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1, Introduction

In film obtained in an exposure of the JINR 750 x 280 x 160 m»n3
xenon bubble chamber to a 2.34 GeV/c n+beam, we have searched
for production and decays of neutral bosons decaying into 7° me-
sons and gamma-quanta. This experiment uses over 500000 stereo-
photographs of the chamber,

There are many physical topics concerning such decays of
bosons, These are connected, for example, with ‘he problems of the
existence of new neutral me‘sons/l/, with the exarination of the con-
sequences of SU, theor'y/2/, and with the wverificition of the possib-
le C, T noninvariance in the electromagnetic interactions of strong-
ly interacting particles/3—5/. It is important also to obtain the complete
set of information concerning the neutral decays of 75o-, w0 - |,
and X° -mesons.

We present in this paper the experimental results which can
be attributed to some of the above mentioned problems, The distri-
butions of effective mass: M(yy) , M(=z%y ), M(z®y) , M(2% 2%, M(=%"y),
M(7% %79 from y ...... Yy combinations are given, The general
features of the experimental results and the methodical problems,

especially the problems of background, were considered.



2. Experimental Procedure

The scanning for interactions of beam particles occuring in
a chosen central region of the bubble chamber (fig, 1) has been
made twice in succession. The interaétions with 1 and 2 prongs
and with some nunber k =0,1,2,. . . of gamma-quanta ascribed
to these interactions are searched, .

Confining oneself to the investigation of the interactions with
one observed secondary track stopping within the chamber, we
can assume the selected interactions to be in general the proces-
ses/6-8

7 4+ n - X +p (1)

n being quasi-free neutron in Xenon nucleus; X denotés arry par-
ticle decaying in.o 7% s and gamma-quanta. The energy of the
secondary charged particle, assumed to be proton, can be estima-
ted by means of the range-energy relation, It is possible to select
in this way the reactions of the type (1) in which total energy of
secondaries, ganmnma-quanta and proton, is equal to the energy of
incoming »* mesons., Then, the possibility exists to investigate the
particles with the effective mass wvalues M(y.. .y )< 1300 MeV, It
is worth to note that our results do not depend on the fact being
the interactions of the type (1) on the quasi-free nucleons or not,

The minimuir energy value for detectable protons in stars with
a 'small number of prongs (less than 4) is about 5 MeV, z* mesons
can be identified by means of the observation of the charged decay
products: nts p?’s et and 77 mesons with energies higher than
10 MeV can be distinguished from protons. The lower limit of energy

for gamma-quant:. detectable in the chamber with nearly constant

efficiency is about 15 MeV,




For each event the coordinates of the interaction points
and of the gamma-quanta conversion points were measured with the
accuracy AX =AY =0,1 mm, AZ = 0,5 mm, as well as the
total track length of electrons and positrons in gamma-quanta initia-

ted showers. The accuracy of measurement of the angles © bet-

184
ween any two gamma-quanta emission directions; is equal to (0.5 -
- 2)°, Using the special scanning tables the total track lengths of
shower particles were measured many times by different scanners,

From these data the energies of gamma-gquanta Ey were estimated

according to the method worked out /9-12/, Durirg the track lengths
measurements additional control of gamma-quanta numbers in events
analysed, and the fulfilling of scanning criteria were proved. The
optimal energy measurement accuracy equals :.2%. Those events
were analysed only in which the gamma-quanta energy measurement
accuracy was ho worse than 35%,

With due regard for the statistical weights of gamma-quanta
we can perform good estimation of the number of events belonding
to some class of reactions, The recording probability of gamma-
quanta generated in chosen central region of tre chamber and re-
corded within the fiducial volume, and that for which the energy

can be estimated with an accuracy AE /E < 35% makes up
Y Yy -

80-95% being in dependence from the number of gamma-quanta
in event., Average observation probability for all gamma-quanta
equals 94%,

Thus, having. the information about gsamma-juanta energy Ey R

and about gamma-quanta emission angles ®y for each event it is

possible to estimate invariant mass M(k y ) comkining some number
k of gammas. It was found that k can be equal up to 8 and it
is still possible to distinguish single gamma-quanta and to evaluate
Ey . The gamma-quanta used for estimation of M(ky) are ob-
served as generated in the point of interaction of incident meson,

