mn*‘n- in the wider one, the com-,
C ' 2

bination png (or 'rr+1r;) is chosen, If, however, both combinations of

Mﬂ»+"- fall in the narrower p® interval, we choose that combination of

pﬁ- (or 1r+1r-) for which AZ - is"less than AZ - (Ref, 37). This is done
2 oo PT, - Py .

in an effort to isolate the peripheral process of Fig. 412b as much as

possible,

An additional purpose in devising this method has been to some-

how circumvent the effect of interference due to _double-p° events so

that, for instance, a meanihgful comparison can be made between the
virtual process at the lower vertex of Fig, 412b and the physical process

m p— w7 p. We emphasize, however, that the analysis which follows

~does not differ appreciabiy from other methods that can be devised; for

instance, one could have sirhply chosen that combination of 1T+1T— which

is closer to the p® mass,

1. Differences Between the A1 and Az Enhancements

A number of a.u'thors38-4'1 have observed that the A1 and A2

enhancements have different production mechanisms; the production of
the A, meson seemed to be consistent with that of a genuine resonant

2
state, whereas the A{l enhancement seemed to be assécia.ted with the
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OPE proce ss leadmg to the final state pr p?, ‘which would be clearly

inconsistent w1th the Ai's be1ng a resonant state.

b o

We ‘f1rst show the Dalitz plot of Mp"_ against Mi-po in E‘rg. '13a;> :
this plot illustrates the extent to which the Ai and A, interfere with the J
three neutral isohars. ~ The projections onto the Mpﬂ- axis for the Ai'
and A2 regions separately show' that isobars are more prominent in the
A1 than in the A2 region '(.see Figs, 13b and 130).4‘ A further difference.v“
is seen when Aiﬂ’- is plotted against M“;-bo (Fig. 13d)‘; the -A1 enhance~ '’

2

ment is concentrated in the region_ of low Apn" while the A

5 clearly 1e

not. In fact, the Dalitz plot for 'Ai"; < 0.55 (GeV/c)® (Fig. 138) shows
the entire »A1 b.ut almost none of the AZ,' while the same plot for
. Azp . >.0.55 (GeV/c) (Flg. 13f) shows very 11ttle evidence for the A1
These figures clearly demonstrate that the .A1 enhancement is pr1mar11y
assoc1ated w1th the channel N °p , which is produced through a per1pheral
process (presumably an OPE process). For completenesls, we show
distributions of Ai and Ap&r" for the A1 a.nd-A2 regions separately at
.two different beam momenta (Figs. 14 and 15),

If the Ai enha.ncement is produced in assocrdtion With the c.ha.nnel.
N*opo through an OPE process (see Fig; '12b); the decay angular dis- o
tribut.ion of p° with respect to the incident beam direction, cos 6(1r+n;‘),.
should show the character1st1c cos 6 distribution, while for the A thlS
would not necessarily be true, 42 Distributions in cos G(n ) forvfo‘ur |
. different.reg'ions of Mw"p° ‘(below Ay Ai’ A,, abo&e\ﬁzérrﬂe’_gionsf’)_-a‘re -0
shown in Fig.‘ 16. We see a strong cos 6 distribution for the A1 region

but not for the A region. We note that about 50% of»evente in the A2

2
region are estimated to be the background events, If these background
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events are subtracted out, we may have a drastically different distribu-.

tion for the A,. The corresponding Treiman-Yang angle for the A1

.2'
region'is relatively isotropic, which is consistent with an OPE process,"

The same distribution for the AZ shows a significantly enisotropic dis~- |

tribution,

2. Interpretation of the Afl as Kinematic Enhancement

Since the A1 is predominantly associated with the final state
N*°p°, is the A.1 merely a kinematic reflection of this final state and
not a resonant state at all ?. Shen et al, 39 showed that this 1nterpreta~
tion was indeed consustent with their 7= p data at 3,7 GeV/c; a strong
diffractive process at the n P vexjtex caused an enhancement near the

Ai mass in the ‘Mnibo distribution, in consz_'mity with a theoretical

model proposed by R, Deck‘l3 and developed fnrt‘her by Maor and - i

O'Halloran, 44 We find that the A1 in our data can be explained in sub-

y -

stantially the same way, although we cannot rule out the pos sibiiity that .

the A1 resonance is produced on top of the strong background due to the

Deck mechanism,

In order to study the angular distributions for the N *o channel,
y g o’

we first make a cut on AZ - at 0.55 (GeV/c) . This cut has been choeen. ;

* o
" to reduce the background in the N"%9 final state and at the same time

to hold the A2 contamination at a minimum, The h1stogram of M p°
for A .-< 0.55 (GeV/c) together with that of Mp"., is shown in Fig. 17;
the«AZ peak ia,seen to be Idrastio‘:ally reduced, as was pointed out in
Sec. IV,.C. 1.

We present in Fig, 18 decay angula.r correlations at .p and N *o

vertices for two different beam momenta, Relevant angles are defined
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as follows: 6(1r+1'r-) and ¢( +r+w;) are polar and azimuthal .angles of n  in
a coqrdinate system d'efined in the 7 n~ rest frame with the z axis
along the incicient beam momentum and the y axis along the normal to
the production plane, Similarly, 6(pr ) and ¢(pw ) are polar and azi- . .
muthal angles of the ou-tgoing prbton inv the pr  rest frame, with the z
axie along the incomihg proton direction and the yl axis along the pro-
ductionlnormal.

Again, the cesza dietriiauti'ons in cos é(Tr+1r-) are consistent with
’an OPE proeesé. However, the forward-backward ‘asymmetry seen in . R
the data of Shen et al, 39 does not show up in our data.' This is to a
large extent caused by the N* eutoff (see Fig.‘ 18i); decay angular
correlatlons and reaction k1nemat1cs a.re such that the region near |
cos 6(1r ™ ) +1 tends to be depleted by the N .ut.’ The dlstrlbutlons L
in ¢(w *17) are consistent with i‘sotro'py, if we take into account the effect.
of the N™TT cut (se‘e Fig. 18j). |

For completeness, we have fitted the cos 6(-":r‘+1r—) distributions
(see Figs. 18a and 18&) to the Legendre polynom1al serles (Eq 2) by

the least- -squares method

Coefficient:

- Momentum (GeV/c) | . a9 ay . ay
3,2 - 94,0%3,1 -1.50£5.98  85.5%7.4 .
4.2 . 46.,7%2.2 - =0.57+4.,17  44,75.4 '

:,'Th'e coefficients given above are normalized to the total number of

events at each momentum,
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As for the angular correlations at.the prw vertex, the most promi-

 nent feature is the strong diffraction peak in the cos 6‘(pn-) distribu\tion.

The corresponding Treiman-Yang angle &(pn ) is uniformly distributed,
again coﬁsistent with the OPE process, Note that the angular distribu-

. . - : * ‘ '
tions at the pr vertex are not affected by the N  cutoff (see Figs, 18k

In order to demonstrate the relationship between the diffraction

region [cos 8(pr”) & +1] in the cos §(pn) distribution and the A, enhance-

ment, we show in Fig. 19a the Mw"po plot for only those events with
cos 6(p1r_)' >0.8; here the events are confined entirely to the Atl region
with a prominent peak near the A1 mass., This demonstrates ciearly

that the events in the diffraction region and those in the A1 peak come

" from the same events, Figure 19b shows that if this diffraction region

is cutoff, there is no evidence for the A'l. enhancement at all in the re-
sulting M-rr"po disfribution,
If we can now show that the diffraction peak we obsérve in the

cos B(pm ) distribution is inherent in the virtual process m p - 7 p (at

"~ the pw  vertex) and not a reflection of a genuine resonant state Ai’ we :

will have established that the A1 is a kinematic enhancement.in our data.
For this purpose, we first show how theiidistributions in'cosf(pm’)
and ¢(pm ) vary as a function of Mpn' (see Fig. 20). We see that most

of the diffraction effect comes from high-mass isobar regions, The

. distribution in ¢(pw ") is essentially isotropic throughout the entire

relgion of M _,
pm- | | , |
_ Figure 21 gives the cos Bpw ) distributions for five different

M - intervals. With increasing Mpw"' "the peak at cos 8(pw ) = +1



-18- UCRL-16881 Rev.

" becomes more prominent and the slope is approximately exponential,
which is characteristic of a diffraction scattering».‘v

We now compare these distributions with the“ experimentally
measured differential_‘ cross sections for the 1-r-p_elﬂastic. scattering, 45, 46
This comparison is meaningful if we assume that the _exchanged' pion is
sufficiently close to the physical region and that it behaves like a physi-
cal pion., With this assumption,"the differential cross sections are
‘, '.a.veraged'ov.ve'-r each Mpﬂ_ inte1"val and the resulting curves are compared
with the cos 6(pw ") distributio/ns‘}’7 (see Fig, 24), For Fig‘s.21a and 21b,
the curves are normalized to the total number of events iﬁ each fjgure;
for the rest of tile figures, the curves are normalized to the number of.
events in the cos 6(pw_) interval frorﬁ 0.8 to 1.0, |

We éee that our experimental distributio.nsﬁ are in fairAagreernent
with the curves, Thus it seems plausible té conclude that the peak near

cos f(pw ) = +1 results from the diffractive scattering at the pm_ vertex

and is not a reflection of a resonant state, -

Although our data appear to be consistent with the hypothesis that

the A'l is a kinematic enhg.ncement of the typé proi)o'sed by .Deck', this is
by no means a coﬁélhsive proof, Ip fact, it is quite possibLe that a gen-
uine resoné.nt state is present sﬁperimposgd on a béquround enhanced
by‘ the mec_haﬁisnﬁl of the type described here.

- Finally, we comment on other. theoretical models proposed for
the A,. Month has shown that a triangle .singularity can yield a three-.- ’

1

- pion peak at the Ai mass, 48 ‘Accor-d‘ing to this' model, we expect to see "
a cluster of events at the low M“_,__n_- region in the .Ai Dalitz plot, How-

ever, it does not appear that this condition is met for our A1 events,
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The region of low M‘ﬂ‘+'ﬂ'I would correspond to 't.he region cosf3 = +1

where B is the angle between the 1T+ and mw" If-in the p° (1r+1r',2) rest frame (see
Fig. 27b); we see very little evidence for an enhancement in this region,
Another kinematic origin for the A1 enl1anéement has been proposed by
Chang, 49 who has shown that the effect of Bose symmetrization can

lead to the enhancement, However, the test he proposed cannét be

applied in our data due to the ill-defined Ai peak,

3. Spin and Parity of the A,1 and A2 Enhancements

Before we present the results of our spin-parity é.nalysis, we
first coAmrnent on other quantum numbers for the Aé. Many investi-
gatorsso have showﬁ that the isotopic spin for the A2 is not consistent
with I = 2, Furthermore, the decay fnodés wn or KK for the A2 would

not be consistent with [ = 2, ' Since the.np decay mode implies G = -1,

We shall apply the spin-parity analys.is to the -AZ meson, as well |

as the A, enhancement, assuming the latter is a genuine resonant state. _'

1
In addition, we shall investigate the production angular correlations for

the A1 and the A.2 in order to infer the possible quantum numbers as

well as the production mechanisms,

Previous spin-parity aLna,lysezss1 indicate that the likely JP '

assignments for the AZ are 1+, 27, or 2+. The KK decay mode of the o

AZ’ however, limits the JP assignment to 2+. 52 Previous analyses

did not take into account the large background associated with the A.?.

pea.k (see, however, Ref, 34); assuming that the background does not

interfere with the AZ' we have subtracted the background effect by

~examining the control region,
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Our basic approach to JP analysis of ti;e Az is t§ compare the
distribution in cos 3 with that obtained by the theoretical cal_culation53
for a gi.ven JP, where B is the angle between n" and the "bachelor" L
(not in p°) evaluated in the p rest frame, The matrix elementlassumed
for each spin and parity is given in Appendix A.

