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NEUTRAL DECAY MODES OF THE M - PARTICLE.

INTRODUCTION. -

The M partlcle(l 8) is one of the most complicated and under many
respects interesting objects amony the pion resonances discovered in the last
few years. The modes of decay of thig particle, as well as the behaviour of
the production cross section are encouraging subjects for further study, both
experimental and theoretical.

‘ The present paper deals with the neutral decay modes of the Y, and
in particular with the results of an experiment that we have carried out by
studying the photoproduction reaction

(1) T+p — M+p

at the Frascati 1.1 GeV electron-synchrotron.

We give in this section a short historical introduction and a synthe-
sis of our present results.

a) The M was discovered by Pevsner and coworkers(l). The authors
observed a 546 MeV mass (with a width < 25 MeV) decaying into 3 #'s, whi
le studying the reaction

T+ d — p+p+(J['++.ﬂ'_ +7°)
Confirmation came rather soon from the analysis of the reactions
K +p => A%+ (T + 7=+ 1°); K +p —> /4 %+neutrals'®); and from other re
actions(3-8), 1t was soon clear that the % prefers to decay into. neutral mo
des (f‘o's and 7's) rather than into the charged .72‘*7‘ JZO mode, and the

value of the branching ratio all, 2, has been measured to be, with some
difference among different groups

(x) - Istituto di Fisica dell'Universitd di Roma, and Istituto Nazionale di Fi-
sica Nucleare, Sezione di Roma, Roma, Italy

(0) - National Science Foundation Fellow, on leave from the University of
Illinois, Urbana, Illinois, USA.



r'(all neutral modes)
F(x™+x~+x%
The search for a charged 7, for instance with a decay ./Ti- +Jz‘i' +/ﬂ‘, has
been unsucces-.sful(lc(‘)),v so that an isospin value T=0 has been generally accep
ted. ‘ ‘

A =2.5% 4

The abundance of the neutral decays, as well as the fact that the de-
cay € —> 7 +/ is not observed , soon gave rise to the hypothesis now
rather well conflrmed by other experiments and by the present research, that
the decay 7t + -+ 0 occurs with a violation of G- parlty

The presence of a radiative decay mode was thus strongly suggested,
as well as the assumption that the decays into 3 pions proceed via an electro-
magnetic process of order. *2,

"The first evidence of a non pionic neutral decay of the Y came from
a measurement with the Frascati synchrotron, which was reported by us at
the Geneva Conference 1962(12). we observed a radiative decay mode of the
M which we interpreted either as a 7°+2 ora 7+72 mode, and which:
now, (flrsom other direct and indirect evidence, appears clearly to be a 9’+9’
mode

_ The proceedings of the Geneva Conference 1962 provide information

- on.the experimental situation on the 7 ., as of June 1962. At that time, mostly

on the basis of the Dalitz plot, the 7 was already clothed in its quantum num

bers v@lch are now rather defmltely conflrmed J=0, I=0; P=-1; G=+1, that
is J

. These are the quantum numbers at production, ‘w‘hile the 7) decays v
either through G parity violation into the final state 0", orin a radiative mo
de. : ’ '

Between the 1962 Geneva meetihg and the present time, the follo-
wing experimental informations have become available:

- The non pionic decay mode observed 1n photoproductlon(lz) has been iden-

tified, as we said, as a _?+?l" ‘mode( 3) (in agreement with J=0).

- The mass has been well localized as mgq = 548t 1 MeV(g) this is the mean
value, the full width Am still being in the experimental limit 4m = 10 Mevi8),

. - The mode TV + 77~ +¢ , which had not been observed before, is observed
by Fowler and cow. with a branching ratio

P(f++-F +7)

. Wt s i + 70
_A second neutral decay mode, that is the 7 — %+ 7%+ J°, has been ob
served; this was reported by our group at the Cambridge Conference on Pho-
ton E eractions in the BeV-energy Range(14), and was found by Crawford and
cow: by direct inspection of the electron pairs in the Berkeley Hy Bubble
Chamber There is now rather general agreement that the most important de
cays of the %) should be the ones we mentioned:

A i L R S, S N T A T L o
The mode f[_o +7+7 is not forbidden, and its existence is not excluded by
experiments until now.

~ 0.26 t 0. 08(?)




b) Since its discovery a quite large theoretical literature flourished
around the 9 . One of the interesting properties of this particle is the pos-
sibility it has to decay with comparable frequencies in pionic as well as in
radiative ways. The theoretical connection between the various decay mo-
des of the 7 is still an open problem. Several different theoretical models
have been proposed, and shall be examined and quoted by us in section 7.
The aim of the models is mainly speculation on the following points:

-I - The relevant abundance of the three pion decay mode relative to N2y
and also to ) —> LT+ Z~+7 ; in fact the decay of 7 into 37, which viola
tes the G-parity conservation law, can proceed only via two virtual electro
magnetic interactions; as a consequence, the 7 —> 37 and the 7 —> 27 mo
~des occur in the same electromagnetic order 2. In this scheme the 2 7
mode would be e‘nlélanced with respect to the 3 /7 one by a phase space factor
of the order of 10”. The experiments indicate on the contrary ["(2 7 )*T"(377).

Il - The Dalitz plot density for the % — T+ + 7m0 decay; in fact the
simplest matrix element for the case of a three pion decay of a o=+ parti-
cle, is a constant. The experimental information till now available shows
quite clearly that the Dalitz plot for # = Z T+7 "+ ° is not uniform, but
rather favors the neutral pions of lower energy.

IIT - The value of the ratio [ (3/4°) /" (7t 7 °); this ratio depends on
the final state interactions of the pions (See 8§ 7).

