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ABSTRACT

Interactions of l; 61-BeV/c antiprotons in hydrogen yielding two
charged particles have been studied, with particular attention to elastic
scattering, single pion production, and annihilation into three or more pions,
Effects of misinterpretation of events are estimated by Monte Carlo calcula-
tions, Nine partial cross sections have been measured, The elastic~
scattering data show a secondary diffraction peak at about 82° in the center of
mase., Single pilon production is found to be consistent with charge.
conjugation lnnrinnco; In the single pion events (p + p-+ N ¢ N + #) the
predominance of low-momentum transfer exceeds that predicted by the single
plon exchange formula of Chew and Low; No two‘-piou resonances have been

observed anywhere {n the data,
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I. INTRODUCTION

This is a study of events with two outgoing charged particles (two
pronga) among 1. 61-BeV/c antiproton interactions, including elastic scatter-
ings, annihilations, and other inelastic iﬁteractionn; The events analyzed
were lntgractiona in the 72 -inch hydrogen bubble chambe_rl. Numerous papers
have been written on various interactions in thi's film, 1-14 The most com-
plete description of the beam and of the experiment as a whole is presented by
Button et al, 2 The annihilations ‘into kaons have been separately studied, 8
Consequently, these events are not analyzed here other than as a contamim;
tion of the other two-prong interactions, Also, the small -angle elastic
scatterings (cos 6> 0; 80) have not been studied because it is difficult to
separate these events from the elastic pion scatterings that are in the film,
and because small-angle elastic scattering has been studied near this endrgy

15,16

by two counter groups, The search for two-meson annihilations was to

some extent a separate project, and is reported in a separate and accompany-

ing paper,
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About one half the two-prong events measured in this experiment
were annihilations {involving more than one neutral psrticle‘. These events
upon which one cannot make kinematic fite cannot be ldent;lied; Such
unidentifiable events nefve as a large reservoir of events that may contami -
nate the less frequently occurring two- and three-bociy events that we wish to
analyze, Therefore, considerable effort has been mdo to determine the
extent of this. contamination; An important tool in thii respect has been
program FAKE, 17 a Monte Carlo program that can generate events according
to a particular prescription, These events can auBsequently be analyzed by

the ‘same dau;snalynia syetem that procéues the real ‘events, . FAKE
| simulates events to resemble the oufput of the track-reconstruction program,
completo with a simulation of the measurement errors and errors due to
' Coulonr;b -cuftering; Thus, by uslingv ?AKE one can observe what hias cia.ta-
analysis system will d§ with events of a known type, and how often these |
events are claseified incorrectly, The limitation of this technii;ﬁe i{s that, in
. order to obtain a reliable slinul‘ation ofa parf of an experiment, one needs to
ge'neraﬁ tﬁe events with the correct matrix element — — something that at

best {8 imperfectly known,
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- I, THE EXPERIMENT

The events chosen to be measured were all the two ~pronged events in
& specified fiducial volume in the bubble chamber and in an edited sample of
the film, except for those évents which were obvious m;nall -anglve elastic -
scatterings, (Events were classified a9‘sn1a11;éng1e elastic scétterinfgs if
simple scanning-table observation showed them to be coplanar with a stopping
or nearly stopping proton that made an angle of at least 57° with the beam
track,) In.case of doubt the event was measured, All events were measured
wiﬁx Franckenstein measuring projectors and were'proceesed by the PANG
and KICK analysis programs,

~ The 3569 measured events can be classified into the following groups:
1.‘_ Interactions produced by {ncident pions, |
2. Elastic antiproton interactléns.
‘3.. Inelastic antipréton {nteractions (single ~-pion lproduction), -
4..' \Amihilationﬂ producing ka.ona. |
5; \ Annihila.tions not producing kaons (pion annihilations). :

The number of events in the first group was estimated by analyzing
the events that had 6§ rays on the incident track, 18 In the measured sample
19. & 4% of the events were pion interactions, We estimate that the 3569

‘measufed events came from a sarﬁple containing 8823 % 300 wvisible anti-
pro,toh interactions, The dominant part of the uncertainty in this number comes
from the uncertainty in the number of pion interactions, We have determined
that 3+ 1 mb of‘ the elastic-scattering events were not obsarved by the
scanners because the angle of»scattering w)as. too small and the proton recoil
was too short.. Thus the 8823 antiproton interactions correspond to 93 mb

rather than to the total cross section of 96 + 2 mb, 15-
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Moast of the plon interactions can be removed from tlf;e sample by
requiring that the incident particle have a momentum greatcx‘j than some
minimum value, because most of the incident pions had mom_:enta lower than

‘the momenta of most of the u‘mproton-. Whereas in 14 & 6% of the lnteract;
ing .pions the rﬁaaaured beam momentum at the center of .theichamber was
greater than 1550 MeV/c.. 86.2 .3% of the antiprotons have measured
momeﬁta at least this great, Therefore, the sample of events with measured

" beam momenta greater than 1550 MeV/c has only a '3.. 6 £ 1,8% pion contami-
natidn. ~All the analysis to be described subsequently was made by uning“the
2649 eventsin tbis high-momentum sample, |

Using the results of the study of the annihilations into kaons, 8 we.
estimate 322 + 40 e.vents in ;he sample to be annihilations producing kaons,
Théi'c were 110 events obeervéd',to have associated kaonv decays, leaving
212 + 40 eventa with kaon decayp that canndt be so identified,

The events can be placed in the following experimental categories:

A, Events with beam momenta less than 1550 MeV/c;