Thus, the mass M(ky) can be expressed by the formula
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- 2)°. Using the special scanning tables the totcl track lengths of
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From these data the energies of gamma-quanta Ey were estimated

according to the method worked out /9-12/, During the track lengtis
measurements additional control of gamma-quanta numbers in events
analysed, and the fulfilling of scanning criteria were proved. The
optimal energy measurement accuracy equals 12%, Those events
were analysed only in which the gamma-quanta energy measurement
accuracy was no worse than 35%,
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in event, Average observation probability for all gamma-quanta
equals 94%,

Thus, having. the information about gamma-guanta energy Ey ,
and about gamma-quanta emission angles ®y for each event it is

possible to estimate invariant mass M(k y ) comkining some number
k of gammas. It was found that k can be equal up to 8 and it
is still possible to distinguish single gamma-quanta and to evaluate
Ey . The gamma-quanta used for estimation of M(ky) are ob-
served as generated in the point of interaction of incident meson.,

Thus, the mass M(ky) can be expressed by the formula



M2 (ky) =”z_l M?(,,i V,) (2
1;4;

M (. y)= 2B E_ (1 - cos @ )
i v, ¥ y

RS e

irrespectively whether the gamma-quanta are generated independent-
ly by the radiative decay of some particle X or by decays of X
via, for example, n0 - or 7° -mesons, The accuracy of
M (ky) determinction depends on the energy estimation accuracy
and on the accurecy of the opening angle between two gamma-quan-
ta. For events with k=2 the optimal accuracy reaches, in avera-
ge, 10-12%, for events with k =3 « about 8-10%, and for events
with k = 4 <about ?7-8%, The average accuracy of M(k y )

determination mckes up 15-20%.

3. Experimental Data

Out of 500000 photographs about 2000 events of the type (1)
were selected, For 1362 events the energies of gamma-quanta could
be measured withh the given accuracy., Later on only those events
will be analysec in detail. Table 1 presents the distribution of

events accordin3s to the numbers of gamma-quanta,

Table 1
Distributicn of events of the type (1) according to

the number of gamma-quanta

Type of event Number of events recorded

observed evaluated
k=2 746 1052
k =3 230 441
k =4 306 657
k =5 29 70
k =6 51 126
6




The events containing observable V° rticles a-e not placed in
g pa P

Table 1. About 160 events with one and about 50 events with two

0
v were found,

3.1. General Information
a) Search for possible influence of the geometry of the

chamber on results obtained.

The location within the chamber of the region chosen for
interactions being under consideration is shown in fig., 1.

The distribution of azimuthal angles of emisssion of gamma-
quanta Y was done with purpose to examine the correctness of
the gamma-quanta efficiency evaluation/13/ (figz. 2). Thus, taking
into account the gamma-quanta efficiency,the true umber of events

is well estimated irrespectively of the numbers of gammas in events
under cosideration,

b) Kinetical energies of charged secondaries.

Kinetical energies E,, of charged secondaries in the reac-
tions of the type (1), assuming the secondaries to be probns, were
obtained from the relation range-energy with the a:curacy of about
5%.

The distribution of protons according Ekp iz shown in fig, 3
for events with any number of gamma-quanta, In fig, 4 the distribution

of events according to the total energies of secondaries, X Ey+ Ekp ,

is presented,
c) Energy and angular distributions of gamma-juanta.

The energy spectra of gamma-quanta in events with any number
of gammas are shown in fig, 5. The distributions of emission angles

of gamma-quanta are presented in fig., 6,
d) The statistical independence of gamma-quana recorded,

Gamma-quanta are emitted, on the whole, via decay of some
particles into 7°% s and gammas. As regards this some reason

exists to suppose the statistical dependence of gamma-quanta recor-



ded may display, It is obvious that apriori one cannot state:
Is the estimation of recording probability of event with k gamma-
quanta well performed, assuming the gammas to be statistical inde-
perndent, or noi?