IV - The value of the ratio [ (/&7 ™) | T'(27) ; in fact, on the basis on
ly of o power dependence arguments one would expect a factor of the order
of K between the ZT+7Z-+7 mode (occuring in electromagnetic order )
and the 7+7" mode (of order «2). The experimental value is

DT +727+7) ] T(7+7) = 6/31 2~ 1/5 .

V - The value of the partial rate of the % - /70 + 2 +7 mode with respect
to the other decay modes (See § 4 and 8 7). '

VI ~ The absolute width of the % . The experimental width Am is of "thbe or-
der of 8 MeV, due to the instrumental resolution, while theorie.indicates
that the width should not exceed one keV (See 8 7), .= "

It is worth noticing that the possible leptonic decay modes of the Ui
(of the type 7O+ et +e~; 70 +4t +.47) are of order 4 and can be consi-
dered negligible in the present experimental situation.

c) We have observed the process (1) of photoproduction of the % par- -
ticle at 978 and 939 MeV, using the 1100 MeV Frascati electron synchrotron,
and a technique of spark chamber, scintillation and Cerenkov counters. The
experimental method (we have really emploied two rather independent me-
thods) and the procedure we used to separate the multipion background from
the % are described in Sections 2 and 3.

The experimental resiilts, that is the counting rates and energy -
spectra obtained with our apparatus, are reported in Section 3, and in figs.
6 to 11.

The branching ratio of the 7+7 decay mode relative to other neu
tral modes has been evaluated in the two ways reported in Section 4, and
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Table 1. If we assume from the theory that the 7 ° +?+2’ mode is negligible,
the other neutral mode beyond 7+7 is the 37° decay, and we find from our
measurements the branchlng ratio:

R - L7547 7:7) . g+ g5
r(3x°)
Through‘ a c‘ompari‘son with other authors, we can list, although with large
errors, the percentages for the various decay modes of the % (See Table
II and Seotlon 5). C : :

“In Section K the values of the branchlng ratiofare compared with so
"me of the current decay models. The situation will be summarlzed 1n ‘Table IV.

v The differential production cross section for process (1) is estima-
“ted in Section 6. '

We considered convenient to add anAppendix 1 where the possible
sources of errors and some of our difficulties are discussed and an Appen-
le 2 g1v1ng detalls on the calibration of the lead glass Cerenkov counter,-

(16) Our results have been already briefly reported ina prellmlnary no
te .

Section 1 - EXPERIMENTAL METHOD. -

‘ The experlmental arrangement is shown 1n flg 1.

‘ A © K
L NGO B3 P
B . .
e Al -
. CONCRETE TR -
wooD QUANTAMETER | .
: R |
7aS g

h '.“'FIG 1= Expemmental arrangement C lead glass Cerenkov counter to detect
' 7-rays S, scmt111at10n counters The absorbers in the- proton channel are Al

The 7 ray beam from the electron synchrotron hits the liquid hy-
drogen target, Hg. This target is a vertical cylinder with a diameter of 7
cm. The beam intensity was monitored by a Wilson Quantameter(17),

The proton channel P detects the recoil protons from reaction (1)
' at an angle 25, 2° t 1 3° in the laboratory (the angular position of each
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A TYPICAL PHOTO OF THE SPARK CHAMBER. THE ROW OF
SPOTS IN THE UPPER PART (LEFT) GIVES THE PULSE HE=
IGHT IN C. (64 CHANNELS IN BINARY FORM).




proton could be identified with an uncertainty of t, 39). The energy of the
protons is measured by their range in the spark chamber (5.C.).

The S. C. has useful volume 16x16x20 cm3, it is formed by 19 alu-
minum plates 6 mm thick; the width of the gap between the plates is 6 mm.
The chamber'is filled with neon at 0. 8 atm; the neon is kept pure by conti-
nuously c1rculat1ng it through hot calcium by means: of a thermosyphon sy-
stem. ‘

A mirror optical system allows'two 90° views of the spark chamber
and consequentely the spacial reconstruction of the events; the high voltage
pulse to the spark chamber is supplied through a spark gap in air.

The proton telescope system contains a plex1glass Cerenkov coun-
ter in ant1co1nc1dence (labelled Cpl), in order to eliminate most of the pions.
To be sure that after this there is no important pion contamination, a pulse
height analysis was made in two of the.scintillation counters of the telescope,
taking into account that, for a given range, protons have a specific ionization
which is about twice as large as the gpecific ionization of the pions. This -
test made us confident that there is practically no pion contamination in our
measurements.

On: the line of flight of the 7, there is a total absorption lead
glass Cerenkov counter, C, to detect 7 -rays in coincidence with the recoil
protons; an antlco1nc1denCe counter, S, shielded by 6.5 g/cm2 wood is in
front of C. The energy of the 7 rays detected by C is measured by a pulse
height analyzer and recorded on the photograph of the spark chamber by me
ans of neon lamps. 7 - rays with energy < 200 MeV do not trigger the spark
chamber. An example of the photopraphs is given in fig. 2. The pulse height
versus energy calibration of C was made with a monochromatic electron
beam, selected by the Frascati pair spectrometer(lg). Some detail on this
point is g1ven in Appendix 2.

Spec1f1cally, in order to get the events of a proton plus a 7 in the
Cerenkov C, we detected and analyzed in C and in the spark chamber all
the events:

(2) So+S; +8y +83-Cp -5, +C

We shall indicate briefly all these coincidences in the following as P +C
A block d1agram of the electronics is reported in fig. 3

The absorbers in the proton telescope are Aluminum. The wedge :
shaped shlm betvveen 89 and S3 corrects for the angular dependence of ‘r,he
- proton energy.

The range energy relations for the protons are taken from the
Berkeley Tables (U.C. R. L. 2301). ‘

With the geometrical arrangement and the absorbe'rs choser_l, we
can detect the events due to the reaction (1). This can be done essentially
by two different methods, which are briefly described:
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FIG. ‘3 - Block diagram-of the electronics of the experiment.