_ In order to suﬁpress the A1 enhancement (and also the channel
N*"po), we have eliminated the diffraction region (see Fig. 19a); i,e,,
thoksle events with A:i)“— < 0.55. (GeV/c)‘2 énd cos O(pr ) > 0.8, Further-
more, since the AZ is produced at low A?;), we limit our analysis to events
with Ai <0.65 (GeV/c)2 (see Fig, 23a). We first show what the effect ;
of N*%s are in this subsample (Fig. 22). Here N*o( 1238) is strong,
with some evidence for N*o( 1518) and N*(1688). In the A.2 region it-
self,. however, these isobars appear to be not so imporfanf (the shaded
~area in Fig. .22). |
The distribu.tions.in cos 3 for the A2 région as well as for control
'. regions are shown in Figs, 23b thrbugh 23d, Note that the distribution
inl‘the A2 .region is quite different from those of control reg.idns.

In order to understand the background effect, wé use the following
method, >4 For a giveﬁ amount of bat:kgrox;tnd which is éséumed to vary

from 0 to '100%, ‘we compare the theoretical dlstr1but10n of a glven J

: w1th the distribution composed of {n } (i =1,20), where ni is obtained by

. n| eN [ (1)

+ an(?l] (3)

Here n, is the number of events in the ith bin of the cos f distribution

in the AZ region (Fig, 23c), ( 1y is the number of events in the ith bin

for the region below the A2 and n§2) above it (Figs, 23b and d), and

R
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N, N( 1), and N(Z) are total numbers of events 1n each category, The
parameter € varies from 0 to 1, corresponding to the amount of back-
ground level from 0 to 100%. The parameter‘_ @ has been used to vary
the relative amount of control regions; We have taken o = 1 for the
. spin-parity analysis on the AZ“ ‘Howe{rer, we have also tried other
values of a (see below), |

The resulting xz (19 degrees o_fl freedoﬁ) for each JP assignment
for the A.2 as a function of the amount of background is shown in Fig, 24.
We observe that if the background ‘is assumed to be zero, we obtain JP
assignments of either 1+ (£ =0)or 2" (£ = 1) fox; the AZ' We believe,
however, that the amount of background is certainly not less than 40%
and probably not more than 70% (see Fig, 23a). Within this region
(shown by dashed lines in Fig, 24), we find that there is only one uniqﬁe ,
JP assignment consistent with the data-~-it is 2+! Assuming 50% back-
ground, we give in Fig, 25 the cos B distribution along with theoretical
curves for a few J* assignments. In Table IV, we list the value of x
for each JP assignment, along with the cdrr‘ésponding confidence» level
at 50% background, _

We have also weighted VN( 1) and FN(Z) by different amounts (a =
N(i)/N(Z)) so that equal numbers of eV‘entsv contribute to the background;
| the general structure of XZ did not change appreciébly fhroughogt the

entire range of background level,
Therefore, with the assumption that the background does not inter-
 fere with the AZ meson, we conclude that its spin and parity are uniquely

2%, which is consistent with the observation of the K& decay mode,
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We apply the same btechnique to ?he A’l enhancement, assuming
that it is a genuine resonant state. Again, we take only those events
wifh A§ < 0.65 (C‘:eV/c:)2 (Fig, 26), “We select foﬁr regiops of M"_po--
namely, below the Ai’ ig the Aik and A2 regions, and above 1:he~A2

region; the distribution in cos B is given for each of these regions in

Figs. 27(a) through (d).

Table IV, Fits to various JP hypotheses for the AZ' a
P 2 e
mp phase space B 44,89 B - = 0.07
1" BT T . = 0.04
2t | 21.56 - 307
o- 316,086 0.0
1" =0 56.22 0.0
1t (0=2) 135,04 0.0
27 (£=0) 56,20 o 0.0
27 (2=3) 145,19 | - 0.0

2509, background level assumed. *

b19 degrees of freedom

" 'Background has been taken into account as follows: Even.ts in
f‘igs. 27(a) and (c) are weightedv ;iifferently so that equal numbers of
events contribute to the background [a = N(i)/N(Z)] ; this particular
choice of weight is some.what a.rbvi'trary. However, the results are

rather insensitive to any particular choice of weight. For instance, we

¥



.23 ' UCRL-16881 Rev.

could have taken events in the control regions with the same weight

(¢ = 1); the results do not changevdrastically.

Figure 27(e) shows the behavior of x 2 for each J¥ as a function
of th"e background level. In the interval between 30 and 60% background, P
asbxsi'gnm'ents 1+;.(2 =0)or 2 (L=1) seem quife 'c‘ons\iste'nt with th‘e..datai. .Figu‘r'e" 27(f)
shows how the .theoretical curve for JP =1" (£=0) comﬁares with the ex-
perimental distribution at 50% background level. The values of xz for |

~each J’P assignment at 50% background level are given in Table V.

Table V.  Fits to various JP hypotheses for the Ai' a

2 awe
TTVp phase space” | 29.15 6.3
1 126.87 ' 0.0
| 2™ 136.85 S 0.0
0T 62.75 . 0.0
1" @=0) 16.70 - 61.0
4t e =2) 46.76 ~ 0.04
27( =1)  45.89 o 6.4
27(0=3) - 25.20 154

a50'% background level assumed.

b19 degrees of freedom.

We have also examined the production angular correlations for
, the,A1 and the AZ" For this purpose, we chose to examine the distri-
bution in cos z, where z is the angle between the normal to the decay

plane of A and the incident ™~ momentum evaluated in the A rest frame.
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We prese-ni: in Appendix A the theoret;cal distributioﬁs in cos z for
var'ious spinv-parity assignments, We obsefve that foxf JP= 07, 17, 27,

and 1+, the angular distributions are independent of the detailed internal
structure of th¢ three-pion system, whereés for 27, this is generally not ,

the case.

Figure 28 shows the distributions in cos z for the four different
regions of M__ o mentioneci earlier. The solid histograms were obtained
by taking two points for double-p® events to take into account the inter-
fefence effect, 55 and the shaded areas were .ob'tained in the sai;ne way
with events at 4.2 GeV/c alone. To take advantage of the fact that for
some values of JP, the distribution should be independent of the inter-
ference éffeét, we have takén two i)oints fbr each e\}ént; the resulting
" histograms are shown as dof;ted lines iﬁ Fig. 28. Note fhat this particﬁla.r
vmeth’od makes the resulting histograms symmetric with respect to |
cos z = 0, |

In Figure 28 there is an enhancement of events at the region
cos z~ 0 for all four Mﬂ‘po regions. Taking the distributions gt face
value, we observe’ that the distribution in the Ai' rregivon is consistent
with a sinzz distribution. 'If JP for the Ai. is assumed to be 17 and if
it is produce.dl‘via p? -exchange process, we may infer that p'iis 0, where
P is fhe density matrix for the A1 (see Appendix A).

If the A.2 is produced via the po—exchange process and absorptive
effeéts are negligible, the angular distribution is predicted to be (see
Eq. A-6, Appendix A)
' | (z)~1-3 coszi + 4 cos4z, o (4)

which is peaked in the region cos z = £1, If the background in the A,
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whereas it is completely independent of the interference for J
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region is taken into é.ccqunt, our experirhenta]. distributions are con-
sistent with (4). HQ\héver, due to the bossible absofptive effects56 and
the background contamination, . it is difficult to make strong statements
concerning the diétribution- on cos z. |

| Finally, we observe that the dotted and solid.histo_gl.'ams are
consistent with each other wifhin statistics., It is,amusing to note that
if‘the two histograms were significaﬁtlyﬂifferent for the A1 region, we
would have been able to distinguish between the two JP assignments 1t

and 2~ . As pointed out earlier, this is because for JP =27, the angular

distribution depends in general on the interference of double-p°® events,

P +

=1,



i
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- the respective cross-.s-e.cti_ons ‘are,‘_1-8__5.i'f~2'5,,- 24%7, and 335%65 ub.

comblnat_lons in each hlstogram.
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V. prmOnTmT FINAL STATE

“A. Effective-Mass Dis'ﬁributions

We present in Flds 29 throuo'h 32 all the effective-mass plots

for 3.2- and 4.2-GeV/c data separat tely. Agam the 3 2-GeV/c da e
for both the normal and‘eelected samples. The.effective-mass plots for
th‘e selected sample alone showed littie difference from those of the
normal sample. The curves drawn in each of 'these‘plots are simple
phase;space curves. |

R The outstanding feature in this fieal state (pﬂ%'ffoﬂ-ﬂ_l) is the pro-
duction of w a.hd M mesons (see Figs. 30a ahd 325). Also, thereis evi-

dence for N¥++ (i23»8) pfoduction. For_the pfoduction cross section for

~

' these resonances at 3.2 GeV/c, we.have again used the norrral sample =1

alone; the cross sections are. determmed to be 230&30, .»i:t:9 and
32080 pb er n;, M, and: N*HT productl,-o_,-ns, respectlvely. 57 At 4.2 GeV/c,
' 57 '
We show in Fig 33 the effective-mass distributions for quasi-

three- body flna.l btates when M at i *r° is hmlted to the w region (0.76

. to 0.80 GeV) or the ‘q regxon {0. 53 to 0. 57 GeV) " The phase-sna.ce curves

are those of three body f;mal states normalized to the total numbe* of

i

. In the‘MTr"w plets, we observe the B enhancement near 1220 MeV.

" Based on the combined . data, we have obtained 1220 %20 MeV for the massj

and 15020 MeV for the width. Rough estimates for its production cross
sections are 108 =30 pb at 3.2 GeV/c and 6720 ub at 4.2 GeV/c. In the .

M_., plotat3.2 GeV/c (Fig. 33c), we observe an enhancement near the

LAy mass, the T decay mode of the A, has also been observed in other
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. 27,30 __ ) o : :
experiments. . However, the width appears to be too broad for the

AZ when cox;npared with that of the 'Tr-po ‘decay mode. In addition,- there

is little e.vidence for the.'A2 decay at 4.2 GeV/¢ ( see Fig. 3'3g), although

- our statistics are limited at this energy (66 events) We find that its

production cross sections are: roughly 12:t:7 ub at 3 2 GeV/c and 55 ub
at 4.2 GeV/c -

' Schu'ma,nn58 re?ortea an e'nhancerﬁent (rhass & 1,71 GeV and width
< 50 MeV) in the M+ o d'.ietribution for ... m pdata at 3.9 GeV/c. Our
data,. however, do no‘t.sho‘w‘ any eviaence for the enhancement (see Figs.

30b and 32b). We note that our sample is 6 times as large as that of

- Schumann at 3.2 GeV/c, 3 times at 4 2 GeV/c

In the Mpﬂ,_.(Flgs 33b f) there is ev1dence for the decay of

N™0 (1238), N™ (1518), and N0 (1688). The situation here appears to be

~analogous to that of the pT-p° final.state ‘discuéised earlier.