B, Events not in A that fit antiproton elastic scattering with xz 4 130,

C:, Events notin A or B that fit one of the inela-stic‘ three;body interac-

. tions with ‘xz <5,

D. Events not in A; B, or C that are consistent with pion annihilations,

E. Events not in A, B.. C, or D, ‘
Table | shows tﬁe number of events found in these experimental categories, as
well as e‘vstim‘a.tes of how they are populated by the previously mentioned
rgroupa. Category E consists of 110 events with associated K decays, 23

events that fit elastic plon scattering, 6 events identified from 5 rays as pion
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interactions, and 80 events with measurement errors so large that classifica-
tion was useless, The arguments leading to the assignments of many of the
numbers in Table 1 will be presented when the categories are discussed in

more detail,

1lI, ELASTIC SCATTERING

Elastic scattering at’or near the energy of this experiment has been

studied at small angles before, 4, 15,16

None of these data gave very useful
information about the scattering for c. m, angles greater than 50°, the region
outside the forward diffraction peak, Therefore, the emphasis in thi.s study
was on these large -angle scatterings, It was ascertained that the scanning
criteria we used to chooz;e the events resulted in a high efficiency for includ;
ing elastic scatterings that have c, m, angles greater than 36.9° { cos 6=0,80),

There were 258 such events that fitted with XZ

<30, The number of misinter-
preted events in this sample i3 small, probably no rﬁore than one or two, The
angular distribution of these events is shown on Fig. 1. This shows that there
{s a secondary peak in the angular distribution near ;:oe 6 = 0.15, |

Such a second-dit[ractioi; peak is predicted by simple Opdcﬂ quels.
We attempted to fit these data with an optical model of a form suggested by

19

Greider and Glasagold. "’ The elastic differential cross section is given by

%(9) = lz‘?‘gz (22 +1) ("i" -1) R, (cos 0) 2,.
L=0

and in this model the scattering amplitude is given by
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W-ﬁ eia”)'for 0wl [, -A
R o ] ia(d) :
N, = Cgll) e for L-a&€tK L +a,
1 for 1> L +a

where g(!) ‘{s a monotonic decreasing function that describes the shape of the
proton (ot rather the shape of the proton-antiproton system), .It'd'epends upon
the parameter L.' which is a measure of the effective radius of fhe proton
expressed in units of angular momentum, and fhe parameter A, véhi;:h is a
‘measure of the thickness of the "edge' of the proton, The parémeter L as
well as the parameter A mdy be expressaed in terms of an équivalent‘pro‘.ton
radius by means of the expression R = (L + 1/2) h/p = 0, 30(L + 1/2) £,
where p is the ¢, m. momentum of the incident partiéle. The pﬁrameter B
is the - opacity of the nucleus at small values of #, and a is a phase, The :.
amooth curve on Fig, 2, illustrates these optical -model parametérd. . The

: 216
- : t
conventional phase shift '8, is related to these parameters by n=e -,

. a -
and for L -A<!< L +4, wehave §, ”'i""]:_'l“ lstt)}.

In making this analysis, both the data of this experiment and the data
. of the previously measured differential cross sections were used, ~ Making the

maximum-likelihood analysis involved finding the maximum of the function

258 11, 2 rreq.n 12
e Zln‘ (i).z(ai’-aj, .(258 Np) .
=1 "' Cg=p A UJ)Z 2(% Np)z

w

where o and ¢, are the 'predicted and measured differential cross sections
: o :

J
and Np is the predicted number of events for cos 6 < 0,8, The first term in F
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serves to fit the shape of the angular distribution for cos < “0. 8, the second
term treats the data for cos # >0,8, and the third term has to do with the
number of events for cos 0 < 0,8,

As a first step we did a two-parameter fit by considering complete
absorption at small radii; i,e,, we set g =1 and a =0, Such a fit, though
it reproduces the general {eatures of the data, has a very poor likelihood
becaus_e it has a zero near cos 0 = 0,5, ah:i the data.in this region are
not consistent with the presence of a zero,. '=.On1y by.making a nonzero can
this model give solutions having the essential features of the data and not
having a zero near cos 0 = 0.5, The fit to the data obtained with a four-

parameter fit is shown on Fig, 2, The best fit corresponds to the parameters

+0, 003
-0,007°

The uncertainties quoted are equal to the changes in the parameters that cause -

1.=3,83+0,06, A =2,05+0,10; a =11,0°+1,1° and g = 0,990

F to decrease by 0, 3, This fit does not represent the data well, The solution
 obtained with this optical model depended little upon the specific form of the

function g{t). The g(t) used for the quoted solution was

' 2 1/2 -
exp(l-ﬂ{l¢1/2 [(L-a-1)/a] }) for L-a<t<L
g(t) = : ,

: 1/2 :
exp{l -'%[(L'#A -l)/A]z} / _ for L<I<L+aA

As a final attempt to understand the data, a fit was made leaving each

complex n, asa free parameter and subtracting the term

lmax
{E}; Y (2t 1) [1 - Relng)] - ar}"/(Aon
1+] :
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from the function F in order to constrain the fit to satisfy the Optiéal
theo_re'.m. The total cross section was taken to be Opt A0y ® 96 + 4 r‘nb‘.
Although this method is far short of a complete phase -shift analysis, iriaamu;:h
as spin and {sospin are not taken into account, this maihod dées not have any
Approximationé._» The ! = 5 terms were included, and because such solutions
were satisfactory, no attempt was made to inciude higher waves, With sucha .
model containing many parameters — — 12 for ‘rrm;c 2§ = — there is ll‘ittle
doubt t!}iat a good fit can be made to the data; The interest is not to see if a