-a)-The step method.

From a.two body process like (1), the energy of the recoil proton,
at a glven angle, is function only of the energy of the primary photon. The-
" refore, the energy spectmm of the protons from reaction (1) is in a given

~ “direction’an "image'' of the bremsstrahlung spectrum (Welghted with the

cross section for process (1) ).

The energy E of the synchrotron and the absorbers in the proton
telescope are chosen 1n the step method in such a way that the image of the
-end of the bremsstrahlung spectrum falls in the center of the spark cham-
‘ber. When one plots the number of protons as a function of their energy, a
step should appear in the center of the chamber due to reaction (1). The
step should be as steep as allowed by the shape of the bremsstrahlung spec
trum near its maximum energy. The step will be more evident if the diffe
rential cross section dé-/dn remains rather constant versus the energy of
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the primary 7 -ray over an interval of 20-30 MeV; this assumption has not
been contraddicted by the experiment.

In fig. 4, in order to make this point more clear, we have reported
the step due to the reaction 4+ p — /Z©° + p. This was obtained without chan
ging the absorbers in the proton telescope with respect to the % -measure-
ments: the energy of the synchrotron was lowered to 660 MeV, and the Ceren
kov C was placed at the proper angle (100°).

In this case the kinematics is such that the position of the step is
rather insensitive on the mass of the Z© and sharply dependent on the ener-
gy E, of the synchrotron. We obtain in this way a check of the calibration of
the nominal energy of the synchrotron, and detailed infromations on the sha-
pe of the end of the bremsstrahlung spectrum (we know that the single 7 ©
production cross section is rather constant around 660 MeV).

In figs. 6a and 6b, a typical 7 -step is shown (See Section 3). In this
case the step appears on a background due to multipion production. The posi-
tion of the step is for the % rather sens11:1ve to its mass. The step of fig. 6b
corresponds to a mass of the % of 550t 10 MeV. From this height of the step
the differential cross section for process (1) can be deduced.

The details of this figure and the results obtained with the step met
hod are discussed later.

b) The 7 -method.

This method has been already used by us in a previous experiment( 12):
we fix a relatively small energy band of the protons and look at the spectrum
of the 7 -rays detected in the Cerenkov C when there is a coincidence (2).

The energy bands of the protons are selected by the S. C.

Of course, other processes than 7+ p —> 7 + p can give coinciden-
ces of the proton channel with a 7 -ray (coincidence (2) ) and in particular
the processes '

(3a) 7+p =>27°%+p
(3b) T+p —> x°+p+ many pions .

None of these processes give rise to mass steps in the proton spec-
tra, and they must exhibit a smooth ‘9~ ray spectrum, due to the origin of
these 7''s from £ °'s originated in multipion processes.

In fig. 5 we report the shape of the 7 - ray spectra as expected on
the Cerenkov C (See fig. 1) in different cases, under the followmg hypothe-
sis: the recoil proton is emitted at a laboratory angle Qp 25.2° with a ki-
netic energy T, = 278 MeV; the bremsstrahlung spectrum has a maximum
energy of 1000 MeV,

Specifically, curves ?51, 7‘52, 753, 554 have the following meaning:

?51, 7 spectrum on C from the reaction (1), when 9 —= 7+7 . Of fhese two
9 -rays, only one can enter the Cerenkov due to the kinematical con-
ditions.
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FIG. 4 - The step In the 5. C. in the reaction 7+p —» 2° + p. Ordinates: num
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FIG. 5 - Shape of the ¥ -ray spectra as expected on the Cerenkov C in dif-
ferent cases: P1: F+p >4 p, 7-> T+7; Po: PHp~>9 +p, Y5404
YROHTO Py THp ST +p, 4T O+r+g; Py F+p—> L0704 p.

In all cases 6,=25.2% T_ =280 MeV; maximum energy of the incident brems
strahlung spectrum 1000 MeV. Curves ¢1. fo, ¢3 may be eompared: they rg
fer to the same number of ”'s under the hypothekis that the branching ratios
among the three decay modes are 1 : 1 : 1,
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°75'2", same, in the case % —> 3%°, In computing 752 as well as 553, ¢4,
~  we have included the contribution due to more than one 7"-ray ente- -
ring C. : :
'753, same, in the case /7 >+ +7 . ‘ ‘
'#4., 7 -ray spectrum from the reaction 7+ p —> £ 0 +Z° + p under the hy
pothesis of a cross section constant with the energy of the primary 7—
rays.

The distributions "Jf‘ 75 , ‘Fb have been calculated on the basis of.
a non 1nvar1ant statlstlcal model( 9). o

Thls model is not as crude as one could think: in fact we have chec
ked that the 7 spectrum is widely insensitive to possible modlflcatlons of
the J© spectrum, due for instance to final state interaction.

The curves 7‘42' 753, '754 may be directly compared: they refer to the
same number of 7's, under the hypothesis that the branching ratio among
the three decay modes are 1:1:1. In spectra 751, ‘?‘2, ?53, ¢4 the experlmen
tal resolution was folded-in.

It is clear from flg. 5 that the ¥ decay into 7+7 is rather clearly
distinguishible from the other processes. We shall see however that by using
both methods (a) and (b), we can get informations also on the other neutral
decay modes of the 7. ‘

The evaluatlon of the contrlbutlon of processes (3), the background
events, is the main problem to be solved before we can obtain quantitative
informations on the - photoproductlon

Before going into the details of the two methods outlined, the evalu
ation of the multipion background is discussed in the following section.

