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SEARCH FOR MULTIPION RESONANCES
IN THE REAGTION p + p = 3n" + 37™ + nn®
| Nguyen-huu Xuong and Gerald R.' Lynch
' Lawrence Radiation Laboratory
 University of California -
Berkeley, California
June '13, :1962 ’

"ABSTRACT |
We report here the study of the reaction fi +p3u 4 3n + mro
‘at 1.61 BeV/-c;(‘E UL 22,290 BeV). with the aim of detectmg multipion |

'resonances in the final states.

o
i, { .

"The e:iperiment‘was performed in tho Lawrence Radiation
Laboratory 8 7Z-mch liquid hydrogen bubble chamber. The toi:‘al number,
' of six-prong events in the sample is 715, The events were measured with
the Franckenstem measuring projector. The events were analyzed by
usmg the PANG, KICK, and EXAMIN programs with IBM 704, 709, and
'7090 computers, - o
The cros's sections of vax;ious proces-sea are fox.;nd' to be
0‘(p+p-31r + 3u" )=116&01mb,
0’(p+p-*31r + 37 + ) 18:!:025mb,
G+ p—3n + 3n +200) = 1.05 £ 0,25 mb.
The angulé.r distributions are symmetrical for all three types of events.
The existence of the w meson (T = 0 three-pion resonance at
780 MeV) is further confirmed, With the hypothesm of G-parity conservation
- in the decay process (strong decay), the spin and parity of the » meson is

_confirmed as 17~ by the Dalitz-plot method. Even with the hypothesis of

G-parity nonconservation in the decay process (electromagnet’ic decay),
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the 17~ spin-parity assignment is still strongly suggested by the small
values of the ratios of R[(w = 4v)/(w - 1r+1r°1r0)] and ' .
R[(o;,*neutral)/(m - 1;+ + o + “O)]:; We do not observe any T - 0 three-pion '
reséngnce at 550 MéeV (n meson). . |
| The néut_ral four-piop effecfive mass M, distribution shows a
suggestive pgak at 1.04 BeV, _ _
The distribution of the two-pion effective mass MZ of the
p+p - 3{1;+ + 3:‘5(; events sh‘ows a big difference between ,!Ql = 2 (for like-~
 pion pairs) and Q = 0 (for unlike-pion pairs) at the low;valqe region of MZ‘
At this region the M 2 distribution of : likt; pion pairs lies above that from
phase-space calculatioxis, and the §n§ of _uﬁlike-pion pa.irs} is well below.
We tentatively attribute this effect to the Bose-Einstein effect on the pions.
The fatib R[{'((p&-# v*.-.i-. n followed by n - 1r+-rr'-rro)/(p* -~ .ﬂ*‘ﬂ’o)] _
is determin;ed to be 1.2 =h_. 2.0%. This small ratio agréeé with a 0"%’
~ assignment for B’pin,' parit‘y and G parity of the n meson, but cannot rule
out the 17~ possibility. Upper limits of some other, decay. rates of p and

® mesons are presented. '
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i. INTRODUCTION

It is a little paradoxical that a search for more resonances or
unstable particles can be introduced by a theory that tries to reduce the
fundamental particles to three: the '""Eightfold Way' Theory. 1

In this theory Gell-Mann, using the Sakata Mocle:l2 with only three
fundamental particles p, n, A (and their antiparticles p, n, A), and supposing
that mesons are formed of fundamental baryons and their antiparticles
interacting via a ""gluon, " predicts the existences of two sets of mesons, the
pseﬁdoscalar set of 0 fnesons (spin = 0, pa?ity odd) and the vector set of
17 mesons (sﬁpin 1, parity odd). Each set is divided intc a singlet and an octet.
He also conjectures the existé_nce of the scalar 0+ and 1+ axtal-vector mesons.
These mesons are shown in Table I,

The decay of these proposed particles is governed by the conservation
laws of strong (or electromagnetic) interactions. | Here we are mos3tly interested
“in nonstrange particles (S = 0). Table II shows the prediction of the decays of
these particles. |

Though the mesons presented in Table II include all possible -
combinations of spin, isotopic spin, and parity with neither spin nor isotopic
spin exceeding unity, they represent only half of the possible states because
only one of the two possible G-parity assignments has been indicated. Thus

Table II is not merely a listing of all possible states but rather a prediction
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of which of the possible states should be found. A very similar prediction
is obtained by predicting that only those states which can be represented
by a nucleon-antinucleon system cgﬁ exist. The particles allowed by this
rule include all those in Table II ‘as;' well 28 two other 17 m;sdns.' one with
1=0, G= -1 and'the other with I = 1, G = +1 (see Appendix).

‘ In the vectbr theory of 'strdng interactions Sakurai pre'divcts the
existence of three vector mesons: ' one with isotopic spin 1 cdrx:esponding
to the p and coupled to the iéotopic spin current, and twe with‘iaoto;)ié spin |
0, of which the heavier, corresponding jto B in the Gell-Mann notation, is
ééupled to hyperé:hai'ge current and the iighter w to the bax"yt;mic cu'rrent.‘s

0 has also been predicted by many theorists. 4

The X
The existence of the p meson has much inorle‘ theoretical basis

due to the calculations by Chew et al. .‘ By Feder’bﬁsh et al., and especially
| by Fraser and Fulco on the isovevctor' form factor of the nucleon. 5 The
existence of the w meson is suggested by Nambu to explain the isoscalar form
factor of the nucleon. | | |
| Hei;e we'.propose to seé.rch for these‘ mesons in the reaction
ptp- 30T + 30" + nu' by calculating the effectivé mass of two, three, four,
| and fiv?é piohs, to étudy 1_.'h.eir' disfti'ib‘ution.to' see 4’if they show any striking peaks,
and to see if any of tﬁesé’ peaks can be identified with the prop05ed meson

decays. . I
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II. SELECTION OF EVENTS
The events that have“been analyzed were from interactions of
' 1.61-BeV/c antiprotons in the 72~inch hydrc;gen bubble chamber. The
design of the "aeparated'*.'antiproton Eeam-wﬁs patterned after thé 1. 17-BeV/<; ‘_
K beam of Eberhard, dood and Tiého. 7 Th<e d;étails of the beam have been
described elsewhere. 8 |
| The reaction p + p -~ 3n7 + 3T+ ‘nwo can be recogniz.ed by a

' ,negativ_e'beam track producing 5 six-prong :event. Figure 1 shows a typical
s1x-prong event. | . a '. o |

Measurementa were made only on events that occurred inside a
specified ﬁducxal volume in an edited film sample. 9 In this sample there
were 16, 586 mteractions. of which 14, 560 * 300 were antiproton mteractmns,

including 715 six-prong events. 9
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III. MEASUREMENT AND FITTING OF EVENTS
Of' the 715 six-prong events 57 were rejected on the scanning
table because they showed characteristics of a Dalitz pair, and 63 were rejected
b&cause they were unmeasurable. The remaining 595 events constitute an
almost pure sample of fS +p—- 31r+ + 31r‘_ + n;sro. Of these events less ;;han

1% aren +p™p+ 3" + 21'{+'+ axd, 10 Likewise, George Kalbfleisch has

shown that less than 1% of these events are annihilations involving kaons;8 °
the biggest contamination came from events with four charged pions and

a Dalitz p&ir. But these events can be eliminated after fitting because they
show a hegative inissing”’energy or an imagiha.ry missing mass. All 595 events
were measured with the Fra;nckeﬁstein fneaeuring projector for the 72-inch
bubblé cham’be'r'. 11 The tréck r‘ec.onstructions were performed with the

12 This program computes the

IBM computer program called "PANG. "
momentum, azimuthal angle, and dip angle for each track.

After track reconstruction, a least-squares fit of the events was

performed with the IBM program KICK. 13 We tried to fit the events to the
reactions |
p+p-3a 430, ) (1)
Cp4p~3it 3+l | T @)

For each fit, a x 2 function is computed which measures the goodness of
the fit. ”

Normally KICK can handle only seven particles and can at most
fit R‘eaction (1). We have to ﬁt Reaction (2) by considering the antiproton
plus proton as a body which decays into seven pions. (Before fitting the decay
of a pp particle of zero momentum and zero energy into seven pions, we add

‘the appropriate momentum and energy to thé particle: momentum = momentum

of p; energy = energy of p + mass éf proton).
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This way we must ignore the uncertainty in the momentum and
angle of the 13 But by making use of the knov#n characteristics of the beam,
we reduceithe uncértainty in the ~ﬁfxorr'xem;um of f; to less than 2%, and because
the incident tréck is generaily long,‘ the measured xﬁorﬁeﬁtum error is offen
~ less than 1.0%; also, the errors on the angles of the beam are small, To
make a check we fit thé Hypothesis ( 1) in the normal wasr and in the new way
(ﬁpv body decaying in'to six pions). We fin&.'t.hat all the fitted va.lues'are about
the same ar;d that th‘e'ratio“éf the é.vei'age of the new ¥ 2 to f:he é.verage of the
old x 2 is about'1.6,; which agreeé‘ morev or less with a theoretical estimate
of 18/15. | - | |

An event is‘c‘or.xsideredfittéd to Reaction (1) when it has ¥ 2 < 30.0
for this hypothesis. It is considered fitted to Reaction (2.) when i;t’ha.s
x % < 5.1 for this hypothesis and x © > 30.0 for Hypothesis (1).