‘gbod‘ﬁt can be made, but rather to see what one can conclude from these fits,

- There are many different solutions giving good fits to the data and having

qﬁlte different values for some of the fitted parameters, However, all the
good fits are similar in character, 'I'he angular distributions predicted by
the best of th?se fits are shown or‘1 Fig. 1 and Fig, 2. Al the g‘ood) lZ-V
parameter fits have the same features as does this one: namely; in addition
to the forward peak vwith a height of about-60'mb/£~; there is a-éecondary
peak with a height o(f abou't 0. 36 mb/sr céntéred'a\t about cos 0 =0,14 and a
narrow backward peak with a height of about 0, 13 mb/ar. The values found
for the parametera for the four best solutiona are presented in Table 11, The
good solutions have Qther things in comm{m beaides agreement on theAshape of
the differential 'Croa; aection; Figure 3‘ shows a plot of the values of 1 -'l'qi ‘2
ae a function of ! for the fbur besat aolutio.na found. This qdantity 19 propore-
tional to the contribution to the reaction erbés ;ection and <‘:an'be thought of
as the opacity of the proton asa aeen»by the antiproton for a pgxticixlar pé.rtia.l

wave, The va.luc; of 'F for thése four soiutiona do not differ from one

¢
'

another by more than ; factor of 10, We expect that this set of solutions,
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though not complete, is a representative set of the possible éolutiono_, The
opacity corresponding to £ = 0 {s not very well determined, but it does seem
to be fairly well indicated for the other partial waveo‘.

Also, plotted on Fig, 2 and tabulated in Table Il is the result of
making a six-parameter fit by constraining the imaginary part of ny (and
thus the real part of the scattering amplitude) to be zero; Although the likeli~
hood for this solution {s only about IO"4 that of the best solutions, it certainly
does not appear to be a poor solution, The opacity predictions corresponding
to this fit are in good agreement with those of the good J2-parameter fits:. :

The integrateci elastic cross sections predicted by the_good.titg to

the data yield 31,1% 2,0 mb,

1V. INELASTIC SCATTERING

The reactiona'

;+pf;+p+ﬂ.o {1y
Ptp=ptn+w , (2)

and - _ .
ptp=-n+p+w . (3)

are of interest because they can providé a test of charge -conjugation invari-
ance (C) in strong lnte'ractions-. The protoh-mtiproton.iﬁitial state is an
eigenstate of both CP and CR, and these invariance principles demand among
other things that
{a) the cross sections for (2) and (3) be equal, |

(b) the angular distributions of the p and the p in(l) be reflections of

each other,
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and

(c) the angular distributions of the p and the n in (2) be reflections of
the angular distributions of the p and the n, respectively, in(3).
If we assume the validity of the conservation of parity (AP), in strong interac-
tions or the validity of invariance under spatial rotation {R), then tests of these
atatements constitute tests of charge -conjugation invariance in these reactions,
A more detailed statement of the predictions of charge -exchange invariia'nce is

20 . 4,

presented by Pais™ and by Xuong et al,

The sample of events analyzed as inelastic-scattering events are those

Z< 5 for one

events which did not fit any twe-body final state and which had . x
of the three inelastic reactiona, Many evenfa fit more than one of these reac-
tions, For almost all of these events, ionization observations removed the
ambiguitiea. The sample was Iognd to contain 137 events that fifted (1), 108
th@t fitted (2), and 98 that fitted (;3). Table IIl shows the estimates of the
coméoai_tlonl of these groups of e:vents, or how many misinterpreted events
each group co'nfains. The estirxia'te's of background gvgnté from annihilations
involving kaons were made by an;.lyzing those events having associated kaon
decays, The estimates of the background event§ from.annihilatibns yielding
oﬂy pions were obtained by using program FAKE, The FAKE annihilatioxii :
sample isdesgcribed in S.ec. V. These data indicate that the ppr® events are
about 90% pure, whereas the samples for the other two inelastic modeé are
only about 70% pure, ;rhe fact that these laiter samples are not very pure

makes the tests ofchabrge-conjugation invariance more difficult, The cross

gsections obtained for these reactions are
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o_ ,=1.854 0,22 mb,
ppm

¢ _ _=1,19+ 0,16 mb,

pnw

and o_ +-l.00=t: 0.16 mb,

pnw

The angular distributions for ali the particles are shown on Fig, 4.
Also shown on Fig, 4 are estimates of the background events, In each case
the prediction of charge -conjugation invariance is well satisfied.

These angular distributions suggest that these reactions are the /

. . . ;A
results of peripheral interactions, So we may expect that the eventa conform
!

to the one-pion-exchange Chew-Low;‘ formula f
[

. c o B
q

N
2 2 2 : ,
e L L gy —2—— . /
szdA Z", p/%n 2 A2+m ) ‘
\ n "
N \ ’ !

where m"‘ is the mass of the pion, ¢ is the pion-nucleon total cross section,
P {s the laboratory-system momentum of the incidént antlpréton, AZ is the
invariant four-tﬁomen_tum transfer for one nucleon {or antinucle.bn). M 1is the
effective mass of the other two particles, k is the momentum of either of the
other two particles {n their own center of xhass, and £ is the renormalizedA
plon-nucleon coupling cohﬁ.t.ant.. This formula prgdlcta that the ppn® cross sec-
tioh should be nearly twice as great as the cross section for the other two
channels because in thia region the cross section ig dominated by the (3/2, 3/2)
resonance, and for the T = 3/2 state the w’p cross section 'ls twice t.hat'of