Section 2 - EVALUATION OF THE MULTIPION BACKGROUND. -

The 7 °'s from single photoproduction are excluded by our geome-
try and energy requirements. In fact the 7 's from single Z°'s, at the an-
gle of our Cerenkov would have an energy = 100 MeV.

To evaluate the contribution of processes (3), we have systematical
ly collected experimental data in kinematical conditions in which the 7 could
not be produced, but as close as possible to our 7 threshold. The many mea
surements we did below the 7 -threshold allow us to construct on an experi=
mental basis the piece of the phase space function (weighted by the experimen
tal efficiency) for the processes (3) in the klnematlcal region where the Z is
excluded. This function has been extrapolated to the % region: the contamlna
tion of processes (3) to the ’2 measurements was evaluated in this way.

Specifically the following was done: let us indicate by N = N(E
Ey) the number of P+C (coincidence (2) ), due to processes (3) (multlplon
production), in which a protonof energy Tp is emitted at 25. 2° as in our
case, and a photon of energy Ew enters the Cerenkov C. E is the maximum
energy of the bremsstrahlung spectrum producing the reaction (3). N is the
number of coincidences P +C for given intervals ATp and AEyx. On the ba
sis of our phase space calculations (those we used to draw fig. 5), the func-
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" tion N will have the following characteristics: (as long as the cross section
fro processes (3) does not change very drastically,. as a functlon of the pri -

R mary ‘J -ray energy):

a) The variable Ey may be in good approximation considered s_eparated by
the other variables: '

(4) N = N(Eq Tp) g(Ey);

b) A moderate (= 10%) increment of E; to Ej+ AE, contributes to N a num-
ber of protons which is pratically flat as a functlon of T,. The function N
(in the range of variation of the variables con31dered by us) must therefore
have the form

(5) N = I:F(Tp) + cAEo:l g(Ey)

‘At this peint we can determine F(Tp), c, and g(Ey ) by using our
experimental results, and, what is more important; we can verify that the
hypothesis we did are consistent with the experimental data.

F(T ) has been determined by the best fit (a function of the type

' a+(b/T) was adequate) on the experimental results for E;=950 MeV. The
constant ¢ comes from the comparison of the results for E; =900, 950, 1000
MeV, through all the domain of T _ measured by us below the 7 threshold
g(Ey ) was the best fit over one (B, =950 MeV; Ty, = 278%17. 5 MeV) of the
many distribution of Ey we have at disposal in three independent series of
measurements. We could verify that the other two distributions agree with
the above hypothesis. At the end we obtained the function:

(6) N = l'-13. 1+1. 74x106'/T; + 9. 2x10"2‘(E0--950)1 g(Eg)

: W-helr'e“Tp and E are expressed in MeV.
This rate (6) is referred to

AT, = 4.5 MeV  and a dosis of 4.82x101% eq,

As expected, the general agreement of (6) with all our experimen-
tal results is fairly good, making us confident a posteriori that the bahavio
 ur of the differential cross section for processes (3) is reasonably well be-
- haved between 950 and 1000 MeV. ”

We can compare the results of this method with the usual procedu
re of calculating the multipion background: specifically, with the aid of a
- 1620 IBM computer, we calculated the phase space distribution for the case
" of double production of 7Z°'s (reaction 3a)( 0) on the hypothesis of the cross
‘section being constant as a function of the energy of the primary 7°. The ge
neral behaviour of N calculated in this way is very close to (5), (6), with
the difference that with this model the increase of N with Ej would be un- .
derestimated.

The function (6) gives us all the information we need about the mul

tipion background. Throughout the rem‘ainder of th‘is‘ paper, we shall suppose
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that the behaviour of the background is correctly given by (6) including the re
gion where the 7/ is present.

- It should be noted that the determination of the rate of the process
T+p—>"+p when 79 — 2+7

is rather insensitive to the behaviour of the background, which gives only a
small contribution in the 7+7 region.

Section 3 = EXPERIMENTAL RESULTS. -
a) Results with the step method. -

The experimental results with the step method are given in fig. 6 and
fig. 7. Fig. 6a) gives the proton energy distribution (corrected for nuclear
interactions) where the 7 -ray detected in coincidence by C has an energy lar
ger than 400 MeV. In this case all the %'s decaying in the 7+ mode with
one of the two 7's entering C are practically included (see the spectrum of
these ¥ 's in fig. 5) and reactions (3) can give only a small contribution. In
‘abscissae we report the kinetic energy of the protons stopping in the plates of
our spark chamber (of a total of 18 gaps, we considered, to identify the pro
ton and to determine its range, a total of 16 gaps, from the 2nd down to the
17th). In the ordinates the number of events per 4. 82 x 1013 equivalent quan-
ta is reported. Our results have been corrected for the nuclear interaction
of the protons, in the absorbers and in the plates of the spark chamber, as
usual in the range measurements of strongly interacting particles. The for-
mula we used for such a correction is

N(R _ meast™ " Npeag > R) AR/A
( )Corr - o" R/A
where:
- N(R) is the number of protons having a range R,
N(> R) is the number of protons with a range > R,
AR is the thickness of a plate of the S. C.
A is the mean free path of the protons for nuclear interaction

The value of A used is
A= 112 g.gﬂc*/(:nl2 Al

as derived from the absorlptlon total cross section measurements in Al done
by G. P. Millburn et al. (@1) witn protons of energy 240 and 290 MeV (the ab-
sorption cross sections are quite independent on the energy in this energy
region).

The solid lines in figg. 6a, 6c¢c and 7a, Tc, are the contribution of
reactions (3a), (3b), estimated by us using the method described in the pre-
vious section (the function (6) was integrated over Egé 400 MeV).