For Rééctfon (2). (oné cénstraint) a xz of 5.1 corresponds to a
cbnfidence level 0£‘3l%. For Reéction (1) (four constraints), the same
confidence level would corrésponci to a x’Z of about 10, but — as we will see
later — our experimental distribution of this reaction seems to be three times
that expected; this 'gives us 30 as a reasonable cutoff va‘lue. ‘

Wheﬁ an event does not fit either Reaction (1) or Reaction (2)
and has a missing mass’ = 270 MeV (minus 1 sténdard deviation) it may N
have two or more neutral pions missing. Such events were put in a third
category called "8t events. " | |

Evéry event that was rejected by PANG or by KICK or that had a
measurement error greater than 50% on the momentum of any track wag
examined on the scanning table and sent back to be remeasured.

. Of the 595 events measured, |

153 fitted Hypothesis (1); let us call them "6w events'’;

239 fitted Hypothesis (2), and were called "7« events'’;
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139 were classified as "8 events';

28 were found to have a negative energy or imaginary
missing mass and could be attributed to a Dalitz pair
associated with four-prong events’

36 rerﬁaining were. due to bad measurements.

. The total number of Dalitz pairs associated with four prongs is
thus 57 + 28 = 85; this agrees very well with the prediction (84) of a Lorentz-
invaz;iant stafistical mode1>using Iari interaction volume of 5(4n/3){ ﬁ/m"c)3,v
which gives a good charged~-pion multiplicity at various energies. 14 |

It is interesting to see that the xz distribution for Hypothesis (2)
(Fig. 2), which haa’énly one constraint, can be compared somewhat to the
theoretic#l"curve, whereas the one for Hypothesis (1) (Fig. 3), which has
four constraints, can be compare.d-to the theoretical curve only if we multiply
the scale of the latter by a factor of 3. (This could be due to underestimated
uncertainties in the measured variables. )

On the other hand, the missing-mass distribution of both the 6w
events (Fig. 4.) and the 77 events (Fig. 5) look very good and very symmetrical.
We believe thaf about 85% of the 139 8w events actually do have two missing
pions, because the missing-mass distribution of these events follows, within
statistics, the effective mass distribution of two charged pions coming from
the same event (Fig. 6).

An examination of the missing-mass distribution as well as the
X 2 distribution convinces us that the 7 events contain a contamination of
less than 17% of the '"eight-body' annihilations and about 3% of the ''six-body"
- annihilations. On the other hand, roughly 10% of the true seven-body events
have been excluded from the sample and are grouped with the 6w and 8r events,

Further processing of the events was done by an IBM 709 program

15

called EXAMIN, The EXAMIN program consists basically of various
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Fort?an language 'éubroutines which célcula.te the various quantities of
"physical interest desifed by the expérimenter. For examplé. for an event
it calculates the momentum and the c.m. angle (relative to beam) of each
particle, é.nd the cosines of tﬁe angle between all pairs of final particles |
in the pp center-of-mass system. It also calculates the effective mass of |
‘2, 3, 4, or 5 pions with all possible combinations of charges.

The effective m.a>ss is given by the equation

2] /2

where n indicates the number of pions included in the effective mass, and

n e
2 p.;
p i

'n
_ 2
Mn = {(? Ei.) -

E, and f)’i are the energy and momentum respectively of the ith particle.
We calculated fo.r each value-of M_ an uncertainty § M_ by using the
variance-covariance matrix of the.fitfed track varia’ble 8, which is evaluated
by KICK.

| ~ All the important quantities are stored in one magneti; tape
called a summary tape.

Many small Fortran 709 IBM programs then use this tape to

pick out the right quantities, make comparisons, or make histograms or

ideograms, or even make further calculations if necessary.

)
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IV. PRESENTATION AND DISCUSSION OF RESULTS

A. Cross Section, Momentum Distribution, and Angular Distribution

Crogss Section

To determine the cross sections of éw, 7w, and 8« eventsv, we _.
make use of the known antiproton-proton total cross section at 1.61 BeV"/c, 16
Oy = 96 % 3 mb,

We estimate about 3 mb for the cross section of elastic scattering at very
smali angles, where the. recoil proton track is too short to be 'detected by
our scanners. Thus a cross -section of 934 3 mb corresponds to 14,556 + 300
interactions in our sample, of which 715 - 85 = 630 are six-prong events.
Because of rejection of events duo‘s. to difﬁcﬁltjr of measurement, we have to
apply a correction factor of 630/(153 + 239 + 139) = 1.19 to the number of 6,
71.1'. apd 8 e'{rénts. ' | R - |

| To estimate the scanning efficiency for six—piong éveni:s, we make
an independent second scan of about one-half of our ,sample.. By comparing
the results of this scan with the results of the first scan we find a remarka;)le
efficiency of 99% for each separaté s’caxi. ' e |
The cross sections are‘ then found toA be

a(ﬁl +p—= :,31r+ + 37 )= 1.16 £.1 mb,
" G(B+ p=3n' + 3n7 + 10) = 1.804.25 mb,

c(p+p— 31r+ + 3%+ zlno) =>1.05:h.v25 mb.
Table III shows the cross sec’tioﬁs of #ntipi‘«oton-‘proton processes

at 1.61 Be\f/c.
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Momentum Distribution

Figure 7 shows the momentum distribution in the pp center-of-
masgs system, respectively fqr -rr+, n , and both 1r+ and v, for the 6w events.
The curves represent the Lorentz-invariant phase-~space calculations. We
observe that distributions of 'n'+ and 1 mesons are alike, as predicted by

19

CP invariance, and that both of them agree very well with the phase-space
calculation. . |

Figure.s.8v ;md 9 show the inohuentum distributions in the pp center-
of-rﬁass system for the charged pions only in the 7x events 'a‘nd in the 8w events.
Here we do not yet have the phase-spaé‘e calculation, but we observed that the
n' -meson distribution agrees with the -n-!‘—meson distiribution, and neither
shows any s’ignificant peaks. | |

Figure 10 shows the c. m ﬁémentum distribution of the neutral
w 6£ the‘71r eyef‘zts. ~ This distribution'agreeé very well with the distribution
of chargé& pions from the same event (Fig. 8). If a real 6w event were
mistaken as a T« é;/ent. the fake “0 would have a small momentum in the
laboratory system; in the pp c. m. system its momentum wouid be about
100 MeV/c or less. .As shown in Fig. 10, we have 14 events with p_g < 100 MeV/c.
From the ¢c. m. momentum distribution 6f charged pions of 7w events (Fig. 8)
we can estimate niﬁe true Tu events (52/6) with P o < 100 MeV/c. This gives

us an estimation of about 14 = 9 = 5 real 6« events that are mistaken for

7w events.

Angular Distribution

The c. m. angular distributions for 1r+ and v~ mesons"ofb 6w, 7=,
and 8r events are plotted respectively in Figs. 11, 12, and 13. As expected

19 the distributions of rr+ appear to be equal,

on the basis of C and CP,
within statistics, to the reflections of the angular distribution of the « 's.

For the three types of events, we have reflected the »  distributions about
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cos 6 = 0, added them to the a distributions, and plotted them in the bottom
histograms in Figs. li. 12, and 13, All these distributions look very
symmetrical and become more and more isotropic as the number of pions
increases. These results are ir; contrast with the asymmetry found by
Magli¢, Kalbfleisch, and Stevenson in the angular distribution of +* mesons
coming from the reaction p + p - 21'r+ + 21+ n-:ro at the same antiproton
energy. 20 One explanation could come from the Koba and Takeda theory, 21
which assumes that about tv&rovannihilation plons are emitted from the antiproton
az;d proton'clduds. Those: pions would be responsible for the asymmetry in
the axigﬁlar distzfibution. In the 6w, 7w, and 8r events the ratio of ''cloud"
pions over "'core' pions is smaller than in the 4w and 5r events
p+p—~ 2ﬁ+, +2% and pt+p-—~ Z-tr+ + 2w + no). and the asymmetry can
be masked. It is true also that the numbe_ra‘ of 6w, 7w, and 8w events are
muc'h smaller than the numbers of 4w and 5n events (see Table III), so that
we cannot observe a small asymmetry.