' We discuss in detail the final states pTTw and pT in the following

‘' two sections.

B. ReactionT p— pT w .

In this section, we discuss in detail how the peak at 1220 MeV in
- 59 o

MTT"w’ ‘known as the B meson, can be shown to be consistent with the -

hypothesis of kinematic enhancement. The treatment here is similar to -

that of our earlier wo:&k.ﬁo ‘This work is based on a larger sample.at

3.2 GeV/c, ‘and 't_he total sample is somewhat more refined than the

sample on which our earlier work is based.
. Throughout this section, we chose the w region to be in the inter-

val 0.76 to 0.80 GeV. Most of our analysis ’w‘as done on single-w events

(either neutral pion triplet lies in the w region--but not both), There




‘the low Ai),' which suggesté a peripheral mechanism for its production.
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are.94 double '—Q events (both m.:ut'ra.l pioh lripicis lic in Lhé w region) in
our sanlple', c.ornpar.ed with 1867 s.ingl'e—w ¢vénts. For most of our pur-
poses, 'th.e interference effect arising _f;;ém double-w events is considered
to be negligible. |

Unlike the p3m final state, the N {1238) production is weak in

the p4T final states. In particular, its interference with the pr-w final

state (and especially the B meson) is negligibl'e for our purposes. To
demonstrate this, we show for single-w events a scatter plot of M+

. . vl . .
against M- with A;n+< 1.0 (GeV/c)Z (Fig. 34a); there is little enhance-

ment in the N*++ région; " This is further illustrated in Fig. 34b, a pro-
‘jeétion onto the. Mnﬂ’+ axis in the B region (1.12vto 1.30rGeV). For com-

‘pleteness, we also show in-Fig. 34c the-distribution of Mpn"' with similar

selections. Again, little evidence is; seen for the N™¥ interference.

Therefore, ‘we do not make any cutoffs to suppress Nt (1238)

.(h'or N*+), as we did for the p37 final state. In what follows, we demand

merely that the M_+_o_- for an event be in the w region.

14, B Enhancement and N*°w Final States

The Chew-Low'plot of A; against MTr_w for single-w events shows

a cluster of events near the B mass'(Fig.' 35a). The projected histogram

onto the Mﬂ'w axis (Fig. 35b) further illustrates the‘presence of the B

enhancement,

We note that the B enhancement occurs mainly in the region of

The exchanged particle could either be T° or w (see Fig. 37a). Thé dis-

tributions of A_ for all single-w events and for events in the B region are

shown in Fig. 36. -The distributions in the B region show sharp peaks
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2 . . ‘ R
near A_ = 0--a characteristic of m-exchange processes. This wov!l
. e D - -
mean that possible spin-parity assignments for the B are J~ = 1,

62 rs1s : .
etc. However, the possibilitv of w exchange cannot be ruled cut, ir -

T

a4
~which case there would be no restriction on the .,P (except 0 ),

e A . | 2 2 . .
r'igure 35¢ is a Dalitz plot of M~ . vs M . for single-w events
: , pT e

2 63

. with AZ < 0.35 (GeV/c)". We see that the B enhancement tends to occur -

'in association with nucleon isobars (see also Fig, 40b). In order to

further investigate the interference of isohars and the B enhancement,

o~

. . . v Z .
we show in Fig, 38a the Chew-Low plot of pr_ VS Mo‘"' for single-w
L |9 20 i

- events and the projected histogram in 7ig, 38b, It is evident tha: the

isobars are produced in this final state with low Apv'”’ which suggests

-~ a peripheral process (see Fig, 37b).

On the other hand, Fig. 28¢ shows that the R enhancemen® is
. >

produced mainly with Azﬂ_- <1.C (GeV/c)Z, which is also the regioh
P

where most of the isobar events are concentrated, as is clear from
Fig., 38a (see also Fig. 40). The extcnt to which isobars and the B en-
‘hancement interfere is further illustrated in Fig. 38d, the Dalitz plot of

‘the pm~w final state with Ai“- < 1,0 (GeV/c) .~ Xor completeness, we

for all single-w cvents and

-also for events with Mv"w in the B region,

Consequently, if the B enhancament is a gunuine resonant state,

. 77p interactions at 3 to 4 GeV/c do not provide a suitable final state in
- which'to determine its quanturn numbers, Nevertheless, a simple study

.. of the internal correlations for the B decay is given in Sec, V. B.4.
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2. Interpretation of the B as a Kinematic Enhancement

Since final states pB~ and N*%w seem to be so closely associated -
with each other, one is naturally led to ask: Is it possible to interpret the
B enhancement as a kinematic cons.equencé of the final state N>:<dw rather
than a‘resvonant state? We shall show in this section that this is indeed
the case in our data.. However, this kinematic interprétation is mean-
ingful only if the observation of the B is limited to ﬂ:hp interactions.
Recently Baltay et a.l..64' repovrted an enhancement at the B ;’nass in the mw
system from pp annihilations. It would appear that the B as is observed
in our data is perhaps a superposition of a genuine resonant state and a
‘kinematic enhancement. | |

In extending a suggestion made by Decié, 43 Maor and O"I-Ia‘llora,n4
' 'poihted out that virtual dissociat_ion of the incident pion, T+ pi, |
followed by the strongly asymmetric inélastic process, pi +p - 4 o
shoﬁld result in a broad enhancement in the‘region M“th 1200 MeV. In
this section, we show that such a model accounts ﬁathrally for the es-
séntial features of the B enhancement as observed in our data.

To this end, we study in detail the deca.y correlat\i.ons of the
process ﬁ_p - N0y, limiting ourselves to single-o; events with Ai)ﬂ‘" 1.0

) (GeV/c)Z. We emphasize that this is the re'gion where we observe both

| the B enhancement and the isobars.(see Fig. 40).

‘Figure 41 shows the anguiar distributions for the upper and lower
 vertex of the exchaﬁge proc‘.es.‘s' (see Fig. 37b). The angles corresponding
to this diagrgm are defined asv follows: In the w rest frame, ) and $(w)

are, respectively, the polar and azimuthal angles of the normal to the

w~-decay plane with the z axis a.long the incident beam and the y axis along

¢
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the production normal.65 In the p7~ rest frame, 6(pm7) and $(pT”) are,
respectively, the polar and azimuthal angles of the outgoing proton, in a
coordinate system with the z axis along the incident proton and the y axis . -
along the production normal.

If the exchan_g.ed particle is the p, fhe Treiman-Yang angles ¢(w)
and ¢(pT") need not be isotropically distributed; Figures 41b and 41d
show that the distributions are indeed not isotropic. The hypothesis of
the p-exchange process can be tested for the process T p-> N ('1238)(»,
Figure 42 shows the same angular distributions for the N*° (1238) region,
The solid curves wh.ichnprovide a reasonable fit to our data are those
obtained by Adei'holz" et al.66 in their anélysis of the reaction -

Tf+p - N (1238)w at 4.0 BeV/c; the curves are also in good agreement

with Svensson's ,calculationsé'z based on the p-exchange model with ab-

sorptive corrections. Theoretical calculations are not available for

higher-mass isobar regions; however, it seems reasonable that the p-

exchange process leading to N*? (1238) will also produce N*® (1548) and

N0 (1688).

The distribution in cos 6(p7") (Fig. 41c) shows a strong peaking
near cos 8(pv~) = +41, In order to investigate this peak, we show a scat-
ter plot of MpTr_. Vs cos G(pﬁ') in Fig, 43a. We see that most of the peak-
» pm- Tegion above N*0 (1238).

The same scatter plot for events in the B region (Fig, 43b)shows that -

ing near cos @(p7~) ® +1 comes from the M

most of the B enhancement is associated with the peak at cos B(pm7) = +1.

m W

- Conversely, the distribution in M_=~  shows a striking enhancement at

- the B mass, when only those events with cos@(pm~) >0,6 are plotted (the’ |

. shaded area in Fig. 40a).
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For a more detailed analysis, we divide the Mpﬂ.. spectrum into
‘five intervals; for each of these intervals, the distribution in cosf(pm’)
is shown in Fig. 44. The »shaded regions in this figu;é were obtained in-
the follo‘wing manner: The M .  distributions for gvenfs in each MpTr'
mass interval were i)lotted separately for vcosO(pTT') = 06 to 0.8 and
0.8 to 1.0 (not shown), and the number of B events was estimated; these -~
events are shown as shaded areas in Fig. 44. Itis a.'ppa..rent' that the B |
_enhancement ahd the bﬁlk of the asymmetry in cos 9(p17") resuit from the

same events. Consequently, the nearly flat distribution in cos@(p7~) in

the N*0 (1238) reg‘i'on‘ (Fig. .44a) should not give rise to a strong B ¢nhance;- o
'nierikt. This is borne out in the MpTT‘ distribution for events in the B
region, which shoWs a r..elati_vely reduced N*° ("12385 peai;(see' shaded =
area in Fig. 40b), |

o It is instructive é,t this iﬁoint to.cg:impare the Ai' and B enhancef
ments. We have shown that both of them are associated with the peak
at cosf(pmT) = +1, For the ‘Ai, we have cdrnpa.red the cose(pv') distribu-
tion with the differenf:ia.l cross ‘section for the elastic ™ p scattéring and
‘ thus inferred that the A'l. is é, coﬁsequence of the diffractive T p scatter-.
ing. U'nfo'rturiately, the same cannot be done for the B enhancement.
The virtual process p p—> T p in the isobar regions is below the thresh-
- old for p productiion.68 We have instead taken the folloWing two ap- |
proaches.
| As >a first method, we have fitted the cos@(p™ ) distribution in
eaéh isobar region with the Legeﬁdre polynomial series (Eq. 2) by the
least-squares method. The result is shown as solid curves in Figs. 44a,

c, and d, and the,fittedv coefficients a; are shown in Table VI. Our data

réquire up to the second-order polyndmial for N*%(1238) region, third
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order for N#0 (1518); and fourth order for N0 (1688); these results are |
consistent with the s.pin-parity states known to exist in ’chese_regions.69
In geﬁeral, one would not expect to get these results if the ésymmetry
in cos@ (pT”) were entirely the reflection of a genuine resonant state.