The difference between the experimental results and the solid line
of fig. 6a gives in fig. 6b the step distribution of protons, as one expects
from reaction (1) for Eg = =1000 MeV. One sees that the mass of the % ap-
pears to be 550110 MeV in a good agreement with the known mass 54811
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MeV. The dotted lines refer to the masses 530, 570 MeV. This comparison
makes us confident that we are really observing the % . The shape of the
step (full line) in fig. 6b was evaluated experimentally, on the basis of the
results already mentioned (photoproduction of 7 ©) and reported in fig. 4.

In figg. 6c, 6d, we applied the same procedure, but with the ener
gy of the synchrotron lowered to 950 MeV, therefore with the step of the %
removed out of the spark chamber. Figg. 6¢ and 6d do not'exhibit any step;
in fig. 6d the difference between the full line and the experlmental points of
fig. 6c¢c are reported.

v Figg. 7a, 7b, 7c and 7d have the same meaning as figg. 6a, 6b, 6¢c
and 6d but now with the condition that 240 < E5 < 400 MeV, E4 still being
the energy of the photons detected by C. This measurements has been made
in order to observe other neutral decay modes of the ? , which exhibit rat-
her different E distribution, whose shapes are reported in fig. 5. The re
sults are in this case more uncertain than before due to the increased con-
tamination from reactions (3); so that the results of fig. 7 would not have -
constituted by themselves as convincing an evidence of the reaction (1). as
they do when combined with the results of fig. 6.

The step of the 7 in the case of fig. 7b results from the 7 's deca
ying in a different mode than in the 7'+ mode, and as we shall see, our
results agree with the hypothesis that this other mode is the decay of the 7%
either in three 7°'s or in the mode % —> /Z 9+ 7+, The full lines are ob
tained also in this case by the function (6), integrated over Ey from 240
MeV to 4060 MeV,

Before calculating from the steps the neutral branching ratios of
the % we present the results of the alternative way we used (the " 7"-method)
to evidentiate the ¥ photoproduction and to measure these same ratios.

b) Results with the 7 -method. -

As we already mentioned in Section 1, this method consists in fix-
ing a limited energy band of the protons, and looking at the -ray spectrum
in the lead glass Cerenkov C (fig. 1). The results are given in figg. 8, 9,
10, 11. Fig. 8 refers to a distribution where the 7 's are excluded by the
kinematics: E =950 MeV, T =278%17.5 MeV, Oy =25. 29, In this case, li-
ke in the other non % spectrum we have at our dlsposal the distribution of
the number of events versus Ej is a smooth distribution.

The full line in fig. 8 is the best fit to the experimental points: in
fact the function g(Ey ) we put in (4), (5), (6) is just that of fig. 8.

The situation is different when the energy E, is increased, and the
7 is allowed by kinematics: the results for these cases are presented in
figg. 9, 10, 11. We notice in these figures that it is impossible to fit the
spectra with the simple distribution relative to the multipion processes (3),
keeping also in mind that these distributions should come to an end around
600 MeV. Actually a good fit may be obtained only when a gaussian centered
at 560 MeV is added to the monotonic distribution of the type shown in fig. 8.

We must note that in the case of fig. 11 the energy of the protons
was 2781 17.5 MeV: the protons stopped in the spark chamber, and their
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tracks were clearly visible. In the case of fig, 9, 10 the protons stopped in
the absorbers between the counter Sg and the second plate of the spark cham
ber. The results of Figg. 9, 10 contain therefore less information, and so-
me less control than those of fig. 11. In particular, the solid angle referring
to those events is not very well known; this implies the following facts:

a) the cross section for those points may‘ be affected by a systematic error;
'b) the multipion contribution to be subtracted to get the events due to the pro
cess J+p—>7+p (%) > 3% maynot be correctly evaluated.

, For this reasons, the values of Rand of d&/d.s referring to those
points have been put in parenthesis in Table I and III.

In order to obtain quantitative results on the %, from the curves 9,
10, 11, we have used the following procedure:

- using equation (6), with g(Ey ) obtained from fig. 8 full line, we have cal-
culated the contribution of the non-% processes (reaction (3) ) to the E 5
distribution. These contributions are the full lines b), c), d) of figg. 9, 10,
11 in the lower part; ‘ ‘

- by subtracting this multipion contribution from the experimental points, we

~‘have the three distributions 9, 10, 11 upper part.

; These energy distributions are assigned by us to the photons coming
from the decay of the 7. These photons will have the energy distributions
which we have already shown in fig. 5. The gaussian we just mentioned co-
mes from the 7+7 decay of the 7 , where the resolution in energy and an-
gle of the Cerenkov C, and the energy interval of the protons are folded in.

. 'The monotonic contribution comes from the 3 body neutral decays:
7= a’+x°+x°; P> xt+xm+x0; >0+ F+Y
In the following paragraph we evaluate the branching ratio R bet-
ween the 7+7 decay and the 3 %° plus Z° +2 +7° decays, on the basis of

the distributions we have presented in figg. 6, 7 and 9, 10, 11 upper part.
That is, we will evaluate the quantity

FA(7+7)

7 R =
w P[(S/TO)+(7ZO+?}+2’)] |

in four different ways.

The ratio R given in (7) shall be compared with the ratio I (7 +7)/
[/ T (3°) of other experiments (see Section 4). In fact in no experiment the
TO+7+7 decay could be until now separated by the 3/70 decay. Contrarily
at least appearently to other authors, we do not think that there is until now
any precise argument to consider the /£ %+ 7 +3- decay very small:

Section 4 - EVALUATION OF THE BRANCHING RATIO R BETWEEN THE
7+9 DECAY MODE AND OTHER NEUTRAL MODES., -

- In order to get the value of R, both from the résults of the step me
thod and of the ?”-meth}od, the following informations are needed:
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a) The efficiencies of detection of our apparatus for the three cons1dered de
cays: T+7 ; 37X, A0+ +7 |

b) The fraction of observed events which can be attributed to each possible
decay (in practice, # ©+ 7 +7 can not be separated by 3/40°).