Figure 14 (a) ‘shows the angular distribution of 1\'9 from the 7w
events., CP predicts this distribution to be symmetx"ical. 1? but our results
seenr; to show a small forward-backward asymmetry and can be fitted to a
(1 + a cos 0) distribution with a = 0.26+.11. Although it is only 2.3 standard
deviations from a = 0, we have looked at all possible biases:

(a) It is Qossible that some real 7w events with backward “0 have been

misclassified as 6x events.

o)

(b) Another bias can come from the real 8r background (p + p = 3w+ + 3n + 21
in our 7w events (p + p ~ 31:+ + 3n 4+ 110). Let us use the name ”&ipi" for the
real 270 system and ''fake 70" for that calculated when it is fitted to a 7w
hypothesis. ‘

In the lab system we have ;(fake «0) fﬁg(dipi) = p, but E(fake)
tends to be smaller than Edipi‘ When the dipi is transformed to the

PP c.m. system its momentum becomes
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P'" =.an- n_Edi:pi_” v 7 . o ’

Py 7P

The c. m. momentum of the‘ "fake 170" would be -

PP
4

P =yp - mEg,. 0 S L
p'  =p

Since Ef ake 70 <E . this makes the component in the 5 di?egtion of the

dipi
"fake 70! too big in the Pp c.m.. system, and therefo're'producés a f_a.ke‘
forward peak. o .
To check the first bias hypothesis we plot the -rro angular distribution
of those 15 events which were ambiguous between "6« - 7x'' (15 events with
"% % < 30.0 for the 6w hypothesis and x 2 < 5.1 for the 7« hypotheses). This
” angular distribution is isotropic and cannot produce the asymmetry observed,
To check the second bias hypothesis we replot in Fig. 14 (b) the
angular distribution of the 211 7n events, excluding the 28 7w-8w ambiguous
evénts (events with x 2 <.5.1 for the 7w hypothesis b;.xt with a missing mass
= 276 MeV). This more carefully selected 7x distribution iﬁ much less
asymmetrical and can be considered as isotropic within statistics., [A best
fit gives 1 + (0.15 % .12) cos 6. ]. We conclude that the small forward-backward
asymmetry in the angular distz;ibution of wq was due to the 8 background in
the 7x evths (17%). A -rro angular distribution of real 7v eventé would be
isotropic, in agreement with CP prediction. We hba.ve also made sure that

- the association of the "7n-8x' ambiguous events does not dhange our other

results appreciably. | v | | o o
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B. Effective Mass Distribution of Three Pions

Existence of the I = 0 Three-~Pion Resonance

For each event we have evaluated the three-~pion effective mass,
- ' N 2 = 2,1/2
The 6n and the 8w events can yield M, combinations with charge
IQ| = 1 (that is, o~ «" «') and [Q] = 3 (that is, v~ w" 7). In the 8

events we could alsd form another combiﬁation of.M3 with |Q| = 1 (that is,

.

_v*' -n-o wo). The M3' distributions for these triplets do not shoiv any significant

peak. These data, however, are less useful than for 7r events for which
we can form combinations with  |Q] =0, 1, 2 and make cémparisons between
.their distributions. |

-Each 7w event can yield 33 triplets corresponding to the charge

states
+ - 0 e
Q=0, T ow o (9 combinations);
Q| =1, v*w*vf (18 combinations});
IQl = 2, v* . 'rro (6 combinations).

- We calculated fo;' each value of M3 an uncertainty § M3 by using the

variance-covariance matrix of the. fitted track variables, Ql;ich is evaluated

by KICK. The M3 resol,utionzz is rresol/z .= 9.0 MeV. However, because

of systematic errors known to exist in our track reconstruction, our estimate

of Fresol/zhprobably should be increased bf N3 to rreaol/z = 16 MeV.
Figure 15 is a histogram of the M, distribution for the 239 7n events.

The distributions (a) and (b) are for the charge combinations |Q] =1 and 2

resgpectively. To shpw the d}fference between the neutral M3 distribution and

that for |Q]| =1, \;ve have replotted at the bottom of Fig. 15 both the neutral

distribufion and 9/24 of the sum of the |Q] = 1 and | Q| = 2 distributions.

This latter distribution we use as an estimate of the background.. The necutral

distribution, (c), shows a peak at 780 MeV that contains 79 pion triplets above
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the background of 238. Figure 16 is a histogram of the neutral distribution

around the 780-MeV region.

Thé péak at 780 MeV can be interpreted as a.izv'esonance of isotopic
spin I = 0, with a. half width I of about 15 MéV. The isotoéié spin, the
energy, and the ‘half width of this resonance agree ver,y well with the o
meson found by Maglié et al,, wh§ analyzed the £oﬁr~prong annihilationé in
the same experimefxt. 23 We must also conclude, as their did, that the half
width of ‘th'e experiﬁental péak is s0 cl:lzose to our revsolu‘tion‘tha.t the true .
width of the peak is less thah 15 MeV and coﬁld be zero.

.Of_thg 239 7w events, 79% lé (oz;'33=k8%) of these pfoceed via the
reaction p + p-o w+ 2nt + Zw‘.. (w _.'"**_ wo). for-Awhicll'x tixe cross section
is 0.6%,15 mb, It is intgfesting fo cg;ﬁéare th&s yield with the‘ 130£20 events
(or 12%3%) of the Sw events (p+ p =~ 2nt + 20"+ -.rn. studied by Magli€ et al.

that proceed via the reaction p+p < w + at+a,

Spin and Parity of the w Meson

To determine the spin and parity of this resonance (or unstable

24 We used events of the center of the peak

particle) we used a Dalitz plot.
(760 to 800 MeV) and eQente in a control reéion (822 to 878 MeV) of the same
charge state. About 27% of the triplets in thé peak region belong to the '
resonance. Figures 17'and 18 show the Dalitz plot of the peak-region events
and the control-region e\{énts. respectively. " Unit area on a Dalitz plot is
proportional to the corfe_s'ponaing Lorentz-invariant phase space, so that the
density of plotted points is proportional to the square of the matrix element.

It is easily shown that the size of the figure is proportional to

'I‘l + ‘I‘2 + T3 = Q=M= (ZM.“* + M_“o). Because of the finite width of the

23

)

peak and the control region, Q varies from event to event, so we use normalized

variables, T%/Q.
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At first we will take the hypothesis of G-parity conservation in

the decay of the w rheson (strong interaction). In this hypothesis, the G
parity _of the resonance must be the same as that of three pions, i.e., negativé.-'
Then theré are three possibleA three-pion resonances with T = 0.. J < 1: the |
vector meson (1~ ), the pseudoécalar meson (0 "), and the axial meson (1+') 'b
(the first superscript indicates the parity. Athe second, G parity). Table IV
shows the three vpossible hypofhese‘s. with their characteristics. The me aning
of the angular momenta £ and I_.‘v is as follows: the matrix element is analyzed
in terms of a single pion plus. a dipion; the pioné of the dipion are assigned a
momentuxﬁ q and an angular mémentum L '(in the dipion rest frame); then

another pair of variables, p and £, describes the remaining pion in the rest
25 '

frame.
In Fig. 19b are plotted the curves of density of the population of
events on the Dalitz plot corresponding to the three possible types of mesons.

These curves have been calculated by Stevenson et al, 25

In Fig. 19a we
plot the pumbers of events 'per unit area of the Dalitz plot for the peak region
and for the control region versus the distance from the center of the plot. The
number of events per uﬁit area of the controi region is normalized to be equal
to the estimated backgro‘und in the peak regio'r;. . Fig. 19b shows the difference
of the two sets of points’in Fig. 19a. We assume that this difference represents
the number of events‘ per unit area of the resonance. 26 These data agree very
well with the curve predicted By a matrix element of a vector meson (17 "), and
not at all with the prediction of a péeudoscalar {0°7) or axial vector meson (1)“).
Because‘ the width of the resonance is very small, Duerr and
Heisenberg suggest the possibility of electromagnetic decay with nonconservation

23,25 they can already eliminate many

of G parity. 27, With the present dai:a'.
types of mesons except the 1¥*, 0, and 17" mesons. But as we will sce in

the next section, the small value of the ratio R(w = 4n/w. = 7 = wo) and
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R{w -+/neutral « w" 1r°) will eliminate 1** ana favor strongly the 1~ spin-
parity and G-parity interpretation for the w meson.