‘Our second method is to compare our data with the virtual process
pN - 7p that might occur in a different final state. For this purpose, we
investigate the reaction T"n = p7 T from bur dieuteriurn data at 3.2

GeV/c. 70 The Ag

and Mpw" distrvibutions in Figs. 45a and 45b show
evidence of isobar v_productions through a peripheral mechanism, which
is p:eéumably a ;ﬁo-éxchange process (éee insert in Fig. 45a).  The
coé O(pT~) distributions for this reaction are shown in Figs. 45¢c through g.
We see that these distributions are rather similar to those in Fig. 44. |
Especially, the peak at cosf(pT”)= +1 is seen in both reactions, altfxbugh
we do not in general expect identical angular distributions for the two
reactions. | |

Judging from the evidence we. have éresented, it appears likely

that the strongly peaked cos 6(p7") distribution is intrinsic to the process °

p"p— ™ p and is not a reflection of a resonance in the M_~ spectrum.
; T ow

We therefore conclude that the observed correlations are consistent with

the model for the B enhancement, as suggested by Maor and O'E—Iallora.n.‘*{i

The low AI?; distribution in the B region (noted in the previous section)

~is accounted for by the strongly peaked cos §(p7~) distribution resulting

from the process p"p—'T"p. In particular, the model provides a natural

explanation for the strong tendency of the B enhancement in our data to be

‘associated with the isobar production. However, as was the case in the_

.A,1 enhancement, the possibility of a genuine resonant state superimposed

on a background due to the N*oog process cannot be ruled out.
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3. Possible Anomaly of the w's Associated with the B

Since the JP of wis 17, the decay distribution in the w Dalitz
plot should be peaked in the center and vanish on the periphery.
Therefore, by selecting events in the central part of the w Dalitz plot,

we should be able to reduce the relative amount of background associated

with the w peak. For this purpose, we first define a quantity r by

IIWY'Z/ ‘erznax" ‘ (5) .

where }7’{is the matrix element for the @ decay. The central region

"is then defined by the condition r >0.7, and the peripheral region by

r < 0.7. The value of 'r was chosen so that in the absence of background,

equal numbers of w should be contained in the two regions., In Appendix
B we give the analytic expression'vof the contour on the w Dalitz plot for
a given value of r, as well as a brief desc.ription of the Dalitz plot.

Recently, Goldhaber et al. 73 reported possible anomalo'.us'

behavior of w mésons associated with the B enhancement. They ob-

served a clear B enhancement for events in the péripheral region of the
w Dalitz plot; within statistics, no enhancement was apparent for the
central region. In addition, the Dalitz plot density for w's associated

with the B enhancement differed significantly from theoretical predic-

tion for a meson with JP =17,

In order to 1nvest1gate the possible anomaly of « in our data, we

first show in Figs. 46a and b the M_+ .0~ distributions for r > 0. 1, and r < 0 7,



-36- ‘ UCRL-16881 Rev.

respectivély. As is expected, we observe a markediy reduced back-
ground in the w region for r >0.7 in Fig. 46a. The number of w events
above Backgrdﬁnd in Figs. 46a and b. is consistent 'withAeba;ch other within
statistics, as is.expecfed. |

In Figs. 47a and b we give the w Dalitz plot for sinéle-u events
and for double-w events. The peaking in the center of the Dalitz plot is .
apparent for svingle-‘u.)'e"vent‘s, ‘but not for double-w events. This is be-
cause double-w events are constrainéd to li;e within the lower left' part of
) the Dalitz plot (see Fig. 47b). For this reason, ‘in what follows we treat
single~- and double-w events separately.

The radial density distributions are given in Figs. 47c and d for .-

- single-w events inside and outside the B region, The background has

o bee:'n estimated frorﬁ the M_4 o, - Sspectrum plotted separately for each
inférval of r. Agreement with lfhe ‘theoreticalv curve is good in both cases
(the confidence .l‘e'.vels_ inside ana outside the B regions are 74% and 37%, .
‘ '_reSpecfively). | |

The M’rr‘w‘ distribution for‘s'ingle-w. events for the central (r-> 0.7).
and peripheral (r<-0.7) regions qf the vw Dalitz plot are shown in Figs.
- 48a and b. * Within statistiés, the number of B events above background
'_fér the central region (92:221) is consistent with the number in the pe-:-

~ripheral region (83 %22), The M‘rr‘w distributions for double-w events are

shown as shaded areas in Fig. 48. Although these distributions are peaked
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4 somewhat below the B peak, it is clear that the inclusion of these double-w

events tends to favor the peripheral region.

Therefore, we conclude that the w events Observed in our data

are consi_stent with a meson with JP = 1~ for both inside and outside the
B region.

4., Spin-Parity Analysis of the B.enhancement

In this section, we briefly discuss a simple spin-parity analysis
on the B enhancement, as'suming that it is a genuine resonance,
For this purpose, we first introduce an angle (7 - ) which is

defined as the angle between the n_'ormal to the w-decay piane and the

"bachelor" m (not in w) evaluated in the w rest frame. Theoretical

- distributions in cos f for various JP assignments are given in Appendix C.

In order to increase the signal-to-background ratio for the B, we

- take single-w events with A; < 0.35 (GeV/c)Z.’ The MTT"w. sf)ectrurn for

these events, as well as for those events in the central region of the

w Dalitz plot, are shown in Fig. 49a. Figures 49b and c give the distri-

- butions in cos B for both inside and outside the B region.

We see that the distribution in the B region shows approximately -

al sihzﬁ distribution, but the distribution outside the B region is rela-

_tively isotropic. The curve in Fig. 49b is that of sinzﬁ normalized to the

number of events above a uniform background assumed to be about 4§%.

If we took this result at face value, we would conclude that the

likely spin-parity series is JP =1, 2+, etc, However, this result can-

not be taken seriously, because, as we have shown, the B region is

- highly contaminated with the channel N*0w, Furthermore, a.J  assign-

ment of 1~ would mean that the B should decay into wm and KK, and

62

these decay modes have not been observed so far,
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C. Reaction v p - pT M

As no_tedv e'a.rlie‘r, there is evidenceof .. n productioﬁ in our
data (Figs. 30a and 32a). In order to .s‘tud'y the mechanism for the 7
-production, we give in Fig. 50a the Chew-Low plot of As vs MTTTT]' We
see evidence for A, production in the region of low A;, sﬁggesting
a peripheral mechanism for its production (see Fig. 51a). On the other
hand, the Chew-Low pl.ot of AIZW- vs Mpﬂ‘ (Fig. 50c) shows evidence
for the N* (1238) and N#o (1688) production, again in the region of loxﬁ
AZ . This evid.ence would suggest that the isobars are produced through

pT-
a peripheral mechanism which is presumably an Az-exchange process

| ~ (see Fig. 51b)..

The situation here is analogous to the final states pm~p° and
pT w; there seem to be two competing channels leading to the fiﬁal state
PT™ M. In order to indicate the extent of AZ and N*0 interference, we show .
vin Figs. SQb and d the Dalitz plot of MIZ)“_ VS-~M;2r-n' for eveptS< with
'A; <1.0 (GeV/c)2 and also for events with A?)Tl" < 1.0 (GeV/c)Z. However, '
~our sample of 1 events is not large enough for any detailed analysis. '

Figure 52a shows the A;Tr_ distribution for:‘n events. The peaking )
at low AZW_ attests to the peripheral character of the n production. We
v-vshOW in Fig. 52b the Mpn" Spgc‘trum for events with 'A;T‘,_ < 1.6 (GeV/c)Z.
Note that tﬁe N0 (1518) production is relatively"low. We recall that the
production of this isobar is stronger in the final state pTrj'pO and pT w.

Figufe 52c¢ gi\)es the M;r_n distribution for events with A; < 1.0
| .(GeV/_C)Z. Although . A, production is evident, there is little evidence

. for . A1 production., The same distribution for events with A;ﬁ_ < 1.0

(CieV/c)2 is shown in Fig. 52d; evidence for the AZ is not so s'trong.
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This is, of course, to be expected, as the selection of events with a cut
in'Azﬂ_ would enhance the N*on channel. However, this does demonstrate
that the enhancement we observe in the AZ region is not related to the
final state’ N*OT].
» o) o
VI. ar nfn nT FINAL STATE
- We present in Figs. 53 through 56 all the effective~-mass distri-

butions obtainable from this final state. The curves drawn in each histo-

gram- are the phase-—'space curves normalized to the total number of

combinations:

From these figures, we find that no resonance is produced strongly

- in this channel, except for some evidence for N*- (1238) production in
: Mn‘n" and p° in M +_.-. The cross sections for N*~ and 0% are estimated

to be 150 and 65 ub, respectively, at 3.2 GeV/c, and 170 and 70ub at.

4.2 GeV/c. Errors in these values are about 30%.
We have also looked for: the 4w decay mode of £ (Ref. 77); no
evidence is seen at 3.2 GeV/c, but there may be some evidence of f° at

4.2 GeV/c (see Fig, 56h). Roﬁgh estimates on its cross sections are

020 ub at 3.2 GeV/c, and 3015 ub at 4,2 GeV/c.

There is no evidence in our data for the 47 decay mode of p?
(see Figs. 54h and 56h). We give 2 pb'as the Upper limit for the cross

section of the process ™ p— np® (p°® - 27T277) at both 3.2 and 4.2 GeV/c.

At 3.2 BeV/c, Jacobs' finds that the cross section for mp = np® (p%—wtwTy

~is 1.4%0.4 mb. Consequently, the branching ratio p - 27t 2m~/p>ntn-

is smaller than 2X 10"3.
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ViI. pvtr n MM FINAL STATE

In fhis seétion, we discuss briefly the final state pTT+TT"TT- + MM,
where MM stands for the mass of unobserved neutral systems (in this
case MM =2 Zmﬂo)._

This final state of course cannot be fitted; in particular, it. cannot’
be distinguished from the final state 4TMM, except by the ionization
density for those events with low-momentum protons, For this reason,
we have selected for our»analysis only those events with AFZ) <1.0 (G'eV/‘c)Z.

We exami‘ned all the effective-mass plots obtainable from charged
: particles in the final state, but saw little evidence for resonanc¢ produc-
| } tion. We show in Fig. 57a the distribution in MM, the efféctive mass of
thé'mi_s'sing neutrals. Here we observe evidence for the neutral decay

- mode of 1. A rough es_timé.te of its cross section is 6£3 ub at 3.2GeV/c

and 26 210 pb at 4.2 GeV/c. 8

The apparent width of m in the MM spectrum is roughly 80+ 20;
MeV. The largé experimental width reflects the poor resolution inherent
in this final state; fhis is not éurprising, however, ifv\;ve 'recall that the’
p3T™™MM final sta.fe cannot be fitted. O'ne rﬁay compare this value with the =
typical resolution of about 15 MeV for M_+_ - in the p3™ final state (4C fit)
and with the resolution of about 25 MeV for M, 70 - (near the mass of
w) in the p4T final state (1C fit).

Recently, Kienzle et al, 79 reported a negatively'charged resonance
X7(962) with a width of about 15 MeV, produced in a reaction T p—>pX~
at the pion incident momenta ranging from 3.0 to 5.0 GeV/c. The meson
| "was found to decay into the final states (7" + neutrals) and (TT+-'IT—TT- +
z;eutrals). It was suggested that this may be a charged mode of .the

X%(960) (generally considered to be an ivsoscalar). 80
g Y
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Assuming that their peak indeed represents a decay mode of a.

charged X°(960), we have looked for its decay into 'rr-.‘"‘_)T](n—> TT+1T-TT°) in

our data. Using a cross section of 4.6 1.5 pb for the above decay chain,

we expect to see about30= 10 events in the MTT'*'TT'TT—VMM distribution (see

Fig. 57b); but we see no events at all in ‘this region, We thus conclude

that we do not have evidence for the X (962) production in our data.
Howev-er, if X (962) is an object which has different quantum

numbers from X°(96Q), it caﬁ de;:ay into T 7, ‘T‘he distribution in Mrr'n

at 3.2 GeV/c'(see Fig. 33c) shows an enhancement near the region of

960 MeV, although the evidence is not striking, due to poor statistics.

- We Quote 84 ub as the cross section for X7(962) = m ™ (including the

neutral decay mode of n).