We give now some details about points a) and b).

a) The efficiencies of detection.

‘No hypothesis is needed to evaluate the geometrical efflclency Ey
‘of detection of the mode 7 —» 7'+7 . In fact this is a two body decay which
is isotropic in the rest system of the 7. A simple Lorentz transformation
of the solid angle of the Cerenkov C (see fig. 1) to the rest frame system of
the % then gives:

. _ (1 +A)(1 - cos 9)
an 1-/5cos®

&

where /% is the velocity of the % (in units c) and e is the angular aperture
~of the Cerenkov counter, For each kinematical situation, /% is a constant.

On the contrary, to evaluate the efficiency of detection of the modes
7 => 37x2° and % —> £°+7+% the knowledge of the 7 -spectra from the-
se decays is needed. As we have seen (Section 2) those spectra have been cal
culated under reasonable hypothesis (spectra ‘7—1‘2 and )‘53 of fig.: 5). Once '775
and 7”‘3 are known the efficiencies are easily evaluated

& = 3(1*'/47)(1 - cos 0) !'% (Ey )dEg4
359 \ 1-/5cos® f 7oL (E',y)dEy
5 . 2(1+4)(1-cos8) [7{’ (E7 )dEy
./2"9?2 , 1 -,/5cos® _\/1¢3¢3(E&) IE 5

E, and E9 are the minimum and maximum energy cut- offs for the 7 rays
accepted by C. (For instance in the step measurements Ey = 240 MeV, E2
=400 MeV).

It is important to note that the quantities "< 39 /53/ o, g;g/ Y ve
which are needed for the evaluation of the branching ratio R are independent
of the geometry, since 6 (aperture angle of the Cerenkov) does not appear in
it. ’

In the 7 method where we have used E; =270 MeV, Ez o, the
efficiencies of detection of the 7~ 7+7 , 7 ~= 3.£°, 9 —> 70+ T+
modes, were

(8) ‘ 237 = 10%; 23f0 = 10.6% ; %}OW =11.2% .

Possible sources of errors in the evaluation of the efficiencies are discuss
ed in Appendix 1. : :

The values (8) indicate that the efficiencies 53 s 0 and é:g,wog-y-
are the same, at least in the 7" method (in the step method the situation is
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somewhat differert, due to the different cuts in the 7 spectrum).

We must make a few remarks on the ,Z°77 decay mode. In fact
(see 8 7 where we discuss our results) if we stick to the model of Gell-Mann
and cow. (22), the O+ 7 +7 decay mode should be rather improbable, and
R is mostly the ratio between the 9+7 and the 3 £° decay mode. This_ is
the trend actually taken (for good reasons or not) by many authors(15,23)
Considering that the #© +7+7 mode is not forbidden by any obvious selec
tion rule we prefer to carry out our discussion without disregarding the pos
sible presence of this decay mode. ‘ I R ’

This possibility is allowed by the important fact that the efficiency
of our apparatus for detecting a 3./4° anda «° +7+7 decay is the same,
when the 7 method is used, within an approximation smaller than our stati-
stical errors.

We must remind that in all the published experiments the Z°+7 +)
decay could not be distinguished by 3 70, and in all the experiments the
widths or branching ratios referring to 3 £'° should refer to 3 7° and O +
+7 +%7 in still unknown mixtures.

b) _Sepéfation and determination of the events due to the different decay modes.
¢ . N P . N O
Let us consider first the 9° method for which €3 70~ € 0yy

‘For the 4 -method, the following procedure was used; thev/Q -events
(figg. 9, 10 and 11 upper part) have been fitted with curves of the type:

_,;_1751 + b?éz

The least square best fit values of a and b are proportional to the
contribution of the 7+7 and 3 Z° events, if the 3Z° is the only neutral de
cay in more than two bodies. Since the efficiency of detection of the 34° and -
7TO+7 +9 decay modes are the same, the valueof R we get in this way re-
~ presents the ratio '(77)/ T (3/X°) if the £°+7+7 mode is not there, or

the ratio I (77)/ " [(34°)+(x°77 )] if the decay Y= ZTO+T +7 is pre-
sent. o '

It is worth noticing the following points: the confidence level of the
X 2 test obtained by a fit with a curve a1 +b %9 is always rather good
(25%, 50%, 75%). Only a small improvement (= 10%) is obtained by fitting -
the # events with a curve a 5151 +bgg + c$3 while a fit of the type a ¢1,+
+ b<}53 is rather poor (confidence level of the X2 test ~ < 1%).

, - This could be an indication that the ’7'-> 3/ ° mode is the main mul
ti-body neutral decay of the % . '

- For the step method, an insight to fig. 5 allows the following con-
clusions: ‘

For E4 < 400 MeV, the ¥ events (fig. 7b) are essentially due to the decays
M —> 3x°and 7> °+7+7 . For Ey > 400 (fig. 6b), the events are due
to the ) +7 decay mode, plus a known percentage of the events 7 — 3700

and 7 —> LO+7+7 .
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The knowledge of the number of events of figg. 6b and 7b, and of the
efficiencies of detection of the decays ’7 - F+7, 7-> 37° and 7> Z0+
+7+7 as a function of the cut-off energies on C, allow therefore the calcula
tion of R.

To do this a last correction must be applied, to take into accountthe
contribution of the &V + &~ +7Z° and 4" +Z~ + 7 decawto our events, and
therefore, the value of the ratios

' (neutrals)
N(r - 7)

[" (neutrals)

A M (a7 7°)

and B is needed.