‘With the spin and-parity 1~ we conclude that the w meson can
" be the particle ﬁrediciéd by Nambu 'to explain the electromagnéﬁic form
factors of the protofx and neutron, 6 and élso expected in the vector-meson !
theory ‘of Sakuiai;"3 or ‘aya a mexﬁbar:of an Qctet of vectd: mesoné. according
to the unifary symm'etry theoiy. 1 Chev} has pointed out that on dynamical

grounds such a vector meson can exist as a bound state. 28

C. Effective Mass Distribution of Four Pions

Motivation for a Search for a Four-Pion Resonance

Since the discovery of the two-pion and three-pion resonancesZ3' 29, 30

the search for a four-pion resonance has acquired much interest. The interest
is threefold: |

(a) Chew and Frautschi.. 31 using the '""Regge poles' theory, predict a possible
resonance {(or unstable particle") with spin 2 and other quanturm numbers those
of the ''vacuum' (T = 0, parity even) at the region of 1 BeV. This particle
could decay into two, four, or six pions. But the four—pioh decay could
possibly be iavor;d because a two-pion decay would requir; a d wave,
whereas a four-pion decay would need only two pion sets in p wave. | {This
particle was first theoretically predicted by Lovelace, but at 400 MeV. 31)

The four-pion resonance could also come from a decay of xo,
the pseudoscalar meson-‘w‘ith I = 0, formulated by many theoreticians. 1, 4
(b) To the w meson has béen attributed a spin and parity 17~ (the first
superscript ;'efera to the parity and the second to G parity) if the decay is
through stroné interactions. ’ But becauaé of the small width of this meson

(I'/x not more than 12 MeV, and possibly zer023). Duerr and Heisenberg

suggest the possibility of electromagnetic decay with violation of G parity. 21
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Four more states will then have to be considered: O++. 11, 1t ana 0"
(we consider only states with spin < 1). Duerr and Heisenberg eliminate
the state 0++ and ]."+ because their three-pion decay would either not occur
or be extremely weak, 21 Egr the three-pion decay of 17" or 0% the Dalitz
plot has uniform dehsity. and these assignments cannot be eliminated with
the present statistics on Dalitz plots. Therefore. the ¥ meson can still have
one of the _thrge. spin a.zfdlparity 'con.'xbina.tions 177, 0“?.. or lf+. But Duerr
and Heisenberg -'poi;z_t out that these thlree states behave differentlir with
respect to the fé_;xr-pion decay. 27 For 1'-_ the four-pion decay is strong.ly
forbiddeh, and ‘therefoz;é is c.ompletely neéligible compared with the three-
pion decay. For 0 the four-pxon decay is an allowed tranaztion, but reduced
 to small value by the fact that two D sta.tes and one P state are required for
the outgoing waves. 21 For 1* the fou_r-pxon decay is allowed and can be
large. 27 Thére'fdre. the very existence of a Aeutral four-pion resonance at
780 MeV wbuld rule out the 17~ spin parity; its nonexistenée would probably
rule out the poasibﬂity of the 1+ spin parity, but not the possibility of the
o~F spin parity.

It would also be interesting to see the decay of the p meson into four
pions. This decay is allowed by strong iﬁteraction, but is not as favorable
as the two-pion decay. 'Of special interest is the decay mbde prmt m,
with np - vf - wo (n being the I = 0 550 MeV three-~pion resonance discovered

by Pevsner et al. 30) " Because the G parity of p is +1 and that of = is -1,
this decay mode of p is allowed if the G parity of 7 is -1 and forbidden if

it is +1.

Search for Four-Pion Resonances

For all categories of events we have evaluated the four-body

effective mass

= . 21/2
M4-[(E1+EZ+E3 4) (1+pz+p3+p4)

for each pion quadruplet.
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For the 6r and 8w events we can get only the combinations Q = 0
(nine quadruplets for each event) and |Q] = 2 (six §uadrup1ets for each event).
For the T7x events we can also get the |Q] = 1 combination (18 quadruplets
for each event). T

For the 8w events we can also calculate the effective mass of two
charged pions and two neutral pions by calculating the missing mass of the
system consisting of the incoming antiproton, the proton target, and the
four remaining visible charged pions: ‘

MYy = [(Eg+ M, - E) - E, -E;-E) - -3, -7, -53-54)2]1/2-

For M'4 , we can form on}y the Q=0and [Q| = 2 combinations.
We calculated for each value of M, or M'4 an unce::tainty 6M, or 6M'4 by
using the error matrix calculated by KICK. For the 8« events the half-width
rres/z of the resolution function of M, is 13,5 MeV, and fo-r M'4 is 14 MeV,
However, because of systematic erroré known to exist in our track reconstruction,
our estimate of I‘res/z probably should be increased by N3 to I’res/z = 23 MeV

for M, and I"'_ /2 = 24 Mé&V for M',.
res

4

For the 6w and the 7w events rres/z is a little smaller.

4

Figure 20a is the histogram of the M, distribution of the Q = 0
combination of the éx e\,rents. The solid—line; curve represents the background
distribution estimated from the |Q| = 2 distribution of the same events
(smooth curve drawn through |Q] = 2 distribution).

In Fig. 20, (b) and (é) are the histograms of the M4 distribution
of the 77 events, respectively with Q =0and [Q] = 1. We usethe |Q] =1
and -l Q| = 2 distributions to estimate the background distribution (solid-line
curves). In Fig. 20 (d) wesrenormalize the |Q| = 1 distribution of the 7«

“events and plot it against the neutral distribution of the same events.

None of these histogramé shows any strong disaccord with the
background distribution,

P

AL
s
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In Fig. 21 we plot separately (a) the histogram of the neutral
distribution of M4(w+ i 7~ ) and (b) the histogram of the neutral

distribution o£ MY, (-rt ™ -rro-rro) of the 87 events. The solid-line curves

" :

represent the background dist.ribution estimated from a smooth curve drawn
through the sum of the distribution of M 4(11' w&-rr T ) and of M' (1\' n nono) with |
Q] = 2 of the same events (Fig. ZZa) F1gure ZZ(b) is the histogram of the
sum of the neutral distributxons of M 4 and M' 4

The neutral M distrxbution showa a suggestive but mconcluswe
peak at the region of 1,040 BeV. If this peak really exists, it may be a
resonance withI = 0 or I = 1. It could come from a poosible decay of the

xo meson (I = 0, O‘+) or the particle predicted by Chew and Frautschi

(=0, Z++).» The latter meson could also decay into two pions or two kaons.

Ratio {w = 47/w ~ 1r+1r.1r0) and Spin and Parity of the w Meson

To estimate the ratio R{w - 4v/w - _"'!-“-“0) we note that we have
seen in the same sample of pp interactions 79 18 interactions of the form
p+tp-— 21-r+ + 27 + w, with o 1'r+ + w4 'n'o. If the .w produced by the

preceding reaction were to decay by w -+ v+ + o+ no + WO we would see them

in our 8w events. But the distribution of M! (rr w 1r ) (Figl 21) does not show anything

over the phase-space calculation at the region 780x20 MeV, At this energy

the background is about ,26 pion quadrup_lets; therefore we can estimate a

maximum of 10 pion quadruplets that could come from the decay of the », and

the upper limit of the ratio of R(w - 1r+-:r ™ vr /w - xr+1r w ) is about 12%.
If the w mesons produced by the preceding reaction

(pt+p—~ 21r+ + 2% + w) were to decay into Z-n'+ + 21~ we would see them in

the reactionp + p -~ 4'n'+ + 4v°. We have only 4 % 2 of the latter reactions. 9

This gives a maximum of 5% for Rw - . 1r+1r*/w -~ 'n'+1r-7r0) We can

then conclude that the ratio R{w - 41:/«.) - w+1r T ) igs less tha.n 17%, and

can very possibly be zero.
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If the » produced by p+ p ~ 2n' + 21" + @ were to decay in the
neutral mode, it would show in the distribution of the missing mass of the
reactionp+ p -~ 2Tr+ + 27 + mro. By w = neutral, we mean the decays
w = 31ro. w2y, and » > wo f 'Y-' Looking at the latter distribution,

J. Buiton et al, reported/:: ?'xsgak" at the region of 780 MeV, 17 ana using our
value of 0.6 = .15 mb for the cross section of the reaction

ptp-— 20t + 20" + » with w =~ a4t tro. they estimate

R{w - neutral/w — 1r+1r‘-rro) < 0.5,

"I‘vhe small value of Riw ~ 4n/w — 1r+vr'~rro) agrees with a spin and
parity assignment of 1~ and probably rules out the 1" assignment, but does
not rule out thé poasibility‘of 0~ for the spin and parity of the w meson. 21

The ratio of R(w - neutral/w - 1r+1r.170) is estimated By Duerr and
Heisenberg to be larger than 3/2 for the 0-* assignment and very small (10’4)
for the 177 #ssignment. 27_ Our values for the two ratios R(w = 4n/w —~ 1\-+1r-'170)

‘and R(w —~ neutral/m‘- 1r+1r-1r°). which can be very small, agree with the 17~
assignment and disagree with the o-* agsignment for the spin and parity of the
® meson., Since all other interpretations of spin and parity (with epin < 1)

can be ruled out by the present data, 25

we conclude that the spin and parity of
the © meson is most probably 17", This agrees with the conclusion reached by
Stevenson et al, 25 Table V shows a summary of the experimental determination

of spin, parity, and G parity of the w meson.