In order to estimate the said dependence, the average probabi-
lities of registration of events with k gamma-quanta were evalua-

ted using the formulas:

_— 2 (P ) i
m i=1 k
Lo - - (9
and
Do - 51
P . = 121 (P, )i . (4)
P : and [ ‘: ‘- the average recording probabilities of m gamma-

quanta in even's with k gamma-quanta; the number of m gamma-
quanta combinations is lettered by n . P:( - average recording
probability of cne gamma-quantum in events with k gamma-quanta;
P: - probability of registration of m gamma-quanta in events with
k gamma-quarta., The results are presented in Table 2,

It is evicent from this analysis the statistical dependence of
gamma-quanta does not practically become apparent in events con-

sidered.
3.2, Two Gamma-Quanta Ewvents

We have plotted in fig, 7 the distribution of the effective mass
sz . The siznificant peak at the 7° meson mass value is ob-
served, as it must, The second group is observed in the region
of the 7° meson mass value. The shaded part of histogram repre-

sents backgrotnd from the events with k more than 2. Solid line -




Table 2
Data for examination of the statistical independence

of gamma-quanta

Yoo m
k combinatign
1 2 3 4 5 6
P:‘ 0.87 0.72
2
pm’ - 0,73
k
6 P';‘( 0.86 0.76 0.64 0.56 0.48 0.40
P - 0.74 0,63 0,54 0.47 0.40
the Gaussian distribution with o = 120 MeV normalized to the

number of events in mass wvalue interval 400-700 MeV.

The distribution of the opening angle @y) of gamma-quanta

emission directions in the laboratory system iis shown in fig. 8.
In this histogram two groups of events are also observed. A first

0

being in the region of minimum value of the @m» for z° meson,

and the second one at minimum wvalue of Gy}, for 7° meson. The
distributions of the events in these two groups «are in good agree-

0

ment with the theoretical distribution for =« mesons (curve 1)

and for 7 ° mesons (curve 2),

3.3. Three Gamma- Quanta Ewvents

Fig. 9 shows the spectrum of the effectiviz mass May of the
three gamma-quanta events., The solid curve s the background
obtained by the Monte-Carlo method and normalized to the total
number of events, For evaluation of this curv: the experimental

angular and energy spectra of gamma-quanta fron the events under

consideration were used,




The histigram in fig, 10 represents the spectrum of the effec-

tive mass Mt‘;z of two gamma-quanta system in the three gamma-

quanta events, anc shows a significant peak at the 7’ meson mass
value, The solid curve is evaluated by the Monte-Carlo method and

normalized to the total number of events with Mr“;yy mass values

equal or less than 90 MeV.
3.4, Four Gamna-Quanta Events

For 306 eveits we have evaluated the effective mass of four
gamma-quanta systems, M 1y . Fig. 11 shows the mass spectra
obtained after takirg into account the gamma-quanta recording proba-
bility. The solid curve represents the phase space for reaction
mten » 7% 2%+ p at 2,34 GeV/c 7n* meson momentum,

The spectrurn of effective mass of two gamma-quanta system
in the sample of four gamma-quanta events is shown in fig, 12, The smooth
curve, the random gamma gamma combination distribution, was cal-
culated using the Monte-Carlo method and was normalized to the
total number of events with mass values M'“;);/ equal or less than
90 MeV, In this hiistogram a significant peak at M_o value stands
well out against a background.,

The sample of four gamma-quanta events was divided into
three groups: 1. the events in which the two independent gamma-
samma combinations, from all the six possible, give the wvalues of

[

M i)’ lying within the mass value interval prescribed for 7~ -mesons;

2, the events in which only one gamma-gamma combination gives

0

the Mfyy value prescribed for « meson and the other indepen-

dent gamma-gamma combination do not form the M?; prescribed forn®

mesons; 3. the evants in which one of gamma-gamma combinations
. 2 . o
gives the mass velue MY prescribed for = mesons and the

other independent gamma-gamma combination gives the wvalue of

Mi; which can be ascribed to the 7° meson. The mass value

interval 90-180 M2V was accepted as permissible for 7° meson

mass values, and the mass value interval 400-700 MeV was accepted

as permissible for v meson mass values, in agreement with the
? .