We have used the value A =2, 5to. 4(1 2,8, 9). The error in A does not affect
appreciably the value of R, since the overall correction is ~ 15%. The cor-
rection due to the presence of the & T +7Z7 +7 mode is negllglble

At the end the vallie of Rin the 7 -method is
3A+1

Egr .
3(bjla- —ZL y: A -1

(9) R =

In practice, our statistics and our errors do not allow what in prin
ciple could be possible: to compare the 7 -method and the step method to se
parate the possible 7Z© + 7+9’ contribute from the 3/°. All what we can
get is a guess: that the Z© +7°+7 mode, considering the coherence of our
results and the indication of the best fits, is probably smaller than the 3./2°
mode. In the calculation of R in the step method we assumed the efficiency
< 3 rO corresponding to the hypothesis that the £ 9 +7+72° mode may be
disregarded. This should not introduce any sensible error.

All the experimental values of R we obtained with the two methods
are reported in Table 1.

Due to the nature of our method, it is not valid to assume that the
errors are purely statistical. Possible systematic errors might have ente-
red in the elimination of the muiltipion background, and in the evaluation of
the efficiency of the Cerenkov counter (see Appendix 1). Those errors have
been estimated, and they have been included in the errors quoted in Tab. I.

The values of R given in the third and the fourth row are in paren-
thesis: in fact we believe that these values are less certain, due to some
possible larger systematic errors: in these cases the spark chamber works
as an anticoincidence, and we do not see the proton track; furthermore we’
need a larger extrapolation in the evaluation of the multipion background.

The weighted average of the two measurements of R. not in paren
thesis in Table I glves the value :

+

(10) : R =.8%.25

The values of R reported here are the same as recently published
in a preliminary note ’
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| TABLE I |

E KT AK T+ AT : Dose (1014

0 L BT =P R Method .
(MeV) (MeV), (MeV) equiv. quanta)

1000 | 978%22 278%t18 | 0.78%0.34 7 -method 2. 05
1000 | 978t22 | 278t1s 0. 83%0, 31 step 3.5

1000 939%14 248%11 (0. 53%0, 22) 7 -method 1.53

950 937113 247%10 (0. 88%0. 58) % ~method 1. 95

Results of the present experiment (reaction 7+p —> 7 +p). E, is the energy of
the electrons in the synchrotron; K¥AK is the lab. energy and energy interval
of the pho tons produ_éing the reaction 7+p-> ™ +p with 6 recoil proton of ener
gy Tpi’ATp entering the proton channel; R = [/7( 9+ Y1/ P[(B]zo)-F(;z‘Qy’g’ )l

is the branching ratio defined in 8 4. The humbers in parenthesis are less cer
tain: see text. The errors include an estimate of our uncertainties in efficien-

cy, background and accidentals.

TABLE 11t¥)

Percehtuages of the various decay modes of the 7, in the assumption that ot
her possible decay modes not listed in the table are irrelevant.

- 77  :31.5%5.5¢9
— 37%777:35.0t6, 2%
W XX .26.6%2.89%
9> "7 ;. 6.9%2.19%

, The errors are obtained by propagation of the errors given by each author.

(x) - This table does not agree with a set of values given by S. Okubo and B.
~ Sakital24)., We could not find in the literature the origin of some results of
surprising precision, such as /(77)//7 (£tw-z0) =1,9%0.13.

| TABLE III
MEDO K=4K Tp AVTP %t Ag* -19—6:4?—“(2—)1 , '('c'i«s*/"dd‘f)f "Method | Dose:
(MeV) { (MeV) | (MeV) |~ (Fagr /T iot, ) 10-32 [ 10k
' e < (10_320m2/ st)| cm2/st ; ) elq.)
11000 | 978%22 |278%18 |106°%50| 7.6 1.6 ~24 J-method | 2. 05
1000 | 978%22 |278%18 }106°%59| 6.2t 1,3 - ~M20 step | 3.5
1000 | 939%14 |248%11 [1039t50| (11.5% 2, ¢) (~36) |7-method | 1.53
950 | 937113 | 248%11 |103%¢50| (10 T2, 1) (~32) |¥-method | 1.95

Values of the diff. cross section in the ¢. m. for the reaction T+p = N +p,
Eo, K¥4K and Tp'-'-'ATp as in Table I, 0%t46" ig the c. m. angle and the an-
gle interval of the 4 ; (d67d@"/( 77/ /"io1a1) is the differential cross section
in the c. m. for photoproduction of the % decaying in thJe #+2° mode (this

is in fact one of the values which we can directly obtain from our experiment);
d67dR* is the c. m. differential cross section for 7] photoproduction (3. 2 ti-
me the preceeding values, as obtained from Table II).
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In making a further critical analysis of the results we find two pos
sible sources of systematic errors:

a) The multipion background in the region of the % may have a distribution
somewhat different than equations (4), (5), (6). In particular the hypothesis
b) of 8 2, that is the assumption that the contribution of protons in the pho-
ton energy interval AE, = 950-1000 MeV is practically flat, is valid in the
case of double production (reaction (3a) ), not in the case of reaction (3b) .
A preliminary phase space esploration indicates in the case of three pion
production a rather steep decrease of N versus Tp, rather that a flat beha-
viour. Having disregarded the 3-pion contribution has the tendency to lower
the value of R,

b) We have not measured precisely anough the contribution of the acciden-
tals, and probably, as indicated by further verifications, the accidental cor
rection is smaller thaf the corrections introduced by us. This overestimate
has in our case the tendency to increase the value of R, so that the two sy-
stematic errors a) and b) go in apposite directions.

All these points will be clarified in the new experiment we are star
ting. Anyway we do not expect that all these possible effects may change ap
preciably our results on R, as given in Table L

The value may be compared with recent experimental results of ot
her authors: ‘

(11) "~ Crawford et al, (19) R =15%09
(12) A. Muller et al. (23) R =11%0.5

M, Chretien et al. (13) have a lower limit: R 2 0.9 T .25 .