Ratio (p = 4w)/(p —~ 27)

To estimate the ratio of R(p ~ 4w)/(p - 27) we use some results
from J. Button et al. 17 They find about 386 PO with po. ~ w n" and about 274 pﬁ
with p:k - -rrd:-no by analyzing the reaction p + p - Z'n'+ + 27 + vo. from a smaller
sample of the same P picture of our experiment. In our larger sample this
would correspond to 482 po with po - 1r+1r’. and 329 p* with p:lz - wtno. If

the p mesons produced by the same mechanism decayed into po —-2n + 2u”

o
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and p* - -.ro fa 4w+t we would gee them in the M, distributions of the
7w events (Fig.. 20,b,¢). Inthe regir;m around 750 MeV in these distributions
we see nothing exceeding phagze«-apace predictions and we estirnate a maximum
-of 2% for R(po.—- 'n‘+'rr.1r+'n'-/p0 - w+-n'°) and a maximum of 5% for
R(p* - w*w°v+1r’-/p¢ - wtwo). A crude phase-space calculation pred'icts
for R(p = 4n/p ~ 27) a value of )\2/4. where \ = Q/QO,- 2 being the interaction
volume of the p meson and Q, = (4w/3) (v/ me)B' Thus an experimental ratio
R < 5% would give \ < 0.5 for the p meson.

To eséimate the ratic R(p* - -n'* + - w+w-1ro/pt -~ viwo) we

analyze carefully all the |Q] = ] quadruplets with effective mass M, in the

region 750+ 50 MeV (4] quadruplets). In particular we compare the Q = 0
~ distribution of the effective mass of three pions Ms(w+w-ﬂo) coming from these
quadruplets .with that for |Q} <1, (v*wﬁw* and 'n':k'n'*vo) {the latter is us‘ed
here as an estimated background). In the region 548+ 10 MeV we have 19
neutral triplets and 15 charged triplets.  This enables us to estimate the

0 to be 426, and the ratio

number of p* - 4 n withn - a e
R(p*.-— 7+ h ‘q - 1r+1r'1r0/p* - v*-rro) to be 1.242.0%. This result agrees |
‘very well with that of Rosenfeld et al. .‘ who find R(p+-»1'\'+:,+ s ,ﬁ-,rneutl".al/ ;ﬁfﬁﬂﬁwoﬁ 0.6 %.32
The actual data on the 7 meson‘ seem to rule out all spin parity assignments

except 1~ and 0"*. The theoretical ratio R{p =~ w+ n/p = nn) is very small .

[i.e., proportional to (e‘z/‘hc)Z] for 0%, For 17", this ratio is not yet well

determined (25% for a simple phase-space calculation, 31 1% after Glashow

and Sakurai33

}»  We conclude that the small value of the ratio
Rip=+n+ np—= n+w agx;ees with the O'+ assignment for the spin, parity,
and G parity of the n meson; whether or not this can rule out the 17 assign-

ment depends on a more precise calculation.
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Effective - Mass Distribution of Five Pions

The interest in a five-pion resonance is twofold:
(a) it could come from the decay of ' mesons, a scalar meson (0+°)
with icotopic epin I = L; |
(b) it would be interesting to know the ratioc of (w = 5v/w - 1r+1r+1r0).
The decay {w ~ 2ut 4 207 4 1\-0) is allowed by strong interaction but is not
‘as favorable as {w—~ w + "+ _ by phase-space considerations.
| We have evaluated the five-pion effective mass for each type of
event:
My =[(E, +E, + B4+ B, + Eg)* = (B, +5,+B,+P 4+ '55)2]1/2.
The 6w and 8w events can yield only the combination with total charge

|Q} = 1. The distributions of these quintuplets are quite smooth. Each

7w event can yield 21 quintuplets corresponding to the charge states

Q=0, 1r+1r+1r‘w°wo. , (nine combinations);
lQl=1, wtw*w*w*'-rr;. _ {six combinations);
iQl= 2, ﬂ*ﬂtﬂ*ﬂ;ﬂo (six combinations).

Figure 23(a, b, c’) shows the histogram of the distributions of Ms
6f Tr events with Q =0, [Q] =1, and |Q]| = 2, respectivel;. The smooth
curves represent the background distributions estimated from smooth
curves drawn through the |Q| = 2 distributions. "These distributions do not
show any si;gnificant deviation from th.e estiniated background.

This does not mean that thé w' meson does not exist, Because
in one event we can form man& pion quintuplets, our efficiency of detecting
‘new resonances is very iaoor. (For example, we can form 15 quintuplets with
Q=0or |Q| =1, but obviously, only one quintuplet can come from the
7' meson).

To estimate the ratio R{w - 21r+ + 2%+ -n'o,/w - w+ + w4+ -rro) we

note that Magli¢ et al, 22, 24 have reported seeing 130%20 interactions of
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theform p+p—=w+ 7+ x" withw =« + n" + 0 in the same sample of
pp interaction. If the mesons produced by the preceding interaction decayed
by w -~ 20t 4 27" + wa. we would see them in our Tw. But the distribution of
M 5(#*#“1\*7%?%0;) of the 7w events (Fig. 23a) does not show anything at the region
78020 MeV, and we can estimate a maximum of 1% for the ratio
Riw = 27" 2n" Zvo/w - 1r+1r.1r0). This result agrees very well with the
prediction from a crude Lorentz-invariant phase-spéce calculation which
givés a value of xZ/BOOO for this ratio, where \ = ﬂ/ﬂo, Q being the interaction
volume of the w meson and Qo = (4«/3)(h/mﬂC)3. F;)r R < -1-10-6 s N\ < 5.4,

which is expected.

Effective Mass Distribution of Two Pions, and Angular Correlations
For every event we have evaluated the two-pion effective mass,

2 |- - J2.1/2
Mz—[(E1+EZ) - p1+p2‘ .
The 6w and 8w events can yield only pion pairs with charge Q = 0 (v+1r')
and |Q] = Z(W*w*) (nine and six combinations, respectively, per event).
The 7n events can also yield pairs with charge |Q|'= 1(r>n0) (six

combinations per event). We calculated for each value of MZ an uncertainty

&M, by using the error matrix propagated by KICK. After correction for

2
the systematic errors known to exist in our track reconstruction we get,

for the half width of the resolution function Aof Mz‘. r 2 =7 MeV for a

res/
pair of visii:le pions (w+1r' or Tr*‘n’*). and l"re's/Z = 14 MeV for a pair consisting
of one visible pion and one neutral pion (“&"0)‘

The difference in the resolution function of MZ comes frofn the
fact that the momentum and direction of a charged--therefore ‘''visible"--
pion can be measured, i.e., be precisely known. The fitting process reduces
the uncértainty only élightly. But the momentum and direction of a neutral

pion are given only by the conservation of momentum and of energy in the

fitting process with much bigger uncertainty {for example, App= 2% for a

charged pion; it is 10% for a neutral pion).
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As Goldhaber et al. 34 have done, we calculated for each pion
pair the angle betwee’n the two pions in the center of mass of thve:antiproton-
" proton system:
| cos 8,, =B, « B,/|P||* IP,].

We also calculated for each pion pair the decay angle of the pion
in the rest frame of the dipion.

The bn events (D + p ~ 31r+ + 3;17') are the best ones to be investigated
for a po‘ssible tv;vo-l.:ion resonance. They cannot have the T = 0 three-pion
resonance, and -- as we ix’ave seen -- they do not show any significant peak
in their three- and four-pion effective-mass distributions. About one »éhird
of the 7w events (p + p -~ 3nt 4+ 3n 4 ‘no) would go by the reaction
ptp- 25" + 2n” + w, and can complicate the intez;pretation of the effective-
mass digtribution of two pions of these events. Of the 8w events
P+p—~ 3n+ + 3a" + Z-n-o).v as we discuss below, we expect a large fraction
to go by the reaction p + p = b+ 2.

Therefore in the following paragraphs we examine the 6w events

in much greater detail than the 7w and 8w events.