By restricting the MM to the 1 regibn_(0~.5 to 0.6 GeV), we have

searched for evidence of ?(0(960) decay. ‘Figure 57c shows the M"+“:n .

distribution ih our data; we see little evidence for X°(960). Its cross

'section_ is estimated to be about 2%2 ub at 3.2 GeV/c, 4£3ub at 4,2 GeV/c.

We have also searched for the deéay,mode of the A2 into ﬂiﬂ in

. the M,ﬂi' distributions, but saw no evidence for it. In addition, we have

looked for the possible decay mode of the A, into ?I-X°(960), but found

little evidence for it either.
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VIII. SUMMARY AND CONCLUSIONS

- Inall thé .reactiohs studied here, -we have seen that the periphevra.l_
processes are mainly responsiblé for the pfoduction of resonant states,
In particula.r, we have observed that the resonances N*++(1238) and p°
are produced mainly via peripheral processes in the pTr+TT-TT- final state,
and that the A1 a‘nd AZ enhancements are produced peripherally in the
pT p°% channel. In the p.1r+-rr°'rr'1r' final state, we have found that perip'héra.l.
processes are again responsible for the production of n- and w mesons,

and that the B enhancement is also produced peripherally in the channel

P w.

We have found that the regions of thé A1 and B ¢nha_ncements are
strongly contaminated by the channel of the neutral isobar formation. Iﬂ
addition, we have demonstrated that' the diffractiyé scattering at the
isobar vertex may explain the A, and B enhénéeme'nté in our data, con-
sistent with the kinematic model proposed by: Deck43 and Maor and
: O'I—Ialloran.44 Consequently, if the Ai and B are genuine resonant states,
we may conclude‘ that t]rlle. T p interactions in the énergy range 3 to 4 GeV/c
do not prdvide suitablev final states m which to study these resonances. _ |

The A, e.nhar'lcement,‘ unlike th‘e' A,, has been shown t§ be con-
sistent only with lth‘e hypothesis of a genuine resonant state. Assi;rhing
a noninterfering - background, we have shown thét its spin-parity is
uniquely assigned to be 2t Thus one may cohclude that the A, is the
Same particle as that observed in KK - effective mas~s;52 ‘the Brénching
ratio I‘(Ai* 1 2024Y/N (A-Z-r Tp) is eétimét_ed to be (5.4:1:2,2)%.77' We have

‘also seen evidence for the ™ decay mode of the AZ‘
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We have found thatl:' the n4m final state is mostly éonsistent with
phase-space predictions, and saw little evidence for resonance production,
The final state p3T™MM revealed very little interesting information, ex-
cept for evidence for the neutral decay mode of M in the spectrum of MM. '

We list in Table VII a summary of the cross slection's for resonance

production.

’
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Table VII. Cross sections for resonance production.

Cross sections .(ub)

Final states . 3.2 GeV/e© k.2 GeV/e
N - 590 £70 590 % 70
o p° (including Al':',,) 480 £ 70 520 % 70

. ,“
+ - N
™o
pr"w (including B) 230 # 30 185 * 25
J—» o
10 (including A,) 30 £10 21 + 7
L_ o ' o
PA] 5 pr7e° S 14060 - 160 % 60
+ - ' e 1 '
Vigvid
pAy - e’ 150 £50 175 % b5
. ) K - . . .
T
PA, mpmn o127 5% 5
L» o
PB. - pr W : o llovi,30.; . 67'i‘26 .
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APPENDICES

A, Angular Distributions for A—m + p? - .

Here we llist‘ explicitly all the matrix elements assumed for the
spin-parity analysis on thé A1 and AZ.

A general formalism for describing a three-pion system has been
developed by Zemach.82 Adopting his notation, we write the matrix

element for the A decaying via Tp intermediate state as

(A-1)

RS
M(TTTT1T3

) =ayMy 53 - My 4y,

where Mk im'is an antisymmetric function in £m, and @y is th¢ propa-, -

gator for p°. It is given by'

| rt/2 |
a = > p (with kfm, cyclic), (A-2)
(M, “-M9+iM T :
Im P pT P

where T is the width of p°.

Let Pi’ PZ’ and % be the momenta..of the three pions in the 37
center-of-mass system, with their enervgies denoted by Ei’ EZ,‘ and E3. ,
Let us further define g\kE &X}Bm anc.lﬂfik = Py - Pme In terms of these :
quantities, the matrix element assumed for each JP and orbital angular

momentum (£) is
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i u | M, 23
: 4
o™ .
213 T 42
o | -2 o
10y 5 | L (A-3)

1 (de2) | (pt))py -3 m %
b

o” (%=i) —-(gt +t

27 (4=3) | (pytydpipy - =5 (Brot))T - = (ot * 5ypy) s

where T is a unit dyadic. 

We emphasize that the above matrix elements are different from

e L , . ‘ :
those of Diebold53:for 1l and 2 . The quantity El‘used above is evalu-

ated in the 37 rest frame, vhereas Diebold used Ei, which is evaluated

~in the po rest frame. In a phenomenological approach, both methods may
. be considered equally valid.,B3 We -have tried both methods for our spin-

‘parity analysis; the results obtained did not depend critically. on the

method used.

Next we present the production correlations predicted for various

_ JP assignments. The angle we have chosen for the purpose is z, which

is defined as the angle between the normal to the decay plane of the A

-and the incident beam. The most general distribution for this angle

has been given by Berman and'Jhcob.Bu Sincé, in our case, we have two

.,identicél particles (two 7 's), the angular distribution I(z) is pro-

portionel to:
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J S - I(z)

' 2 . 2
1 Pootos 2 + pllsin z B
+ 2, 2 e\ 2

_ 3 2 2 2

2 TP sin“2z + pll(cps z + cos“2z) + 922(l‘+ cos“z)sin“z

o const. . e
. 2, L ain?

1 PooSin ~.+ pll(l + cos“z)

4 2 2 N ?
2 a[3poosin z + Qpll(l + cos z)sig z + 922(51n z + 8cos"z))

+ b[poo(l - 300522)2 + 3pllsin222'+ 3p2251nuz] ,

where Prom is the density metrix element. for the A. Constanfé g and b

. sppearing in I(z) for 27 depend in general on the internal structure of

the 3m system. In writing down the distribﬁﬁidns in (A-4), we have also

used a symmetry property on.pmm,; with the production coordinate system

aé.defined in the text, we obtain,=for;parityf§onserving reactions;gs

the relation | |
p@' = (-)m'm"_m_m, : - (A-5)

If we assume that the A 1s produced via the p¢ -exchange process and
that absorptive effects are negligible, the angular momentum c0nserva-
tion at the meson vertex demands that certain matrix elements be iden-

‘ticelly zero. With this condition, (A-4) simplifies to.
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Lol I (e
l; sin‘z
: 2+ cbsgz + c0822z
0" | const. ' : ,. ' . (1-6)
’ o A-
1] s - 0..(1 - 3cosez)
. Lok : -
2 'a[3sinhz - 2011(1 - Scosez) sinez]
+b{(1 - 300322)? - 2pl.,(l - 12cos z + lScosh’z)]

[

B. w Dalitz Plot

_ -vWe'describe briefly the w Dalltz plot aﬁd gilve an expfession

.l for the equal-probabil;ty contour on this plot. lef the mass of ti be
-u and that of ﬂp be “0 (g‘# uo). In the w restlframe, we denote the

. momenta of w*, 7°, and M by 2. D, ond D .

We define the decay matrix element squared of the w decay es

2 .
112 = ulp, x py 2=k, P (0,24 %0 BN (21)

The maximum value of }7” 12 can ecsily be shown to be

2

W
]3,}4‘ “701.,2_“2)2
[e]

o o . ’ ': (8-2)

| ngé W is the effective mass of the 37 system (mass of w), end EO is the
energy of the 7 at the point where |7/ |2 15 et 1ts maximum, vhich is
given by | | |

| 1

. l) ’ ' I
E wom <W2 - b® w2 [P o 1f w)M'»uu 2)3/27 (5.3
o) 6w‘ o . . ‘ ! .

-
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' +
The energy of the 7 at the point | ¥ |2 = |M [xenm“( is then simply given
by
E‘:_é'(w-Eo)"' . (B'u’)

Using these quantities, we define the polar-coordinate variables p

and ¢ (both unitless quantities) by

T, = (Eo - b )(pcos ¢ +1) ;
" (Eo - Mo) [Dcos <¢ - ;—)-‘-(;:;-:;)-] s (B-5)
- : E - ﬁ.
e e D) (2],

where TO, T;,iand T_ are kinetic energies of the three pions, and p

L]
]

H
H]

varies from O to.l.

We now choose the ~origin of the polar-coordinate system to be the
point where ”’ﬂ [2 l'mé[max (see Fig. 58). An arbitrary point P on
‘the @ Dalitz plot 'is . then described by, the polar-coordinate vari-
ables f(Eo - uo)‘p, ‘¢]'.'

Next we define a function £(p,®) by

17 (2

max

2(s,0) = C (e

= The contour on the W Dalitz plot of the equal probability for the w
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decay is then given by

=r, for 0srsi1. : (B-7)

(p, ¢)
In particular, we note that the boundary of the w Dalitz plot is simply
g.i\./en by
£(p, &) = O. . (B-8)
The explicit eicpréssion for f(p, ) can bé derived by substituting B

(B-5) into (B~-1):

f(p,d) =1 -(a+ b cosz¢)p2 - c'.p3 cos 34, - (B-9)

where

s 2 | 2 2
a=3E (W™ - 2WE_ + ko )Y/ W(E_ + 1) s

o 2 2, 2 ’
b=4E [WE, - W) +u” - p]l/W(E  + )", - (B-10)

L ‘ | 2
c=2E (E_ - )/(B  +p)"%

If we put p = H,» We have E = W/3, so that’
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a = -3(W™+ 3u")/(W + 3p)

b =0; (B-11)

e = 2W(W = 3/(W +30)%

 With these values, Eq. (B-8) reduces to an expression for the'bOundary

given. by Lee.86

The expression for the boundary (B-8) is, of course, independent of

- the JP state assumed for the 37w system. In partieuler, it describes the

boundary for the 7 Dalitz'plot with W set equal to the mass of 1. Note
that (B-8) can also describe the boundary of the Dalitz plot for the

R 7 decay mode of the n or X° (960), if we put u, = 0.

In addition, 1t will also describe the boundary~for the an'n'decay-~
mode of the X°(960), if we set Ho equal to the mass of n,(in this case,

‘p can be larger than 1).

C. Angular Distributions for B = +

We describe here the’ angular distributions for the decay B =T + W,
As defined in Sec. V.B, (ﬂ - B) is the angle between the normal.to the
' decay plane and the ”bacheler" pion (not in w) as evaluated in the W rest
| frame. In terms of this angle, the angular distribution I(B) predicted

: for each JP_assignment is:
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J I(p)
1, 2+, R sin26
. - . 2
0 cos B
T (20) 1
: _ (c-1)
T (4=2) 1+ 3cos7B
2" (4=1) 1+ %— cosp
2" ({=3) . 2cos2B .

As 1s well known, the above results can be. derivedfby uSIng the tensor
représentation of angular mOmenta.B7 It is instructive, however, to
‘derlve the above results within the helicity formalism. ‘
| In the B rest ffame, we denote the density metrix of the B (spin J)
| by Pt evaluated in a éoordinate system fixed by the production variables.‘
In this coordinste system, the momentum of w is along the d*recuion (6,0).