10



mass estimation accuracy of about 30%. The notations M (#z %z °)
M (7% y) and M (7 °3° ) will be used in the cours: of this paper
for effective mass M4y in these three groups of events.

Fig. 13 shows the distribution of M (#° 7% after substraction
of the background from six gamma-quanta events, The dotted line
histogram represents the distribution of random 79 - 7 °®combinations
normalized to the number of events with mass valiue of M ( 70 70)
less than 500 MeV,

In Fig., 14 the mass distribution of M (7z°%y y ' is shown. Solid
curve representing the background is normalized to the total number
of events with mass values M(7°yy) less than 40C MeV,

Distribution of effective mass M( 7% 79 i1 the sample of
events of the third group is shown in fig, 15. Th2 effective mass
distribution Mf; in the samples of »° 7% | #¢yy | and 7 %y°
events are shown in fig, 16, Normalization is performed to the same

number of events,

3,5. Five Gamma - Quanta Events

Distribution of effective mass Msy is presented in fig., 17.
The distribution of effective mass M5y of five gamma-quanta com-
8y

binations for six gamma-quanta events is also there presented., Nor-
malization has been performed to the number of events with mass
values M3y less than 700 MeV. The analysis shows existence of

only the = °%x°%y type of events, except one in all sample being

under consideration. This is also very easy to se2 from the distri-
bution of gamma-gamma effective mass M 2!}, wtkich is shown in
fis. 18. By means of the solid curve the background normalized
to the total number of events with mass wvalues bhelow 90 MeV is
presented.

The distribution of M;yy : M 45};,( 7" 7%) axd M?;/ =%y y)
are shown in fig, 19 and in fig, 20. In figs. 21 and :2 the distributions

M?;(yy y ) and M:y(n %) are shown,
Y

11



3.6. Six Gamma - Quanta Ewvents

The effective mass spectrum of six gamma-quanta combinations
for six gamme-quanta events is shown in fig. 23, The curve 1
represents the 17° meson effective mass distribution taking into
account the mas:s estimation errors., Normalization is performed in the
mass values interval of MB}, less than 550 MeV, The curve 2
is the phase space for non resonant three n° s production, In
all events, excert one, presence of three 7°® mesons is established.

It is easy to see it also from the Mi}; distribution presented

in fig, 24, Background is normalized to the number of events with
the values of effective mass of gamma-gamma combinations being
equal or less than 90 MeV.

The distritutions of Mgz(nono y) , M :z(rro 7 ?) , M?;,(rr %)
are shown in figs. 25, 26, and 27, In fig. 28 the distributions of
M:};( 7%y ) anc Mg(y}' y) are given.

4, Results and Discussion

Let us sum up briefly the main results following from the
survey of histograms presented above.

1. The analysis of M3y distributions in any sample of
k gamma-quanta events ofk{he type (1), with k = 2-6, shows the
existence of a significant peak at the 7°  meson mass value, The
number of f{° mesons observed in any Mi; distribution is equal
always to the number of 7° mesons expected, which can be ascri-
bed to the corriesponding reaction (1). This result shows strong
evidence for ccrrectness of our method and indicates the possi-
bility of direct :tudy of particles decaying into 7° mesons and
gamma-quanta,

2. The twc gamma-quanta events with mass values Mszy within
the interval 40C(-700 MeV in the May distribution (fig. 7) can be
attributed to the generation of 15® ., The other events with mass

values in the irterval 90-180 MeV can be ascribed to production

12



of m % mesons, In average, the ratio Ry a2y of the number of n¢ |
to the number of 7 °mesons generated in the reaction of the type

(1) is equal to

- % (5)
R, L., = (42 &+ 27)% .
TTU

3. In our sample of events with two gamra-quanta we have

not indications about existence of other intensive sources decaying

into two gamma-quanta, without »° mesons and 7 ° mesons.
4. Among the events with four gamma-quanta the three groups
of events have been selected: 7° #° , 7% yy , and 7 090,

5, In the effective mass distribution for the sample of four

gamma-quanta events with two #°

mesons a group of events lying
above background distribution is easy to see in the mass values
region 600-900 MeV, The average value of the M (z°7 9 at this
region is equal M (#°7°% = 730+30 MeV.