67 Events ' v

Figure 24 is the histogram distribution of the M, for the effective
mass of pion pairs of the 6w events. In Fig. 24(a) we plotthe Q = 0 )
combination, in Fig. 24(b), the |Q| = 2 combination. The solid curves
represent the Lorentz-invariant- phase-space calculétion. 35

In Fig. 25is an alternative way of displaying effective-mass
correlations. It shows the distribution of angles between pion pairs from
6x events as a function of cos Gmr fqr Q = 0 (or unlike pair, 1r+'rr-) and
[Qf = 2 (or like pair, ‘w*wt) reapectively., The solid curves (identiéal except

for normalization) correspond to calculations on the Lorentz-invariant

phase-space model; 34 their slopes simply reflect conservation of momentum.
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F“igures 26, 27, and 28 are the deciy-angle distributions of one
pion in the dipion rest frame, (a) for Q = 0 and (b) for |Q| = 2. The three
figures correspond to three regions of M,, Fig, 26 for M, between 280 and
460 MeV, Fig. 27 for M, between 500 and 600 MeV, and Fig. 28 for M,
between 600 and 800 MeV, -
| The most striking result seen in these b6 figures is in Fig. 24,
namely, the 'big difference between the neufral M, distribution and the

IQ] = 2M distribution between 280 and 460 MeV. In this effective-mass

2
range the | Q] = 2 distribution is above the phase space and the Q = 0 distribution
is well below. The decay-angle distributions of those dipions (Fig. 26a and b)
look the same for Q = 0 and jQl = 2 pairs (unlike and like pairs). Both secem

to peak at cosd = 0 and decrease at éos<p ='%1, The aitern;tive‘ distribution

of angleé between all the pion pairs (Fig. 25a and b) also deviates strongly

from the phase-space calculation, The angle between the unlike pions (Q = 0)

is bigger than the value predicted by phase~space calculation. The phase-

space calculation predicts a value of 1.7 for the ratio

Y= (no. of pion pairs with angle > 90°/(no. of pion pairs with angle < 90°),
whereas we observe y = 2,45 % .1 for unlike pions. The angle between the like
pions (Q = 2) is found to be smaller than the value predicted by phase-~space
calculation, y = 0:92 & .'07. It is interesting to compare our results with the
results of the analysis of four-prong events from the same experiment.

Button et al, do not seem to observe this striking difference between the Q = C
and [Q] = 2 distribution at the .region of M, between 280 and 460 MeV. 17
Looking at the réaction P+p- wa + 2w + -rro of the same experiment,
Magli¢ et al. 20 report y = 1.56£.08 for like pions against y = 1.79 predicted
by phase space; But they é.ttribute part of this effect to the asymmetry
observed in the angular distribution of charged pions in the pp center of mass.

It is also interesting to compare our results with those of Lee et al., 36
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who analyze the reaction p+ p - 21r+ + 29 + “0 from pp annihilation at
rest, They find a definite difference in the distribution of M, of the pion
pair for like and unlike: low values of M, are enhanced for like pion pairs.
Also they find a difference bétween_ the angular distributions of like- and
unlike-pion pairs (Y, jixe = 2,26 % .15, Yijke = 1-14 % .10), even though
they do not have any asymmetry in the angular distribution of pions in the
Pp cénter-‘of-mags. _system; Possibly the difference and similarity of results
refle.ct the fact that the average energy a.va.ilabl'e for each pion fqr our 6v
event (E_ = 2290/6 = 382 MeV) is less than inthe p + p = 2n" + 2n” + v° event
of Magli¢ et al. (E_ = 2290/5 = 458 MeV), but about the same as in the "
B4p—2s +2n +u°atrest (E_= 1880/5 = 396 MeV).

We cannot attribute the differences between the distributions of
M, in the region 280 to 460 MeV and in the gngular-correl.atmn distribution
betwéen unlike (Q = 0) and like (]Q] = 2) pion pairs to the asymmetry of
angular distribution of pions in the pp v‘center of mass, because we do not
cbserve any asymmetry (sece Filg. 11); also, the c. m. angular distribution
is the same fdr 1\'+ and n;.

These differences seem to be best explained by the influence of
the Bose-Einstein statistics for pions, as suggested by" Goldhaber et al. 37
The Bose-Eihstein‘ effect acts like a weak attraction between like pions and
a weak re'puls'ion between unlike pions. Th)‘.s would favor small angles for
the like-pion pair, and therefore enhahce the lower part of their effective-
mass distribution (Fig. 24b). This would also favor large angles for the
unlike-pion pair and therefore depopulate the lower part of their effective-
mass distribution (Fig. 24a). Goldhaber et al. have estimated_tixe Bose-
Einstein effect on the reaction p + p- 2v 4+ 2n" +ar® withn =0, 1, and 2. '
The corresponding calculation for the reactionp + p - 3n° + 3¢ is more
complicated and has not been done. But with a maximum of three like pions

instead of two like pions inthe p + p - 2n 4 20" 4 vo reaction, we expect
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the Bose-Einstein effect to be greater in the reaction p + p - 31r+ + 37", And
‘this seems to be verified by our results. .

_ At the higher region of MZ(MZ > 500 MeV) the |Q| = 2 distribution |
follows weli the phase~space calculation, but the Q = 0 (rr+1r") distribution
disagrees completely with the phase-space calculation (Fig. 24 (a) and (b)).

' This effect is probé.bly due in part to p mesons which caﬁ decay into 7 W~

+ &
but not w w .

7w and 8n Events

Figure 29 shows histograms of distribution of the effective mass
M2 ofthe Q =0, Q] = 1, and ‘Ql = 2 pion pairs from the 7w events. Figure
30 shows distributions of the angle betweenthe Q = 0, |Qf| =1, and |Q] = 2
pion pairs from the same events. |

The effective-mass distributions still showh a difference at the
region of lower value of M, (280 to 460 MeV) between the like-pion pairs
(1Q} = 2, n*w*) and the unlike-pion pairs (Q = 0, -n"tw“ or Q| =1, Tl'*‘n‘o.
Also at the higher regions of M, (500 to 800 MeV) the |Q| = 2 distribution
agrees well with phase space and the neutral distribution seems to show an
almost continuous enhancement above phase space. v

Figure 31 shows histograms of the distribution of M, for Q=0
and {Q] = 2 pion pairs from the 8w events. The solid curves are the
Lorentz-invariant phase-space estimations. Figure 32 shows the distribution
of angle between Q = 0 and |Q| = 2 pion pairs from the same events as a
function of cos Gmr. | |

Both the Q = 0 and |Q| = 2 effective-mass distribution agree with
the phase~-space estimation. Also the angle correlations are almost the
same for unlike (Q = 0) and like (|Q| = 2) pairs (y,_);, , = 155+ .07,

Vike = 1.40 £ ,08).

i
4
\
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We can assume that most of the 8« events go' by thé reac’tivc'n
jb‘p +p- vt w +*Q5 and that if a four-»pion resonance rea.lly existed, a o

: b}.g fraction of the 81\' eventa would go by this resonance, p + P 4m " Xor BN

o and XO - 4m , We baae thie a,saumption on the big dafierence between th.e r A

"value of the cross sectic:n of the reaction p + P - 31: +. 31{ + Z'n' (1 05 + 2 mb)

e and that of p 4+ P~ 47r +4n” (.025 .01 mb) (Table m) .A statiatica.l calculat'ionw e

: _.would gzve a ratio qf 7 for the rate of the ﬁret reaction over the second one. S
we fmd here a ra.tm of 40 & 10. : This assu,mption ca.n. explain a.lao the absence S

of p mesons in the 811 eventsg ~:-..,;
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V. SUMMARY AND CONCLUSION
Let us summarize a few of the interesting findings of this work.
The cross sections of 'thelthree analyzed reactions are found to be
(b+p- 3w +3r7) = 1,16 £ .1 mb,
- (ptp -3t + 3T 4 .'ﬂ‘Q = 1,80 % .25 r;'lb.
(5+p—=3n" +3n +21°) = 1.05 £ .25 mb. |
The difference bet\x{een the cross section of the reaction ptp— 3n7 4 3n 4 2110
and the reac.tionv_ﬁ +p- 41r+ + 47" (,025 £ .01 mb) (see Table III) suggests t}.xat
the first one would go through resonances whose decay incl‘udevs neutral pions.
This can be the known three-pion resonance or a yet undetermined four-pion
resonance. The angular distri’butions are symmetrical for all three types of
events (Figs. 11, 12, 13), This result is in contrast with the asymmetry found
by Magli€ et al. 29 in the reactions ptp- Z'rr+ +2n + n-:ro at the same energy.
But because the ratio of the number of cloud pions to the number of core pions
is smaller, Koba-Takeda theory would predict a smaller asymmetry, which
could be masked in our case.
' The existence of the w meson (I =0 threé-pion resonance at
780 MeV) is further confirmed., With the hypothesis of G-parity consgervation
in the decay précess (strong decay), the w spin and parity is found to be 17~
by the Dalitz-plot methéd. Even with the hypothesis of nbnconse rvation of
G parity in the decay process (electromagnetic decay), the 17~ spin and parity
assignment is strongly suggested by the small values of the ratios |
R{w - 41r/u> - 1r+ +n 'n'o) and R(w = neutral/w - -n'+ + @+ -:ro). Thesé results
agréé very well witix thbé;a of Stevenson et al. 24
Neither.we A6z .Magli¢ etral.: have observed ir; the pp annihilation

the T = 0 three-pion resonance at 550 MeV reported by Pevsner et al. 30

‘and Bastien et al, 30
The distribution of the neutr:l four-pion effective mass My shows

a suggestive bu" inconclusive peak at 1.04 BeV (Fig. 21).
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The two-pion effective-mass distributions at 6w events show a
big difference between the |Q| = 2 or like-pion pairs. and the Q = 0 or
unlike-pion pairs at the low~value region of Mz (Fig. 24). At this region
(M, between 280 and 460 MeVl) the distribution for like-pion pairs is above
that obtained from phase-space calculation, and the one for unlike pion pairs
is well below, This result is similar to thé result from the analysis of |
Ptp-e2m +2n + 0 at rest.-34 and different from that of p + p - 20t 4 20" + 0
at the same energy. 17 It may be that the sixhilarity and difference may reflect
the similarity and differen.ce in the average energy available for one pion
(382 MeV in our case, 396 MeV for 5« event‘s at rest, and 458 MeV for 5«
events at 1.61 BeV/c). |

We tentatively attribute the difference of M 2 distributions in the
low-value region, at least at present, to the Bose-Einstein effect on the pion
as suggested by Goldhaber et al. 37 But no calculations have been done for
the p + p = 37  + 3%~ reaction.