20— o
«'n or w p, Our data give il Al = 1,69+ 0,28, in agreement with

1§ + +o
pnn  piiw



{

\

s

i

-12- | ~ UCRL-10632

“the pe ripheral -model prediction, and in disagreement with the prediction of
0.8 given by the statistical model,’

Figure 5 shows a scatter diagram of the ppn® events in which the

coordinates are essentially M2 and _Az. The ordinate has been distorted in

such a way that the points in any vertical strip would uniformly populated

22

~according to the Chew-Low formula, i{f ¢ were constant, This plot illus-

trates the concentration o"f.eveuts at small values of momentum transfer, The
2

px_'ojected distribution on the A" axis has the features of the prediction of the
( Chew-LoQ formula, ,Hf)wever. there are manfm‘ore.eventa at low mqmé_ptum
| transfer than predicted by this formula, The Chew-Low formula would be
strictly applicable to our experiment only if we knew which pion-nucleon paif

- wao resonating, that is to say with which nucleon to associate the pion, Since

we do not know this, the prediction must be modified to include the other pion«

. nucleon pair. The dotted curve on Fig. 5 is the prediction for the momentum-

i

; transfer distribution based on the assumption’ that:! (a) the Chew-Low

i

4
I
!

P

formula gives the correct moméntgm-transfer distribution for one of the
nucleons, that (b) thé momenturﬁ-transfer distribution of the othef nucleon is
determined statistically, and that (c) what we observe is the sum of these ‘
two distributions, That this curve does not agree with the data indicates thgt
the Az term in the numerator‘ of tﬁe Chew-Low formula is not appropriate,
The solid line on Fig, 5 shows the prediction of a peripheral-q'c:latterixig model

in which the al dcpehdence is only the propagatof (A2 +m“_2

than AZ(AZ + m"‘z) » This curve is a much better fit to the data than are any

) . rather

of the other curves, Sucha AZ dependence of the cross section cannot arise:
»
from the exchange of a pion in p wave, as is required for Nﬁ/z production,

but could be the correct form if the particle exchanged were a vector meson,
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Figure 6 shows histograms of the distributions of the pion-nucleon (\
effective-mass squared for each of the reactions, In every dase the data are )
consistent with charge -conjugation invariance, This {s {llustrated in Fig. 1, /
where the diastributions of all of the plon-nucleon effective masses are |
compared with the distributions of the sums of all of the plon-antinucleon etfec‘i-
tive masses, Thease two distributions should be identical, according to charge-
" conjugation invariance, These distributions do not agree well with thé phase - :
space prediction, nor with the predicted distribution corresponding to all the
events involving the prqduction of a pion-nucleon or a pion-antinucleon pair in
the (3/2, 3/2) resonance. The prediction based on the Chew-Low formula is
essentially {dentical to this latter distribution, The data would fit such a

resonance model {f the mass of the N;/ were assumed to be 1210 MeV

2
rather than 1238 MeV, Perhaps sucha shift can effectively be produced by

L i L
inter{erence‘between the NB/Z and the N'3/2.

V. ANNIHILATIONS YIELDING ONLY PIONS

There were 1404 events analyzed as annihilations producing pions,
From this sample were excluded all events fitting any two-body process
{including 14 events fitting two-meson annihilation) with a X..Z<3°' and all
events fitting any of the three-body inelastic intevractionu with )-(2 < 5, In this
sample there is a contamination of 16+ 4% of events that are not pion annihi-
lations: the largest contamination consists of annihilations involving kaons, as
can be seen in Table I, We also estimate that 8% 1% of the t‘rue pion gndhi- :
lations have been excluded from this sample, Previous ana.lynis3 of the
annihilations at 1,61 BeV/c {ndicated that the multiplicities were consistent

with the predictions of a statistical model that uses an interaction volume
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f1ns, whpre the v‘olume. {e measured in units of the vol;xme of a sphere
having a radiua equal to the Compton wavelength of the pion, This model
predicts that the sample of two-prong pion annihilaﬁbns consists of 11%
three-body, 36% four-body, 37% five-body, 14% ‘six-bo.dy. and 2% seven-body
annihilations, ' '

Figure 8a shows the distribution of the square of the missing mas.e for
these events: namely, the square‘of the effective mae§ of the neutral
particles, Figure 8b shows the same distribution for a sample of simulated -
events generated by the FAKE program according to the statistical -model
prediction, In both cases the solid curve representa the predicted phése-
space distribution cofresponding to' the statistical model with 2 =5 for all
but the three-body events; This model predicts far too many events with
missing maeé lesa‘than 1 BeV, a region ;Sopulated predominantly by the four-
body aunihilauons. A much better fit to the data is obtained by reduéing the
predicted number of four-body annihilations by a‘. factor of 1,6 while maintain- ,
ing the ratio of the other modes the same, This c_al.culat‘ion is sh.ov‘m as the
dashed curve on Fig, la‘. | |

The missing-mass diatr_ibu_tion shows t;o compelling evidence for the
production of resonances, The n° peak is present in the real data with about
the same strength as it is l;l the data from FAKE; this ihdiclates‘ that on the
<.>rdebr of 100 v+1r°u° evcgn'ts are ﬂn.c‘luded in the sample, One xﬁight wéll expect
to see evidence for the; reaction” ;+p-1r+;ktr- +n, n--neutrals, even though
no evidem.:e for the n. has been seen in other F annihﬁationa_. By chance, the
FAKE data show, if anything, more evidence for r production thando the real

data, We estimate that there are 20+ 'Z’C';"l present in these data,
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There is no evidence for a peak at the mass of th§ p meson or at
the mass of the w meson, This is not ‘lurprlsing since the p 1is not expected
to have an all-neutral decay mode and the all-neutral decay mode of the w
has a small branching ratio, |