- In thetvrest frame, the normal to the W decay blane is along the direc-
tion (B,q) in a coordinate system with the z axis along the direction of
the W mOmentum .

| In terms of the helic;ty ampiitude & the decay émplitude Tm‘for
:the B is given-by88 |

T < 5 gx (6,0 -¢)D§§)*(a,a,-a). . (c-2)

where the magnetic quantum number m refers to the spin states of'the B

)

* 1n the production coordinate system and D(J, is the standard rota*ion

f'matrix e*emnnt.89 The decay angular distribution is now given by
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'

. k3
1(6,0;8,a) o Zm,m,. TP T

o )\i, ngipm,Dxi;z_)*'(%%-@)Dﬁi.(¢,8,—6')D)$3;)*(a,B,-a)DSg‘(a,,e,aa) .
m,m’ . (c-3)
If we iﬁtegrate I(G,d);ﬁ.l,a) firét ovc.;r a and then over ¢
and 6, we obtain. | |
)= !gkig(d.,(\i)(ﬁ)]2 , O (e-by

where we have used the condition tr p = 1. We note that I(B) does not

_contain Pmt? 50 that it is independent of the production mechenism of

the B.

- The heliéity amplitude'gx may be expanded in terms of'partiai' wave - -
90 - |

g =Ty epele VY2000, (es)

wvhere ay is the L-wave amplitude‘ and (jlm.“jzme*(JM) are the Clebsch-

Gordan coefficients. Using (C-14) and (C-5), we can readily calculate -

all the distributions in (C--Ll.).9l For example, for 2  (4£=3), we merely

put all ay's to zero except 83 5 S0 that

g =7 a3<3omex> ,.
and ' |

: I(p) &= Z)\ (303.’2?\)2&)53;)@)}266 1+ '2c<‘)s2f3 .
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D. Experimentdl Details .

4. Beam

Throughout the year 1963 and part o:f 1964, the 72-inch bubble
éhambér _\.;vas exposed to the 1r-' beam from the Bevatron; the rnor'hentum
of the ™~ beam rabnged from 1.6 to 4.2 GeV/c. The bearﬁ was originally
- designed for the ™ beam By George H. Triiling, Gerson Goldhaber,
John Kadyk, and Benjamin Shen, and l__atex;. by Joseph Mﬁrray for the -
' ' ' 92

separated K~ beam. The details of the beam are described elsewhere.
'For this experiment on four-prong events, we selected the film

exposed at the T~ beam momenta of' 3.2 and 4.2 GeV/c.

. 2. Scanning and Measuring

For Ithe incident pion momentum at 3.2 GeV/c; approximately - ! -
 22 000 four-prong events, i/. . s .¢\}e'nts with four oﬁtgoing charged tracl&él.
;Nere measured. Inabout 43% of these, which were scanned ‘a.nvd.meas-
ured atvthe eérly staée of this experiment,g_i_l the fc;ur—prong events
within the fiducial."volumevwere acceptéd (the normal sample). For the
rest of the pictures'; scanners were instructed to "flag' those four-prong
' -'events for which orie of the positive frécks could be identified as a
'proton., and only .s_uc.h events were measured and proceésed (the selected
sample).

For .thv_e pion‘ihcident momentum at 4.2 GeV/c, a total of approx-
imately 15000 events were measured é.nd all four-prong events within

the fiducial volume were used.

. A summary of the quantity of film used for this experiment is shown
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ianableVVIII. In Fig. 59, wve shqw.the spectrum of the beam momentum for

t{he three samples.

Table VIII., Summary of measured.film.

Beamn

_ a - Number of .- momentum

Sample Events/ub  events measured (GeV/c)®
3.2 GeV/c, normal ©l.24 % 0.0k -~ 9100 - 3.220 * 0.035
3.2 GeV/e, selected ' - 12 400 3.200 * 0.020
L.2 GeV/e - 1.56 £ 0,08 . ' 15.300 4.160 + 0.015

®Based on the number of events given in Table I. See Sec. D.lL.

bSee Fig. 59 for the spectrum'of4beam momentum,

 AQ1 the measurements.were done either on the SMP (Scanning and
" Measuring Projector) or on ‘c,hle.Frtanckens*t.e'j.n.L‘L ‘The measured events were
“then prqcéssed through the standard data-reduction system of the Alvarez
Group. |
After the first‘measurement; evenﬁsithat vere ambiguous and~resolv?
. ' able 93 were looked at by physicists énd trained scanners for 3.2 GeV/e
‘normal and h.2'GeV/c‘samples. As for thev3 é GeV/c selected samnlé,-if
-an event fitted the hypothesis (its confidence level was greater than
. 0.5%) for which the outgoing proton track 18 the same as that identified
by the scanner, the hypothesis was considered to be the correct one for

that event. When the computer and the scanner did not agree on a given

hypothesis for an event, it was looked at by trained scanners, provided
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the event was resolvable. . | ‘
"If an event failed to fit any hypothésis.(its confidence level was
 smaller than 6;5%) or did not have enough missing mass to be consistent
with a missing-mass (MM) hypothésis, it vas automatically remeasured.
‘; If it again failed to fit'any hypothesis (including MM hypotheses ), 1t
was looked at on the scannipg table by trgined scanners, after which the
event was either measured again or discarded it theré was a reason to do
so (e.g., two-prong event vith & Dalitz pair, or stfangewparticle'events
- "faking' four-prong dnes)e In this way, en event was measured es many as
f&ur times. At the eﬁd of this series of measuréments, there reméined

~only about é% fqiling’events.

:A3. Separation of Hypotheses

Types of reactions that heve been tried are shown in Sec. II in

-

reéctions (1a) through (le).
Note_tha£ the reaction (la) is s fournconstraiﬁt (k) fi£; while
(1b) and (2c) ‘are one-constraint (lC) fits. The réactioné (1d) and (le)
‘are unfittable hypotheses-. 'Ah'eveﬁt was.tried for (1d) and (le) only
.if,it failed to fit hypotheses (la), (lb), or klc). |
After the series of measurements described in Sec. D.2, events were
distributed among vafious hypotheses as shown in Tablé IX. This table
-shbws, for fitted evéhté,'the éqrrelatidniof the'beét=hypothesis with
- the second-best hypothesis. We see that a greatAmajbrity of events has
& unique assigoment to a given hypOthesis;Aambiéudus events amount to

iéss thanle% for all threé hypotheses. »Alsb, there 1s very little
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Table IX. Distribution of events among different hypotheses.

Best hypotheses

Second-best -

o . + - e + 0 - - R I
hypotheses , .. pmTmTw pT I nrmwmwT Total
p1r+7r.7r. . . 9 780 : 338 11 10 129
o oo | 825 10950 567 12 342
Ui e 15 551 3612 4178
Total | 10 620 11 839 4 190 26 649

embiguity (less than 2%) in the identification (by the computer) of the |
proton track. Of course, this i1s. largely because much of the f1lm was
looked at by the scanners, and the proton track was uniquely identified
on the basis of ionieation density. - R A
In erder to investigate the nature of the ambiguous events and
further separate the events among different hypotheses, extensive use
.was made of the confidence level (c.L. ) for each hypothesis.  Figure 60

- shows the distribution of the C. L. for all fitted events.gh It is

- relatively flat, as it should be, except at smaller values of the C.L.

- The character of the distribution remains essentially the same when
V'vevents with the different hypotheses (1a), (1v), and (lc) are plotted
separately. The excess of events at smaller values of the C.i. is pre-
sumably caused by factors such.as small-sngle scattering and bad measure-
ments. In addition, one suspects that it 16 to ailarge'extent due to

. the contemination of misessigned hypotheses.
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In order to further distinguish the p4m final state from the p3w
final state and the MM final state, we examine thev Mw+1r°'n"' distribution,
where we observe a sharp peak due to the w-meson production, charac- 7.
teristic of the p4ﬁ final state.

Figure 61 shows the éffective—rna.és distribution of the neutral-
pion triplet from the p4T final state, when we select only those eveﬁts
that are ambiguous with.thé p37m final state and whose C, L. is smaller
than 5%. There are very few w events in this sample compared with the
samé distribution of all p4™ final states. In addition, the phase space
is grossly distorted. Therefore, we conclude that this gample of p4r

events is largely c.:orr'xp,osed of p3m events, This is easy to understand;
the 4C (p37{final state is much harderi to fit than the. 1C p4™ final state, so '_ .‘
if an event had an acceptable C. L. for p3w, itis in real;t:y p3m, even
though it mdy have higher C. L. for p4m. Itis es@imated_. ‘that about 80%
of this samplev is in feality p3T events., So this Asa.rnvple has been deleted
altogether from the p4m sample (the deleted sa..rnple a._rnoﬁnté to less than

3% of the total).

In order to further investigate other possible contaminations in
: _ , : 5

the p4™ events, we plot in Fig. 62a the missing mass squared (M‘M ) for
“all p4ar events calculated from the measured (unfitted) quantities. As is
-expected, there is a _huge peak at the mass (squared) Qf‘ﬂoz; Partly on the
; Basis of the s»hape of this distribution and partly on consi;d_ération of fhe
thfeshold for 2m°% production, the MMZ cut was chosen in the range
.0.42 to 0.1 (GeV)Z. Figure 62b shows the distribution of the neutral-

| pion triplet only for those eyenfs whose MM2 is outside the aforemen-

~ tioned cut and whose C. L. is»lesé than 5%} there are hardly any w events
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in the sample! We therefore concluded that this sa.rhple certainly does.
| not belong to the p4T events, and agaih we deleted fhis sample from the ..
p4T events (less thén 4% of the total). The sample consisting of events '
with I\/IM2 outside the cut and wilth fhe C. L. greater tha.n 5% showed
some w events, and we decided to keep this sample in the p4m events.. "
Inasmuch as n4m e_vent.s (the reactionic)are '1C.fits, one would
expect contamination similar to that in the p4T events. Unfo'rtunatel"y',
however, there is no sharp resonance like w in the sa.rhple.' Nevefthe—
less, we chose a MM‘2 cut from 0.52 to 1.20v(CreV)2 ih a similar fashion.
If an event had a MM2 outside this range and a C. L. less than 5%, it

was dropped from the n4m sample (this amounted to about 6% of the total

sample).

.

The p3w events gonstitute a rather pure sarnple; since it consists
of events with a 4C fit. Nonetheless, if an event fell outside the -MM2
cut f_chosen to be in the range -0.02 to +0.02 (GeV)Z] and had a C L.
‘less than 5%, it was dropped from the sampie (less thaﬁ 2% of the total

sample). The deleted sample showed very little evidence for 0% produc-

tion, whereas the total p3ﬂvsample showed strong' 0% production.