The ratio R(p -~ o m n- winw /p* - vi-rro) has been determined
to be 1.2 £ 2.0%. This small ratio agrees with the 0"+ agsignment for spin,
parity, and G parity of the n meson but cannot rule out the possibility of
17" assignment.

Table VI gives the upper limits of some decay rates of the p
and w mesons determined in this experiment.

In this work, we concern ourselveé mostly with the search for
multipion resonances and the determination of their quantum numbers. We
feel that the réé.l behavi?r of the antiproton-proton annihilation process
will not be understood uﬁtil all the multipion resonances and their quantum
numbers are known. Many theories on pp annihilations do not include the
multipion resonance states. The latest statistical model that includes all

the known resonances is given by Kalbfleisch. 38 It gives a good prediction
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of the rate of diverse pp annihilation processes. But it is éemi-empirical
and still needs a large interaction volume (R = 4 QO’ where
Q, = (4w/3) (ﬁ/me%)z. Also, no theory has ever included the spins of the
proton and of the antiproton. .lo.'n‘ the experimental side Button and Maglic¢ . .'
by studying the double scattering of antiprotoné in hydrogen, have shown
that a.ntiprotons can be polariied 3? The anni!;ilation of polarized antiprotons:
on hydrogen has been studied ina preliminary way. 40 It would be inter;sting :

to push this study forward, because it may gwe new underatanding of the

.anttproton-proton anmhilation process. -
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APPENDIX | -

G Par1ty and Strong Decay of Heavy Mesons With Zero Strangeness
. as Proposed by the ''Eightfold Wa.y" Theory

In the "aightfold way" theory, a heavy meson with sﬁrangenesé
§=0can be»"r.epresente_d by a definite state of NN {or AA). AvIt has beent '
‘shown thét for such a state the G paritv is given by G = (-1) st £ * I
wheré"s. £, and I nepfeaént reSpec_tivolv the spin, angula:r.momentum,' o

41 Tablo v giv,eé the characteriséic 8 of the o

and I spin of the NN state. |
NN _sta.tes reprosenting the mesons v}ith S= 0 propos'ed in %:hé evijghtfold way’ |
theory, and the resulting G parity. . . ‘\ | o |
The G panty of a state of n pions is given by G = ( 1) ~ Since

in strong ixitera.ctions G parity is conserved, a heavy mea-on with G parity
even can decay atrongly into only an even number of pions (2, 4, 6, etc.),

- and a heavy meson with G paritv odd can ,decay strougiy into only an o;id .

" number of pions.. The exoeptio:is are fhat a xo or A meson cannot decay |
into. two‘ pions because of Bose statistics and conservation of intrmsm parity;

‘also the n' meson cannot decay into three pions for the game rezsons.

*
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Table I. Mesons proposed in the "Eightfold Way'" Theory

A pseudoscalar octet would be composed of three pions (17+. ,wo. 7 )y two

K mesons (K+. Ko), two R(_K 0' K.)a and oné Xo- |

Unitary spin 1 'S ps(0™) - vT) seh) aa’
10 m P L3 p*

N R , ' , . ' ‘. ’ '
T T S R
/2 -l R. &M g ™

g :

| 0 0 X% e XY o
Singlet ' 0 0 A B "A' B

s



-40- . UCRL-10129 Rev =
 Table II Prediction of decay of some pfdposed m’es‘zdns; B

 with strangeness § =0.%

Eleétromagneﬁc-’ R
~decay ..

- ';Pa.rtic_le' LG parity ) Stro’hg d.'ecay?"'

R S o i+l S .'rr+1ro."n'+.1r?.' ﬂ*-;ro‘i,:.f_*” '
L _ SR

- Qs B i .,_ 1!

‘X',tA" -;.,_:_‘f+1 ‘ : Tow ,“WQ’W_

~a,  See Appé.n}dix‘-f.
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Table III. Cross sections of diverse processes of pp interactxons

~at 1.61 BeV/c (B, . = 2:290 BeV).

(The total cross section is. 96*3 mb from Ref. 3. )

| : Process ' . Reference - ' Cross gection (mb)
. Elastic . . L ,
Btp=P+p 16 - 333
4‘ Charge-exchange v ' » | | | :
p+p-n+n(and)n+n+u° 16 78%.55
' Inelastic B o )
| 13+p->f.s+p+1r0 L e 1.6 % .30
-n+ptw o 14 - 0.96:‘hv.22A
: ~ptatw 14 L1530
Hyperon-antihyperon | _ | | ,
ptp- K+A . 8 . 0.057 +.018
| Annihilation involving K mesons and m mesons :
- p+p-K°+R | .14 . £.050 .
I ~xt+x 14 | 0.055 +.018
TfepTKER+w ' 8 0.74% .16
| - K+ R+ 2x 8 1.95 = .26
- K+ K+ 3¢ 8 2.2 % .26
~ K+ R+ 4n 8 ¢ 0.37%.011
~K+ R+ 5q 8 o022
Annihilation involving = mesons _ _
p+ P-’nwo, forn?'Zf : - 14 | o 0.3 t §
Ptp=u +u | 1475 0.1 %.025
} - ‘n'+ + @+ -n'o | 14 . R 2.5 % 1.5
erttn tnr fornz2 14 - 140 23
- 20t # 20" - 17 L4 .3
Annihilation involving v mesons _ R
Ptp=2n +2n 4 17 104210
~2r" + 2n" 4 nel, fornm2 17 120 L5
-~ 3x 43 __ S W
= 3xt 4 3y 4 0 o 1.8 + .25
=3 43 2n? . 1.05 % .25
~4n" + 47" 18 0,025 % .01
~ant 4 4nm 4 o0 i8 " 0.006  .006

— ittt e
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[R3

Table IV. Possible thfee-pion resonances with T=0, J<1, G parity.

Meson o Matrix element | | . Vanishes at
_':(’__y_g_g:' Jr L Simple ex#mple S '(Geg Fig., 16)
v -. '1.": ‘.:1 ' 1 (POXP )*(P+><P (5 XPO) o whole boqndﬁry
PS .‘Of' land 3 l a.nd 3 (E -Eo)(E -E )(E -EO) - straight lines

A ate s OandZ 1 - E (po-P )+E°(P -B )+E (p -15 o) center, b, d,f
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Table V. Summary of experimental determination of spin panty and
- G parity of o meson {I=0, M + -0 = 780 MeV) '
L BK e

Possible assignmerit

(Spin < 1, parity, G parity) .~ 'Eliminated by
[ I . - Dalitz plot
oft Parity conservation
17" '
+e o
1 ' I -~ Dalitz plot
0‘+f R R Dalitz plot and small ratio
' | ’ ‘ R(w ~ neutral/w - 1r+1r-1r0)
0,+,+ : Parity conservation
1t : ~ Small ratio R{w = 4n/w ~ 1r+'n'--n*0)
A ' - _ Dalitz plot, small ratxo

Ri{w =~ 4n/w -~ ~n-+1r ™ ) and small

ratio R(w - neutral/w — 'n'+1r T )
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Table VI. Upper limits of some decay rates of the «w and p mesons

——

Ratio N : T - Upper limit
R ~2v" 2 /% =v™ey - o 0.02
R(p:t - w*w-w+1r°/p* - "22"0) - T 0.05
R(w —~ neutral/y = -'rr+1r-1ro)_ ' " E o s
R{w -~ 41/w =~ 1r+1r-1r9) : v ' . S 0.17
Rlo = 27" 20 1% 6~ v a"n") I “0.01

Y-

.
.
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Table VI Charactenstzcs of RN states representing some proposed
heavy mesons and their G parities

‘I_\ifi__e__s_s_é; | 1 spin ~ Spin and pa.x"ity_ BN . G parity
" R Y S lgg a1
A T LA
w B 0 R 35, ... A
K0, A 0 . 0" »136 | "
3 1 o *p, .l
Ap'a 1 ; A '3le el
W', B (2) 0 1* 3, 4
x 0, Al o o 3P, 41

‘(a) p'y w' and B! can be r'ep:_'eseni:ed by either the 3P1 or.lp1 state, but
Gell-Mann (private cotnfnunication) prefers the first astate for ''field theory"

reasons. o
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Figure Legends

1. A tlypical éix-prong event.

2 distnbution for p +p- 3at 4 307 4 1r0 events

2. Comparison of x
(one constraint). w—ma, with theoretical xz distribution. coan,

3. Comparison of distribution for p+p- _31r + 3¢ events

» with theoretical x 2 distribution, ==--.