Figure 9a shows the distribution of the square of the effective mass
of cyerythlng other than one of the visible piona., In other words, it is thé
momentum distribution of the charged pions ex}:reued in terms of effective
mass, The distributions corresponding to the vt and the v~ were' in good
agreement with each other and were combineci. - We note that there is no
evidence for the reaction p+p-p * +n? for any decay mode of the p | meson,
Figure 9b shows the same diatribution for the FAKE data, Jﬁat as was the
case in Fig. 8, the solid curves represent the statistical-model prediction
corresponding to @ = 5, Again, this curve does not agree well with the data
because it is too high in the low effective-mass region dominated by the three-
and four-body annihilations., Both phase-space calculations and thé FAKE
data show that for effective masses less than 1 BeV, the ‘three-body_ annihila-
tions are dominant-. Then, on the assumption that the three-body; annihilations
are distributed according to a phase-space dietx;ibution - — an issumption
supported in the next section — — we estimate that there are 122+ 35 thr'ee-..
pion events in this sample.' On the basis of this and the informl&tion gained
from the miuiﬁg-mau distribution, we have a new estimate o»fA the co.mpoavl-
tion of these eventa: 8‘% three -body, 23% fdur-body. 48% five -body, 18%
six-body, and 3% sev.en-body; This model {8 used to Acalculat’e the dashed
curve on Fig; 9a, as well as the dashed curves on Fig. 8 and Fig, 10, This
cnrQ; fits the data very well, There is no evidence for substantial production

of charged resonances with'a single pion,
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Figure 10a shows a histogram of the distribution of the effective
mnasse o( the wte” pair, and Fig, 10b is the same distribution for the FAKE
events. Again, the dashed curve, which {s the phase-space‘;predicdon
- according to the model used to fit the other effective-mass cslata'. is a better
fit to the data than is the prediction of the statistical model with 2 2§ — —
n.lthough in this case the preforence is not as marked as it was in the other
cases, l\elther of the curves is a good ﬁt to the data. The most striking .
feature of the data is the overpopulation around l 3 BeV. However, this
" peak ie no more impressive than {s the peak near l.l BeV in the FAKE data,

10 it s known that

From the study of the four-prong annihilations
considerable numbers of p? mesons are produced in five-pion:annihilations.
However, Fig. 10 does not show much eyi_dence for the '-prescnce of p°
mesona, 1lf there aro about 30 p mesons here, as one would estimate from
the four-prong data, then both p)i;mase-epoce curves are too high in this region,
A lowerlng of these curves 'woulo produce a better fit to the data ffom 800 MeV
to 1 BeV, but would produce a poorer fit to the data near 500 MeV, N

Figure ll is a histogram of the ¢, m, angular distribution of the w
and the v+. as well as the combinod distr!bution obtained by adding the number

.‘ol events in the ( ~cos 0 ) :bin- to: the events in the (+oos 6 _) bin, None of
these distributions is c:nsistent with iaotropy. They exhibit“an effect similar
to that seen in the four-prong annihuattiona:'5 namely, that there is a peaking :
in the forward direcuon for the w ,  and a‘peaking in the backward direction |
for the v+. The quootion axjtaeo as to what extent could this be the effect of

misinterpreted events in this sample rather than a property of the pion annihi-

| lations, Th‘e peaking in the forward direction for the negative particles can be
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enhanced somewhat by the p+p+p+p+n® and péntn’ events, and the

# tp-w +p+n° events, since in all these reactions the angular distribution
of the negative particle is peaked in the forward direction, However. the
number of these events in the sample is not sufficient to produce the effect
observed for the negative particles, Furthermore, these events cannot
produce the backward peaking of the positive particle observed in Fig. ll;
The reason {s as follows: In orde‘r.to obtain th; c. m. angle for Fig, 11, the
assumption was made that each particle was a pion.’' If the particle were
heavier than a pion, the calculated pion ¢, m, angle would be too ema,ll‘.
Even {f there are in the sample protons going predominantly in the backward
region (c, ml. )s they will not produce much of a backward peaking when the-
mass {3 assumed to be a pion mass,

Tha'angular distributions of the kaons and pions in annihﬂatio:ia
involving kaons deviata very little ‘frOm isotropy. "For thé kaons in the sample,
misinterpretations of the mass of the particle will produce a sx_na.ll' amount
of peaking in the forward direction for both the positive and negative curves,
Thus the major ‘eff;act of the mtsinterpreted events should be to destr‘oy.the
condition imposed by charge-conjuggtion invaria;nce that the u+.' and ‘"
angular distributions should be reflections of each other, A xz test indicates
that there ia a 10% probabliity mét two distributions from the same sample
would disagree as much as do the observed w' and " angulaf distributions,
whereas there is less .than 0.1% probabilitf that an iaotrépic distribution
would appéar ag anisdtroplc as do either of these diatributiong. Therefore,
this effect is almost certainly a real property of pion anqihﬁatiops.,