6. In the distribution of M (r%y ) effective mass for four gamma-
quanta events the maximum of the number of events at the region
of mass values 500-600 MeV is located, being above the backgro-
und level,

7. It is easy to see the existence of events above the back-
ground level at 700-900 MeV in the distributions of effective mass
M sy and M sy *

The detailed analysis of the experimenta results has been
also performed., Namely, the spectrum of effective mass of the n %7 0
system has been 5tudied/14—15/ and the neutral modes of 5% meson
and ©° meson decays have been investigatecd/16-17/, The more
complete information concerning those investigations has been
presented in our recent papers/14—17/, here the summary of the

final results is given only.

13



A, Effectiv: Mass Spectrum of the n°-79System

In the 7’ -7’ combinations effective mass distribution, after
substraction of he contamination of the wrong evenis from the
reactions with three 7° mesons in final state, two groups of events
lying above background level are observed: one at region of

M (7% 9 values €00-900 MeV, and the second one at 1000-1300MeV,
Supposing the peaks observed being caused by some resonart
ro— 79 systems, ‘he Breit-Wigner analysis of M ( » % 9 distribution

gives the following wvalues for the effective mass:

M, (%79 = 730 + 30 MeV,

(6)

M, (7°29)

1250 + 30 MeV,
and for the widths of the peaks:
Iy

170 + 87 MeV,

()

F2 = 282 + 174 MeV.

The group of events from the mass values interval 1000 -~ 1300 MeV
can be ascribed ‘o the {° particle decaying into two z? mesons.
The other group, at 600-900 MeV can be connected with the famous
problem of the digion system at M (#° 7% value about 700 MeV.

If we suppose the last peak to be caused by some 7% - 0
resonant system, then we estimate the relative intensity of generation
of this system to oe

y 0_ @
N m- ) - 025 + 0.08 (8)

N (7% 2y )

using information about the intensity of 7%+ 2y production in our

experiment.

14



B. Neutral Decay Modes of the 1n° Paricle

Using results of the analysis of the two gamma-quanta, four
gamma~-quanta, and six gamma-quanta events ard performing the
accurate analysis of the corresponding distribution we have estima-

ted the following 7 ° meson branching ratios/17/:

N(no-2y)
ey ~(57 + 9) % .
N ( 70 - neutrals)
N{(p% 0 )
i Y a1+ 3)% (9)

N (% - neutrals )

N (7% 7% °?9)

=(32 + 9})%.
N(n° > neutrals )

C. Neutral Decay Modes of the °? Particle

In the distribution of effective mass M for the sample

3y
of three gamma-quanta events some indications ‘or existence of
events of the w%- 7%y and of the %5 7% 53y decays can be

evident after additional selection of three gamma-quanta events/16/,
Namely, these events should be singled out in which the total
energy of three gamma-quanta is no less than 700 MeV, and the
directions of gamma-quanta emission are lying out the cone with the
opening angle values B fulfilling the relation 1/2 3 > 0.32 /16/.

In the sample of five gamma-quanta events some indication
for possible existence of five gamma-quanta system with mass value
lying near the ©° meson mass value can be obtained after substrac-

tion of the background from the six gamma-quanta e\'ents/16/.

15



Supposing the observed presence of some number of such

three and five gemma-quanta events lying above background level

0 . 0
at o meson mass value region to be caused by the v meson

decays, the following ©° meson neutral decay modes branching

ratios have beer estimated:

N (00 50y 5 3y)
Y =(22 + 8)% ,

N (w00 > 7%y )

(10)
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Fig. 1. Location of the chosen region of interactions in the xenon
bubble chamber,
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Fig., 13. Distribution of the effective mass M (7979 in events with
four gamma-quanta, The dotted line histogram represents the random
7%~ 2% combinatiors. Normalization is performed to the number of
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Fig. 14, Distribution of the effective mass M (z®y y) in the four
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Fig. 26, Distribution of the effective mass M:y(n"no) in the six
gamma-quanta events. 4
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