Scale factor of 3 for the latter.

4.. Diatribution of the square of the missiné masé (MMZ) £or.L'6n“
V,eve’nta. |
5. 'Dist_;_ribut.ion‘of the square of the missing_ mass for 'v'7'fr" events,
6. Distribuﬁion of the missing mass of the "8x" éyent. The solid
curve >'ia drawn from the distribution of the effective mass of two
charged piéns from the same .events. _
7. Center-of-mass momentum distribution for pions of "é6n'' events,
ptp-— .?0.11:+ + 3n . Top, w's center, w ; bottom, »' and v". The

solid curves: represent the Lorentz-invariant pha.se-spacé calcula.tibn.

(153 events, )

8. Momentum distribution (c. m ) for charged pions of 7w events,
p+p=- 31r+ + 30 + wo. Top, 1r+: center, ¥ ; bottom, xt and »°.

(239 'events. )

9. Momentum distribution (c.m.) for charged pions of 8« events,

’ p+tp-~ 31: + 3n” + 211-0. Top, w+z center. 'y bottom. 1r+ and « .

(139 events. )_
19. Momentum diatribution (c. m. ) for neutral pions of 7n events.

11. Distribution of coeine of c.m. production angle for individual

' char:ged pions of 6% events. Top, 1-r+; center, v ; bottom, »' and

reflected ", (153 events. ) -
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12.. Distribution of cosine of c.m. production angle for individual

" charged pions of 7w events, Top, w+§ center, v ; bottom,. 1r+ and

reflected n", - {239 events. }’
13, Dmtribution of eouine o£ . m, production angle £or individual

charged pions of 81\- events. Top, 1r+. center, = ; bottom. wf -and

reﬂected w . (139 events. )

l

14 Angula¥. dmtnbdtion '(c. mi-)for neutral pions of 71r events
-(a) for 239 Tw events, (b) same as (a) ‘except that 28 ambiguous

events have been excluded,

15, Histograms of the distributions of the effective masses (M 3)

of pion triplets for the 7n events, (a) for the diatributxon for the
tripleta with IQ[ =1 (239 x 18 triplets); (b) with IQI' = 2(239 X 6 tripleta);
(c). with Q 0(139x9 triplets). In (d) the combmed distnbutions of

I (a) and (b) (shaded area) are compa.red with the (c¢) diatribution. The

Fig,

Fig.

Fig.

Fig.

same smooth curve has been drawn on (a). {b), and (c).

16, Hxstograma of the diatribution of neutral M for 7w events around the
" 780-MeV region. The resonance curve contains 79 w mesons.,

17, Dalitz plot for 238 events from the center of the peak region

(760 to 800 MeV). 27 ks 8% of which are due to «w mesons;’

i

Q M 6(2M“¢+M )5365MeV‘ y R
18. Dalitz plot for 238 eventa from the control region (822 to 878 MeV).
Q= M -(zMW*»rM 0) = 435 MeV.

19. The density .of the population of eventa on the Dalitz plot for five

regions of approximately equal area as a function of the average distance

|l

v of this. region from the center of the Dalitz plot. Both scales are in

¥

arbitrary units. (a) Events in the energy region of the @ meson and in
a control region. In the w peak region there are 238 triplets 79 omega

and 159 background trxplets. The mimber of events per unit area of the

!



-48- | UCRL-IOiZ? Rev
Fig. 19. {continued) control region is normalized to be equal to the estimated
Background in the peak region. (b) Difference between the two sets
- of points in (a) (79 tripleﬁ‘s‘). - The three curves -cérrespor;a to the
predictildns for this distribut:ibn on the assumptions tha.t the particle
has spin and parity 17, 177, or o"". |
Fig, 20, _Histbgrams of the distributions of the effective masses M, of
pionv‘quadrupl.ets; (2) is for distributioﬁ for quadruplets of 6w e‘}enm '
with Q = 0 (153 X 9 quadiuplets). {b) aﬁd {c) for distribution for
quadruplefs Qf Tw events with Q@ = 0and |Q} =1 respeétively
) (239')( 9 and 239 X 18 quadruplets). In .(d)_ the {(¢) distributidn {shadad
area) ié compared with the {b) distribution.
'. Fig. 21. Histograms of the distributions of the effective masses of neutral

- -

pion quadruplets of 8~: events; (2) is for distribution of M4(1r+'n' T W b
{139 X 9 quadruplets), (b) is for distribution of M (w F1*°1r0~r-o)
v (139 x9 quadruplets). The same smooth curve has been vdrawn oh.
(2) and (b). |
Fig. 22. Histogramis .of the dié\tributions of the efféctivc rnasges of pions
| . quadruplets of 8x events; (a) is for distribution of quadruplets with
|Qf = 2(139 x 6 qua;drﬁpleto), (b) is for quadrupleta with Q = 0
{139 x 18 quadruplets) The same smooth curve has been drawn on
(a.) and (b).
f‘ig. 23. Histograms of the distributions of.the effective magses of pion
quintuplets of Tr events; (2) with Q = 0 (239 X 9 quintuplets) (b) with
Q] = 1'(239 X 6 quintuplets); (c) with Q] = 2(239 x 6 quintuplet. )
The‘ same emooth curve has been drawn on (2), (&), and {(c).
Fig. 24. Histograms of the distributions of the _effectivé masses of pion
| pairs of 6w events; (&) with Q = 0 (153 X 9 pairs); (b) with [Q] =
{153 X 6 pairs), The solid curves are from the Lc‘urentzv-invariant

phase-space calculation.
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' f‘ig. 25. Distribution of angle between pion pairs from bn eventu as
‘a function of cos Qﬂﬁ; (2) for pairs (w ) with Q= ) (153 X 9Vpairs); ‘
(b) for pairs (v =) with [Q] = 2 (153 X 6 pairs). The solid curves
| correspond to the Lorentz invariant phase-space calculatxon. | i
Fig. 26, Distribution of decay angle of one pmn in the rest frame of a - |

dipion from b events with effective mass M, between 280_ and 460 MeV iy

o
i

(a) for a from a._frr+1r- dipion (b) for from a o dipien (symmetrizq‘g).
‘Fig. 27. Distribution of decay angle of oﬁe pioo in the rest frame of a dipioaé
from 67 events with effective mass MZ between 500 and 600 MeV
| (a.) for w from a 1r+1r dipion (b) for a from a wivr dlpLOn (gymma.tri?ed)
Fig. 28. Distribution of decay angle of one plon in the rest frame of 2 dipion
from 67‘ events with effective masgs MZ ff)etweexl 600 and 800 MeV (a) for
1;+ from a 7w w dipion (b) for w froln_a a v dipion (sﬁnmetrized).
Fig. 29. Histograms of the distribution of the effective mass of pion pairs
of 7n events (a) with Q = 0 (239 ><.9 pairs); .(b) with in:= 1 (239 X 6 pairs);
i’ {c) wii:l.i |Q| = 2 {239 X 6 pairs). The solid curves correspond to 2
Lorentz-invariant phase-space calculation. |
Fig. 30, Ijistribution of angle between pion pairs from 7w events as a function
“of cos emr () Q= .O pairs (,T"r-fr") (239 X 9 pairs); (b) fc:r 1] = 1 pair (.ﬁ,i‘wO)
(239 X 6 pairs); (c) for |Q| = 2 pairs (n"w) (239 X 6 pairs),
| Fig. 31. Histogram of the distribution of the effective mass of_p;ion pairs of
8 evlants (2) with Q = 0 (139 X 9 pairs); (b) \%(ith Q=2 (139x6 pdirs).
The solid curve ié an estimation of Lorentz-invariant phase-space
predictioo.
Fig. 32. Diétribution of angle between oion pairs from 8v events as a function
.of cos emr (2) for Q = 0 pairs (Tr+‘ﬁ-) (;39 X 9 pairs), (1;) for l 3| = 2 pairs

(r"n) (139 X 6 pairs).
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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

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