Since all three of the effective -mass distributions are fitted fairly

well by one mbdel. it is probably not far from the correct one, However, it is

difficult to estimate the accuracy of the determination of the frequency of the
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various annihilation modes, both because of the difficulty in éstimating the
effect of the background events and because of the uncertainty about the as-
sumption, {mplicit in this analysis, that the phase-space distributions are

correct representations of the data,

VII. THREE-PION ANNIHILATIONS

From the -fbregoing analysis we estimate fhat there are about 110
‘events of the reaction p+p=n'+n +1° in the pion-annihilation sample‘.
These events are intere'stihg ones i_n which ;ovl'ook for fwo-pién resor'm;vnce's
because no other types of reaonanc‘es can be pi'e'sent. Howe(rer, it is difficult
to get va fairly pure sample of these eventa to analyze, b'ecau:ee the fit to this
process is overdetermined by only one constraint, vand the average error on
- missing mass is on the érder of a plon mass, The x distribution (Fig. lZa)‘
for the fits to these three-pion annihilations lllustratea the problem.
Whereaa the xz distribution for the pure events should eaaentially go to zero |
when x is equal to 10. the obaerved distribution has a long "tail" of eventa
~ that cannot be real ev_enta. That there is a large qqntamination is further

2 ¢ 5 in this sample — -

"evidenced by the fact that there are '27.0' ‘events with yx
more than twice as mariy as we expected to have, A third indication that the
background is great is that the distribution of missing-mases aquared for those

events with xz_

<8 (Fig, 13) is atrongiy we’lghtgzd to the Iarge-masi side of
one-pion mass, Almost all these contamination events are other annihilation
events, By observing the two-prong events that have associated kaon decays, .

we estimate that 20+ 10 of the events with xz <5 for three-plio‘n annihilation -



“19- A UCRL-~10632

are annihilations {nvolving kaona, The rest of the contamination events are

fours, ﬂve-. and six-body two-prong annihilations that fit the three «body
hypothesis, .

It is common practice to analyze a xz distrifmtion. such as that on
Fig., 12, by observing that the "tall" on the distribution is 10 or 15 events
bigh and by aogumlng that this amount can be subtracted from‘ the total number
of events in the bins at small xz in order to oiﬁain an estimate of the actual
number of events that correspond to the hypothcais.b'eing te B_ted; In the
presant case such a method indicates that there are about 200 three«pion
inhihuationa in the sample, That such a method i{s wrong when one is dealing

2 distribution for

with a singly constrained (1C) fit {s illustrated by the x
the th'ree-pton assumption obtained by using the FAKE iéur-pion events
(Flg. 12b), The above method w?uld lead to an estimation that there were
about 60 three-pion events in a sample composed e.ntirely of four-pion events,
To understand the shape of the x> distribution to be expected when
one tﬂed to fit to an hypothesis with one constraint gventﬁ that are not in |
agreement with ma; hypothesis;’ ﬁie following observation is instructive, If
one has a set of events for which the distribution in the square of the missing
'mau {s equally populated for all values.of missing mase and if thé error on

this quantity is independent of the value of the.quantity. then the' xz distribue«| -

tion for any 1C hypotheses will be proportional to 1/x. The ’diat'ributionv

will be flat when expre sged in terms of ¥, the square root of xz. Fo_r'the
events that agree‘witﬁ the hypotheses, the distribution in y shouldbe = |
Gaussian with unit variance, Because of these pmpertieg. a distribution in f

X s usuilly more useful than one in xz. if one wishes to separate the | /
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background from the true events when one is working with a '1C hypothesis,
Figure l14a shows the distribution in y for the experimental data, Figures

14b and 14c¢ show the estimated background due to many-body pion annihila=~

23

tions obtained from the FAKE events, Figure 14d {s the estimated

distribution in y due to kaon annihilations, as estimated from the two prongs

g with observed associated kaon decayﬁ. These background disttibutions,

% though not flat, are consietent with linearityx this demonstrates the utility of
using a x distribution for background»eubtra.ction.. Figure l4ershowa the
result of subtracting th‘e-eati.mated background from the experimental distri-
bution. This graph demonstrates that the background eetlmaﬁon is fairly
accurate because the data after the subtraction are consietent with a normal
distribution, The distribution indicates that there are about 120 plon events
{in the sample, ) » , | _

'I’he FAKE data indicate that 15 = 4% of the backgro(md events that
have x < 5 have the square of the missing mass less than the square of a
pion mass, One -half the real three -pion events shou.ld satisfy thia criterion.' '
From this, we ’deduce that 1304 25 of the events with X < 5 are three=pion
evental. By using a direct subtraction of the es'timated backgroﬁnd from the
observed number of events with x; < 5, we find that there are 111+ 15 |
three-pioﬁ events with xz.< 5, |

All _théne cachul.atlona are consistent with one another and in good
agieemcnt with the at-atement that there arve 125&‘ iS tﬁree-pion events in the
sample, ;md 1172 15 of these have xz < 5, Therefore the sample of 270
events with xz < 5 is only about 437 pure,

In an effort to purify this sample. only thoae events with missing-mass

sq\’:ared within 0, 2 (BeV) of a pion mass were kept, The resultant sample,
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which contains lBlb events, will be called the ''three-plon sample," From the
FAKE d'at; we estimate thti there are 37 four<pion annihilations and 3' five~
pion annihilations in this sample, We also estimate ihat thete are six kaon
annihilations and two events that are inelastic pion interactions, This adds
"up to 48+ 7 backgrouna ev&nt-. leaving 83+ 7 three-pion events, From the
FAKE data on Athree-pion events, we estimate that 65 + 7% of the three-pion
events will be in this lampie. This leads to y;t'anot.her estimate of 128+ 18
for the number of three-pion events in the plon-annihilation sample, Thus,
© the data are self-consistent and the three-pion-annihilation sample is
632 5% pure, This sample, impure as it {s, is the one used to ,inventijgat‘e
the threee<pion annihilations, . |