4. Cross Sections

For the"pulrpose of cfoss-se_ction caléulations, we have decided
to count, in a special cross-section scan, the number of four-prong
interactions along. with the total number of all intera.ctions,. and then
" normalize it to the existing pre.cise measurements of the total T p c.ross
secfion tak_en from counter experiments, 6 For this purpose, every
fifth frame of the entire quantity of film at 3.2 and 4.2 GeV/c was

scanned.
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We note that small-angle elastic scattefings ca.n‘easily be missed
by scanners. Thié effect, \.Nhich is a serious one‘for two-prong final
states, has been stgdiéd in detail by Jacobs.7 Using the resulf of his
'anaiysis, .we have made a correction to the total number of interactions
(frorﬁ the cro's.s-section scan); thisv correction amounts to abou‘t 8% a.’t‘

3.2 GeV/c, 1% at 4.2 GeV/c.

In order to obtain any reliable cross sections, one must also cor- .
E rect‘for.the scanning efficiency of the scanners. Based on two separate .
second scans of 15 rolls (about 3 000 e'vents) of film each, the scanning
veffi'ciency was found to be (96 +2)% for the first scan. |

In a.ddkition, for partial-cross-section calculations, we have cor-

) rected for the c‘ontamina{tion in each category resulting from errc;neously
assigned hypotheses (sAeel Seé. D. 3).

The resulting cross sections, after all these corrections have been

made, are shown in.- Table Ii for both 3.2 and 4.2 GeV/c. Of cdur'se, only

" the 3.2-GeV/c normal sample was used to calculate the cross sections at

that momentum.

We point out here that crosé sections w.ere calculated from the data
"tv'hat had no cutoff based on the fiducial‘-volulrne crit‘erion."‘ f‘or svubse-
quent analysis in Secs, IV through VIII, however, the rigid fidu;:ial—volume )
criterion was applied. The events failing to satisfy the criterion (about |
11% of the total) showed a poor resolution, based on the width’ of w fron-av
“this sample. This is, of cdurse, because these evér;ts‘a:e largély frorn»
the periphery of the bubble chambe,i' and they tend to have short tracks; - |

this results in poor measurements.
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We have also applied a cutoff at #£2° for the dip angle of the beam
evaluated at the in'teractio‘n vertex, thereby eliminating about 2% of
the total events. The number of events shown in Table I is that obtained

after these cutoffs were applied. -
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Figure Legends

Fig. 1, Distributions in the square' of four-momentufn transfer to the
proton for final states p,éw,_ p4rw, and p3tMM: (a) 3.2-GeV/c normal,
and (b) 3,2-GeV/c selected samples.

Fig. 2. Summary of crosé;l sections for .rlnultipion broduc_tion at varioﬁs

B ,t'n-‘ibeam momenta, taken from the results given in Refs. 8 thfough
17. The curves drawn are freehand fits to the data.

Flg 3. (a-g) All effective-mass distributions for the p3w final state at
3.2 GeV/c; (h) The M_&_ﬁ_ distributions for events at 3.2 GeV/c with.,
Mt in the N#t¥ region (4.12 to 1.32 GeV).. (i) The M_4_-_- dis-
tributions for evlents'at 3.2 GeV/c with er+'rr" in the p? region (0.66 .

to 0.84 GeV). The horizontal ‘scale‘s are in GeV, and the verticél

:_scales are for 'the numBer of combinations per 40 MeV. In each
histogram, . the total number of combinations is shown after the head- -

“ing "TOTAL.'" The curves represent 42% phase space, 32% N+t
(1238), and 24%_ p? except on (a) and (c), where thé N;1=++ and povcc;n-
tributions are left out in turn. On (g) _ahdﬁ (i') the curfres are norfnal-:
ized té the region above 1.45 GeV (see Ref. 18), |

Fig. 4. Same effective-mass distributiohns as in vFig.. 3 for the 4.2~
GeV/c data.

Fig. 5. Scatter plots relating to the final state N>1=++1r""rr" at 3.2 and 4.2

2 ' .
GeY/c. (a) Apﬁ+ vs Mpﬂ_,l_ for all ¢vents (see Ref, 22); (b) MpTrZ vs

2 2 ‘ ‘ .
< H “n~Y, - :
'rr’*"n'i, ,(Ap-rri AP“Z) (.c) Mﬂ_v_ vs cos B(n"w"), and (d) Mn_ " vs

“o(r"m"). In (b), (c), and (d) we have taken events with Mpv’*’ in the

N#t+ region 1.12 to 1,32 GeV and with A;J, < 0.5 (GeV/c)%. See
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Sec. IV.B for the definition of angles O(r~-n~) and ¢(1r"‘-n")./

‘F.ig.' 6. One-pion-exchange diagram for' the process TP NotetFqr=ge=
Fig. 7. Various distributions relating to the final state Nn++ v~ at
3.2 GeV/e: Hlstogram of A; + for events (see Ref. 22) with
Mpv+ in the N=::++ region 1.12 to 1.32 GeV. | (b) The Mp1r+ alstrlbution.v

with A” < 0.5 (GeV/c)®. (c, d) The M____ and M_,_ . distributions
. pT ' -11-111'2 . ™ TT‘Z
(A2 < AZ - ) for events with M_ 4 in the interval 1.12 to 1.32

pmy pr 22 pm .
"GeV and with A ot < GeV/c ; (e, f) the histograms of M_ .

p pmi and

M 4 o = (AZ <A 2 ) with the further requlrement that M atos

™y '. Pm™y . PT T2 .

lie in the p° interval 0.66 to 0.84 GeV.
Fig. 8. Same distributions as in Fig. 7, but for the 4. 2—GeV/c ciata..
Fig. 9. Angular correlations for the OPE process 1ea.d1ng to the final "
state Nn- .1r “n: (a-d) angular distributions at the meson and isobar '

Vertices for N*TT events at 3.2 GeV/c [1.12 GeV Mp' + 1.32 GeV .

and AZ“_+ < 0.5 (C}eV/c)2 T; (e-h) same angular distributions for

events at 4.2 GeV/c. The shaded histograms are for those N#tt
' events w:Lth M o - (A $4A2 _ ) outside the peuinterval 0.66 to
T bw 1 - pms : - .

0.84 GeV. The curves drawn in (c) and (g) are least-squares fits to '
the data. See Sec. IV. B for the definition of’the angles used‘ in these
figures. |
" Fig. 10. Cos O(x~m") distributioﬁs as functiops of Mﬁ_ﬂ__ for NxT¥
events [1.12 GeV < M 1 < 1.32 GeV and Afmdr < 0.5 (GeV/e)’]
(a-d) events at 3.2 GeV/c; (e-h) everts at 4,2 GeV/c. The curves
‘are least-squares fits to.the data (see Table III). |
Fig. 11. (a) Scatte:; plot of AIZ) vs M '._P)o, and (b) the projection onto V

the Mﬁ_po axis for p° events (0.66 GeV s M .]. . <0.84 GeV) at both
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‘momenta (see Ref. 22); (c) scatter plot of A;Tr_ vs Mpﬂ_, and (d)

projection onto the Mp'n"' axis for the same events (see Ref. 37). No

N#tt events are included in these figures (see Ref, 24).

Fig. 12;, (a) The p° -excﬁange and zb) the ﬁ+ -exchange diagrams for
the process w™p ~> pv'po. |

- Fig. 13. Correlations Between the pr~ and the 7~p° é.;ystem.s for p°
events ét both momenta (s;ee Refs. 22, 24, and 37): (a) I‘Da].itz'plo‘t of
M;W_ vs M:_po; (b, c) fhe Mpﬂ_ spectra in th'ele1 region
(1.0 GeV < Mw'po < 1.20 GeV) and in the A, region (1.20 GeV < M“'bo
< 1.42 GeV); (d) scatter plot of A;w_‘\"rs ‘M‘n__po; (e, £) Délitz plot of
M2 _ Vs Mi-po with A;rn < aﬁd > 055 (GeV/c)z," r.es.vpectivel'y,

Fig. 14. The A; distributions for p5 events (see Refs. 22 and 24):
(a)‘the Ay region (1.’0 GeV < M“__po < 1.~2}‘.  GeV) ;and (b) the Az’region
(1.2 GeV < M - 0. € 1.42 GeV) at 3.2 GeV/cy (¢, d) the A, and A,
regions at 4.2 GeV/c.

f‘ig. 15. The A;n’" distributions for p® events (see Refs. 22, 24, and
37): (a) the A, region (1.0 GeV < M'ﬂ_po < 1.2“G¢V), and (b) the A,
‘region (1.2 GeV SM.,,-"po < 1.42 GeV) at 3.2 GgV/c; (c, 4) th.e A,1 |

~and A, regions at 4.2 GeV/c.

2
Fig. 16, (a-d) Cos O(ntm-) distributions for various'Mﬂ_po intervals,

2

where we have taken the p? events at both momenta with A® < 0.65

(GeV/c)Z-(see Refs. 24 and 37).

Fig. 17. (a) The Mpwr' and (b') Mfr"plo spectra for p° eAv_ents at -both
momenta with A;v' < 0.55 (Ge'\l/'/c)2 (see Refé.' 24;and 37). .

. Fig. 18. Angular correlations at the meson and isobar vertices (see

Fig. 12D) for p° events with A;Tr_'< 0.55 (_GeV/c)2 (see Refs., 24 and
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37): (a-d) 3.2-GeV/c data, (e-h) 4.2-GeV/c data, and (i-1) the N*T+
region [1.12 S M_ 4 < 1.32 GeV and A; 4 < 1.5 GeV/c ] at both

~ See Sec. IV.C.2 for the definition of angles used in these

momenta.
figures. ’I‘he curves drawn in (a) and (e) are the least-squares _fits
to the data.

Fig. 19. The M >_ o distributions for p° events at both momenta (see
Ref. 24); (a) in the diffrac"cion region and (b) outside the diffraction '
region. The diffraction region contains p° event‘s with Apn__' <0.55

'(GeV/c)z and cos O(pr~) > 0.8 (see Ref. 37).
Fig. 20. Scatter plots of (a) Mpw" vs cos G(pmr~), and (b) Mpﬁ' vs é(pr~) -

for p° events at both momenta with A;r_ < 0.55 (GeV/c)2 (see Refs. = ; . _

24 and 37).

Fig. 21. Cos f{pn-

have taken the p° events at both momenta with AIZ)W_ <0.55 (CreV/c)2

(see Refs. 24 and 37); the horizontal bars represent the number of

1

events normalized to each bin size, and the vertical bars are the

errors in these numbers. See Sec. IV. C. 2 for the explanation of the -

curves in these figures. Due to small statistics in (e), we have

indicated‘only the slope.’in the diffraction region by a dotted line.

Fig. 22. The Mpw' spectrum for p° events (outside the diffraction

reglon, see Fig. 19) at both momenta W1th A < 0.65 GeV/c (see

Refs. 24 and 37); the shaded histogram is for events in the Ay region

(1.20 GeV < Mn-"po < 1.42 GeV).

Fig. 23. (a) The M _ o spectrum for p° events (outside the diffraction

region, see Fig. -'19) at both momenta with A; <0.65 (GeV/c)® (see

) distributions for several Mpn" intervals, where we =
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Ref. 24). The vertical dashed lines indicate the AZ region as well
as the control regions, and the horizontal dashed lines indicate
backgrouﬁd levels in the A2 region. (b, ¢, d)Distributions in cos §
-for the thrée Mvr" o intervals indicatgd in (a). See Sec. IV.C. 3 for
“the definition of the angle B.