Figure 15 shows an effective-mass-squared scatter diagram for the
events invthe three-ploxi sample, and the projections of this distribution for
’elch of the pion pairs is shown on Figﬂ. 16}. The diatributions are consistent
with a phaie;upace dhtribution; The FAKE data indicate that the b&ckgr’ound
. events produce effective-mass dist_ribu;iona that are tairiy éonsistex_xt ‘with
phase-space érediétionu; Thene.dat.a indicate that at 1.6‘ BéV/c the three«
pion annihilation mode does not often arise from the reaction ptp—~p +w, for
‘there is not a significant surplus of events with an effective mass héar
750 MeV..' This is in contrést with annihilations at reﬁt. where the p 1is.
observed to be a prominent constituent of the three-pion am&hnétibns. 24

. The angular dietributions (Fig; 17) of the' chargéd pidna in these

three-pion evénta are not {sotropic. The u~ goes predominantly in the
forward direction and the w' in the backward direction in tk;e ¢, m, system, -
as was observed in the total two«prong sample, The v and " Angular.

distributions are consistent with the constraint imposed by charge-conjugation
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" invariance that they be reflections of each other, When the tf'wo distributions

~ &re combined, one finds that the ratio of negative pions going forward to those

. : [
going backward is 1,54 % 0,19, o j

i
i

VII. CONCLUSION

» 'I’he.olnuc-ocattc.artng data show that there li a second diffraction
peak at about cos 6 = 0, N'. Using these data to determine the scattering
amplitudes for each partial wave gives information about the 'shape" of the
proton when it interacts with an antiproton, |

~ The inelastic events agres with the predictions of charée Qcoqjugauon
invariance and serve to test this congervation principla_‘. These events are
peripheral in nature though they more heavily populate tﬁe lowemomentumes
transfer region mm'even the oneiopion-exchapge model predicts, ‘

No _r‘eeomceu are ol?selrved in the twb-prong annihilation data, Even |
the p meson does not show up significantly in these annihilations, .

The cross sections of the various modes of two-prong interactiong’ol

1.61«BeV/c antiprdtone in hydrogen have been found to be:



P otp 3.1 4 2 mb
p +p+a® 1.85 % 0,22 mb
P +n+w 1,19 2 0,16 mb
E+n+u+ 1,00 # 0,16 mb
- v+ w++ »° 1.58 % 0,25 mb
ptp-« . : .
annihilations® 3.4 40,5 mb
with kaons
+ . .28 ' ' '
w +tw 0,119 % 0,030 mb
+ o5 ’ '
K +K 0.055 2 0,018 mb
other _ ~13.9 % 1,5 mb
annihilations
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Table I, Numbers of events in experimental categories A through E and
estimates of the composition of each category, See the text for defini-

tions of categories A through E and groups 1 through 5,

i 2 3 4 , s Total

A 4704100 108421 5811 4645 232453 920
B 110 sz 0 0 545 653
9+ 5 ! 293 11 1344 46+7 361
32420 18410  26%8  150£38 119045 1416
3248 1+l 15 2 117% 2 - 544 7 219

Total 860+ 100 768+ 26 399 17 322440 1527+ 72 3569

— e ———
P St —
—

I
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Table II, Values of n, corresponding to the best fits to the elastic -scattering
|
. : » : |
data, Solutions | through 4 are the best }2-parameter solutions

{

obtained, Solution 5 ie the 6 -parameter a‘ol(xtion.

‘Solutton  * I A B 5.
120 0,182 -0.546 -0.386 ~ -0.181 0,70}
1 0,017 -0, 029 0.042 0,083 0.027
o 0. 183 0.330 0,317 0.261 - 0,316
Re(nl)i : v : o
| 3 0,419 0,531 0.530 0,509 0,543
4 0.676 0. 679 0.663 0,688  0.672
‘ s 0.866 0,813 0. 809 0,838 - 0,840
i .
0 0,185  ,0.165 = 0,727 - -0,277 0
1 -0.165  -0.151 0. 343 -0,113 0
2 0,127  -0.136 0.117 0,201 0
*M(']') ' ,
- 3 0,037 - -0,108 0.119 0, 095 0
4 0,140  -0,072 0,035 - -0,024 0
5 0,130 -0, 038 0.039 0,014 0




Table III. Estimates of the composition of the samples of events analyzed as inelastic scatterings.

9+9

True True Trug Interaction Annihilation Annihilation
ppw® phn pow of producing producing
events events events = pions only pions only kaons Total
s
, -
" Events in ppw® sample 123+5 1+1 3+ 2 22 7+ 3 122 137 )
Events in pAx~ sample 11 80+6 122 2% 2 18+ 4 6+2 108
Events'inf{uu+ sample 4+3 1+2 6527 4+ 3 18+ 4 62 98
Events eliminated by 126 8%4 63 - - -
xZ cutoff
Unanalyzable events 71 4=1 4+ 1 - - -
Total 147+ 8 94+ 8

28901~T190N
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FIGURE LEGENDS

Fig. 1. A histogram of the measured differential cross section for_elastic‘ '
scattering of 1, 61-DBeV/c antiprotons for cos 8 < 0,8, The errors are
statistical only, In addition, there is about a 6% systematic uncertainty,

The curve corre sponde to golution 2 in Table II,

Fig., 2, The dlffo?ential cross soction foi-v elastic scattering of antiprdtons
of 1,61 BeV/c, Th‘e data for coa 6 >0, 8 are previously meés_ured ci'osq-
~section values, and the data for cc_is 6 < 0.8 are the data from this
expériment. The curves represent the best optical-modeil ‘fit (dotted
curve), the 6 -parameter solution (dae‘hed.curve). and t‘1"1e besat 12- |

- parameter solution (solid curve),

Fig. 3. A plot of the opacity (1 - l“l ‘Z) of the proton¥antiproton system
~ for various cases, The smooth curve represents the best four- parameter
optical <model fit to the data, The points're_present the indicated

solutions,

Fig. 4. Th'e axigular dietfibutiéna o f the nu'cl,e'on'a and antinucleons in the
inelastlc-’séatter’ing even;a. Figures (a), (b), and (c) are for the Ppn’ '
reaction, and the others are for the Eﬁw+ and par~ reactions, Figuree.
(c).. (f), and ({) are the approp.riatev sums of the two figures to the lgft of ,
each, For each gr?gph, estimates of the background events have been
rhade; the data are plotted in such a way that the baquround events are
plotted negati\.rely; and.the remalining events'. ‘:which o,m't}.mi estimated

- number of genuine events, are plotted positively,
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2 plane, where Az.f is the invariant

Fig. 8. A scatter diagram in the Mz. A
four «momentum transfer of the nuclebn or antinucleon afid M {sa the
e'ttac.tive mass of the other two particles, The m? cca‘e has been
distorted in such a way that, according to the Chew-Low formula, any
vertical strip would be populated according to o(M), the up cross |
section, Each event has been plotted twice on this diagram, A hintogram -
of the projection of these data on the A2 axis is compared with a phase-
space prediction (dashed curve)j with the prediction indicated by the
Chew-Low formula {(dot-dash curve); with a modified prediction, based on ;
the Chew-Low formula, including the distribution for both of the nucieons
(dotted line); and with. a similar-prbedictlon ‘baud on a peripheral model

-2

with a (Az + mwz) dependence (solid line), All curves are normalized

~ to the data, |

Fig., 6, Histograms of the d‘istributlopé of the pion-nucleon effective-mass
squared for (a) the pr® and f:'ir"v in the Ppw® reaction, (b) the ;w+ "and
: pv.'. and (c) the fir~ and ne’ in th§ other two reactions, The data are
compared with ; phast;-lpace estimate (dashed curve), and with the predic-
tion based on thé production of either the pion-nucleon pair or the pion-
antinucleon pair in the (3/2 =~ 3/2) resonance (solid curve). All curves @re’

normalized to the data,

‘Fig. k2 Histograms of the distribution of the effective-mass s'quaredlfor
(a) all the pion-nucleon pilri. and (b) all the pion-antinucleon pairs, .The

solid curve is the same resonance-model prediction shown in Fig.. 6.
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Fié. ‘8. A histogram of the distribution of the square of the miaai.r.x.g mass
calculated for (a) the real events in the pionQannihil#tion sample and or
(b) the FAKE events, Th; solid curve ie the prediction b#sed on #
statistical moc_!el with 0 =5, The dashed curve represents an emp;rical

model discusned in the text.

Fig. 9., A combined histogram of the square of the effective mass of
-everythin‘g‘except one of the charged particles for (a) the real events in
‘the pion-annihilation nample and (b) the FAKE events. The solid gﬁd
dashed curves are predictions of the same statistical model and empirical

model used in Fig, 8.

Fig. 10, . A histogram of the distribution of the effective. mass for the
' w+w. pairfor (a) the events in the pion-annihllatién sample and (b) the
FAKE events, The aplid and dashed curves are brediéﬁons.of the same

statistical model and empirical model used in Fig. 8 and Fig. 9.

Fig. 11, A histogram of the c. m, angular distribution of (a) the negative
pion, (b) the ponitivé pion, and (c) both pions for the eventa in the pion-
annihilation c'arhpla. | | '

Fig., 12. Histogrvavms of the _xz distributions for the w' w w® 'lnter'pretation
for (a) the real events and (b) a sainple of 424 simulated four-pion

annihilations,

Fig. 13. Histogmm of the square of the missing masa for those events in
the pion-annihilation sample having x?‘ < 5 for the three-pion interpreta-

tion,
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Fig. 14, Histograms of the distributions in yx (the aquare. root of xz) for
{a) the r»ea’l evenfs. (b) the estimated vb#ckground from four=-pion
annihilations, (c) the estimated background from five- and six-pion
annihilationa, (d) vthe estimated Background from annihilations with kaons,

and (e) the difference between the real data and the estimated background,

Fig. 15. An effective-mass-squared scatter diagram for the 131 events in
.the three-pion annihilation sample, The narrow bands indicate the posi-
tion of the charged p r.ne.son. The neutral p would show up in a band
near the upper right-hand edge of tf\e énvelope. However, this band is |
spread out cohaiderably owing to .the spread in the beam momenta. The

envelope corresponds to the kinematic limit for 1, 61-BeV/c antiprotons, v

-

Fig. 16. A histogram of the distribution in effective~-mass equafed of -

(a) the w'w" pair, (b) the w™v® pair, and (c) the n'y®

pair for the
events in the three-pion sample, The curves are the phase-space

predictions normalized to the data,

" Fig. 17. Histograms of the ¢, m, angular distribution for the pions in the

three-pion annihilation sample, The w® distribution has been folded

nrou.nd 90,
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This report was prepared as an account of Government
sponsored 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

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 prepares, disseminates, or provides access

to,

any information pursuant to his employment or contract

with the Commission, or his employment with such contractor.
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