Fig. 24, Variations of XZ (19 degrees of freedom) for various J
assignments for ‘the AZ as - a function of the bazckground"level. _

Fig. 25. Comparison of the experimental cos ﬁ.distribu’cions in the‘AZ
region at the 50% background level with the theoretical curves for the
¥ =47, 2% 4t (e =0)ana 2" £ = 1),

Fig. 26. The M-rr" o spectrum for p® events at both moménta with
A; < 0.65 (GeV/c)Z (see Ref. 24). ‘ The dashed lines at ‘MTT.. o = 1.0,

p
. .1.20, 1.42, 1.62 GeV delineate the A1 and A2 regions as well as their

contr/ol. regions.

Fig. 27. (a-d) The distributions in cog B for the four Mﬂ_po intervals
defined in Fig. 26. (e) Variations in yx 2 (19 d‘egrees of freedom) for
various JP assignments for the Ai as a function of the background
level. (f) Comparison of fhe cos B distribution in the Ai _regibn at
the 50% level with the theoretical curve of Tt (£ = 0). See
Sec. IV, C. 3 for the definition 6f the angle B. |

Fig. 28, The distributions in cos z for the four M‘rr"po intervals defined
in Fig.' 26, ’I‘hé solid-line histograms correspond to events at 3.2

| and 4,2 GeV/c, and the shaded hisfograms corfespond to events at 4,2
GeV/c alone; two points are plotted for the dou.b_le—p.0 events and one

point for the rest., The dashed-line histograms correspond to events

at both morhenta with two points plotted for each event. See Sec.IV.C.3
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for 'thevd'efivnition of the. angle z.
‘Fig. 29. Effective-mass distributions obt;ainable from the p4r final
" state at 3.2 GeV/c. The horizontal scales a:re in GeV, and the
| vertical scales are for the 1.-1umber of combinations per 40 MeV. The
total ﬁumbef of combinations‘fqr each histog‘ram is shown after the
heading "TOTAL.'" The curves in each histogram are the phase-
space curves normalized to the total number of combinations.
Fig. 30. Additional effective-mass distributidns from the p4r final
- state ét 3.2 GeV/c. Scales are as on Fig. 29 except in (a) where the
‘vertical scale corresponds to the number of combinations per 20 MeV,
and the phase space is normalized to the portion b.f the histogram for
Mw+w°.ﬁ" above 0.9 Ge\_/’. o
- Fig. 31. Same éffective—mass'distributions as in Fig. 29 for events at

4.2 GeV/e.

. Fig. 32. Same effective-mass distributions as in Fig. 30 for events

- at 4.2 GeV/c.

Fig. 33 ((a, b) The M__., a.nld MPW' spectra fo? events at 3.2 GeV/c
with the remaining three-pion ﬁass in the w region (0.76-0.80 GeV),

and M_ _ spectra 'fc"r events at 3.2 GeV/c with the

(e-h)

(c, d) The M-rr‘n
remaining three-pion mass in the n region (0.53 - 0.57 GeV).
‘The same efféctive-mass distributions as in (a) th_rough (d) for events
at 4.2 GeV/c. | |
Fig. 34. (a) Scatter plot of MP'""' vs Mn‘w for vsingl'e-w‘events at both
momenta with A;"+ < 1.0 (GeV/C)Z, (b) The Mp“+ spectrum for w

. events at both momenta with Mn’-‘w in the B interval (1.12 -~ 1,30 GeV).

(c) The Mpﬂo spectrum for the same events,
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Fig. 35. (a) Scatter plot of A; Vs Mtr';w a.nd. (b) thg M-rr-w projection for
single -w events at both momenta (see Ref. 22). (c) Dalitz plot 6f
MIZ')TT_ vs Mi-w with the further selection AIZJ < 0.35 (GeV/c)Z,

Fig. 36. The A; distributions for single~w events (see Ref. 22):
(a) 3.2-GeV/c data, and (b) the B region (4.12 < M“-w- < 1.30.GeV) at
3.2 GeV/c; (c) 4.2-GeV/c data, and (d) the B regioﬁ at 4.2 GeV/c.

Fig. 37. (a) The 7~ (and/or w)-exchange diagram, and (b) the:p-éxchange
diagram for the process T p = pT w, | | |

Fig. 38. (a) Scattgr plot of A;ﬂ_ vs MpTT" and (b) the Mpv‘ projection for

single-w events at both mornenta; (c) scatter plot of A'IZ),‘T- vs M _ .for '

the same events (see Ref. 22); (d) Dalitz plot of M;'ﬂ,_ vs Mfr-w with
the further selection AIZ)TT- <1.0 (GeV/c)Z.,
f‘ig. 39. Distributions in Alz),“,_' for single-w events (see Ref. 22): (a)
3.2-GeV/c data, and (b) the B region (1.12 GeV € M, _ < 1.30 GeV)
: a.t"3.2 GeV/c; (c) 4.2 GeV/c data, and (éi) the B region at 4.2 GeV/c.
Fig. 40. (a) The M., Spectrum for single-w events at Both momenta
with Afyrr" <1.0 (GeV/c)Z; the'.shaded region indicates events with ..

spectrum for the same events; the

cos 6(pm~) >O.§. (b) The Mpw_

shaded region indicates events in the B region (1.12 to 1.30 GeV).

Fig. 41. Angularv correlations at the meson and isobar vertices for the
p-exchange process (see Sec.V.B.2); single-w events at both momenta
with Aiﬂ__ <1.0 (GeV/c)2 have been used. ’:he shaded histégram_s are’
for events at 4.2 GeV/c alone. The curve in (a) is the best fit to the
data obtained by the least-squares metl;xod (the fitted coefficients fox

the polynomial in Eq. 2 are: a, = 91.70. % 3,03, a, = -0.09 = 5,50, and
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a, = 24.06 = 7,27).

Fig. 42. Same angular correlations as in Fig. 41 for events with

M in the N*0(1238) region. See Sec. V.B.2 for the explanation of

pT”
the curves.

Fig. 43. (a) Scatter plot of Mp,n,.,'vs cos B(pt-) for single-Q events at
both momenta with Alzw_ <1.0 (GeV/c)Z; (b) the same scatter plot in

the B region (1.12 to 1.30 GeV).
Fig. 44. Distributions in cos 6(p™=) for various Mpﬂ' intervals (in GeV)V.
See Sec. V.B.2 for explanations of solid curves and shaded areas.

Only single-w events at both momenta with Alzyrr-' <1.0. (GeV/c)2 are

plotted.

Fig. 45. (a) The Af) distribution (two points per event) for ‘the reactlon_' '
T™=n = pT~T~ taken from the deuterium data at 3.2 GeV/c (see footnote :

70); (b) the Mp'ﬂ’I distr'i,.butio_xll (é;vi < AIZD'"E) fot' Ievents.’with )AIZWI <

1.0 (GeV/c)z; (cmg) the cos G(p'rr'i‘)distfribution for various Mp'n"
o . 1

intervals (in GeV).

Fig. 46. The M_; o - spectra for (a) the central (r >0.7), and (b) the

per1pheral (r <0. 7) region’s of the 37 Dalitz plot. Events at both
momenta were used 1n these figures.

Fig. 47. (a) The w Dalitz plot for sxngle-w events at both momenta, and _

(b) for double -w event_s. ' (. c). Radial- den51ty dlstrlbutlons ofw decay o

(single-w events) for the_r...B region (1.42 to '1».30 GeV), and (d) outside.

the B region. Theu'datsh.ed-line histograms represent the total number -

of events in each cé.tegory; the solid histograms correspond to events

with background subtracted (see Sec.V.B.3). Curves fitted to the

solid-line‘histograrris are those expected for the decay of a
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,JP = '1 - meson,

Fig. 48, The M./ spectra for (a) the central (r >O.7) and (b) the
peripheral (r <0.7) regions of the single~w Dalitz plot (3.2- and
4,2-GeV/c data combined). The shaded areas are for double-w events.

Fig. 49. (a) The M_. épectrum for singlef-w events at-both momenta
with /-\;' <0.35 (GeV/c).Z; (b) the distributions in cos B for the B region
(in GeV) and (c) outside the B region. The shaded histograms are
for events in the central region (x> O.'é) of tiqe w Dalitz ?loAt. See
S,ec._ V. B. 4 for explanation of the curve in (b). e

Fig. 50. Scatter plots for events at both momenta in the final state

2

< 0,57 GeV): (a) Ap vs M,"-..n and (c)

A;n- vs M___ (see Ref. 22); Dalit plots with (b) Af3 < 1.0 (GeV/c)?
2 -
and (d) Apv_ <1.0 GeV/c)

pT=1 (0.53 GeV S M40,

‘Fig. 54. (a) The p %(n?)-exchange and (B) the Az-exchange diagrams for
the process T=p — pT_n. | |

Fig. 52. (a)' The Af;n" and (b) Mp-n" distributions figx; 71 events at both
momenta (sée Ref. 22). The M_"_h spectra fdl" n events at béth.

momenta with (c) AIZJ <1.0 (GeV./c%and (a) APZW_

< 1.0 (GeV/c)>.

The shaded histograms are for events at 4,2 GeV/c alone.

Fig. 53. Two-body effective-mass distributions from the n4w final
étate at 3.2 GéV/c, The horizontal scales are in GeV, and the
vertical scales are for the number of combinat_ioﬁs per 40 MeV. The
total number of combinations is given for each histogram after the |
heading "TOTAL.'" ’I‘he phase- space curves drawn in each histogram

are normahzed to the total number of comblnatlons.

Fig. 54, Three- and four-body effective-mass distributions from the
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n4m final state at 3.2 GeV/c.
Fig. 55. Same distributions as in Fig. 53 for events at 4.2 GeV/c.
Fig. 56. Same distributions as in Fig. 54 for .events at 4.2 GeV/c.
Fig. 57. (a) Distribution in MM for p37MM events at 3.2 and 4.2 GeV/c |
with Ai < 1;0 (GeV/c)z; ‘(b) distfibutiqn in Mw"‘n-n‘MM for the same
events; (c) distribution ip M“+T"'7’I for events with MM in the 1 region

(6.50 to 0.60 GeV). The shaded histograms are for events at 4.2

GeV/c alone.

' Fig. 58. The w Dalitz plot (M, = 0.783 GeV). The inner contour
corresponds to r = 0.7, and the.outel: contour (boundary) to r = 0. _

Fig. 59. Beam-momentum spectrum for (a) the 3_.2-Ge.V/c normal,
(b) the 3.2A-GeV/c selected, é.nd (c) the 4,2-GeV/c sample.

Fig. 60. Distribution in the confidence level for all the fitted évents.

spectrum for p4m events ambiguous with the

Fig. 61. The Mp40._

p3T hypothesis and with C. L. less than 5%_. The phase-space curve.
is norrha.lizéd to the total number of combinationsv.

Fig. 62. (a) Spectrum of the square of the missing mass (MMZ) calcu-
llafed f.rom‘ the ﬁeasured quantities for all p4T events, (b) The M 4,0~

spectrum for events outside the MMZ cut (dotted lines in Fig. é) and -

‘with C. L. <5%, -
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This report was prepared as an account of Government
sponsbred work. Neither the United States, nor the Com-
mission, nor any person acting. on behalf of the Commission:

A. Makes any warranty or representation, expressed or

~ implied, with respect to the accuracy, completeness,
. or usefulness of the information contained.in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report. :

As used in the above, '"person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that

“such employee or contractor of the Commission, or employee

of such.contractor preépares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his ‘employment with such contractor.