Section 5 - LIST OF THE PERCENTAGES OF THE DECAY MODES OF THE 7.

Using the experimental infromation published up to now, it is possi-
ble to get, still with large errors, a list of the percentages of the various de
cay modes of the 7.

The pieces of information we use are the following

R = FLQUJ) o A = r(all‘neutrals) . | _ 1"(]4""/("‘9’)
CLEAOHE 77 )] T o) 0 (& F7r-ro)

The weighted average of the values (10), (11), (12) gives
(13) - R = 0.97%0. 22

The result of Chretien et al. (13) has not been included in the average, since
it is a lower limit; anyway it agrees with (13) very well. In all the experis
ments used for the average, distinction between the decays 4 — 3£° and
M= J& ©+7+7 could not be done. We continue therefore to keep together
these two neutral decay modes without assuming that the decay 7 =0 +
+?+7 is irrelevant.
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The ratio A has also been measured by different authors. M. Meer
et al. (9) give
A =31%t1.2

Alff et al. (8) give for the ratio [ (neutrals)/ I” (charged) = 2.5 % 0.5. Since
their events % —> (charged) are fitted by a Tt +x~ +70° sy{stem the value
they quote is to be interpreted as A = 2.5%0.5. Crawford et al. ( give
[ (neutrals)/ M'[(Z T 7~ FO)+(x+r~7)] =1.65%0.53. Using this figure
and the value of B measured by Fowler et al. (9) we get A= 2.‘? 1t0.7. By

average over the values we have
A =25%0.4
Finally, B has been measured by Fowler et al. (9)

B = 0.26 ¥ 0.08 |
Using the average values of R, A, B we obtain for the 4 decays the
percentages given in Table IIL ' ‘

Section 6 - A FIRST ESTIMATE OF THE CROSS SECTION FOR THE PROCESS
Y+p —> Y +p. - | o

Further work is being devoted to the important question of the value
of the cross section for process (1). We only report in Table III the results
of a first estimate of the differential cross section at some energies of the
primary photon, at an angle ~ 100° of the % in the c. m.

Specifically, the partial cross section in the c. m. system is given
in our experiment by

dé& m(77) i} m (8) 4
d-2* [ (all modes) nNE&g Eg€yyd d0*
where: '
m (8) is the number of 7 events observed;

n=3x1023 = DNpl is the number of protons per square centimeter in the Hy
drogen target (D, density of Hg 0. 07 g/’cm3; Np Avogadro number;
1 =17 cm, is the lenght of ouritarget;
" N = (AK/K)Q 1is the number of photons in the interval AK . when Q equiva-
lent quanta are measured on the quantameter 17);‘

&. =0.50 is the efficiency of detection of the protons in the proton channel
1 y
(it takes into account Coulomb scattering and nuclear interactions
. losses);
<i'—2 = 0,88 1is the efficiency of detection of the 7 's which are emitted in the

directions of the Cerenkov (it takes into account the 7 -rays lost for
conversion in the wood shielding);
22,9, is the geometrical efficiency of the Cerenkov for 7 rays from the -
' process ”/ —> 74 +7 (see Section 4);
AL is the lab. solid angle of the proton telescope. Its value for the pro-
‘ tons detected in the S.C. is 2.2x 1073 sr. The value of 42 is more
o uncertain in the measurement in parenthesis in Table III;
dﬂ./d‘ﬂ* = 7.6 is the transformation factor of the solid angle from laborato
ry to c. m. system.
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Our results are not in contraddiction with a previous attempt to ob-
serve the photoproduction of the "7 .

In fact Berkelman and cow. (25), looking at reaction (1) could give an
upper limit of about 0. S/Ab/ sr for the photoproductlon of a particle of mass
550 MeV. ’

More recently, B. Delcourt et al. (26) have done a measurement of
the differential cross section for % photoproduction near the threshold; their
results seem to indicate that the ’7 is photoproduced near the thresholdwith
a cross section greater than that of our present experiment.

Section 7 - DISCUSSION OF THE RESULTS. COMPARISON WITH THEORY. -

The results on the branching ratio we have given in Table II can be
compared with the available theoretical predictions. Several different theo-
retical models have been proposed in connection with the various decay modes
of the ”) A first theoretical approach to the problems above mentioned is due
to Gell-Mann, Sharp and Wagne:r'(22 who suggested that the radiative decays
of the ¥ could be explained through a limited number of basic quantities; the
€77 coupling, the wyf coupling, the direct 7¢ and ¥w couplmgs and
finally the couplings 7¢§ and Hww.

The radiative decays % —> 27 and % — LY+ +7 would proce-
ed predominantly by a primary strong dissociation into two virtual vector par
ticles, which could be P's. Therefore the intermediate steps would be 7 -

—> 29, both §'s > for the -> 27 decay, and one £—= 7 and the -
other @ —> /7 v+~ for the 7 ottt '9’ decay. (see the diagrams a)
and b) in fig. 12).

S ) | o |
7 \”f’ 7N\ W T ooy
a) £ -~ (b) ) (c) N

:ijf
II JL—
6" - FIG. 12 - Some of the simplest Feynman
graphs relative to the decay of the % ac-
_{lm _._,.i : cordlng to the views of Gell-Mann and
yi TN cow. (18) (a), (b), (c). In (d) is the dia~
s gram as proposed by Brown and Singer 18)

(d) N in the case of a final state %/ interaction.
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Followirig 'thig scheme it is found:

rrr](ﬁ-i-ﬁ"—?)
' (77)

1 ,,2 2

s — - > .
(14) ¥ (f/;gmﬂ/él_ff)_(% [4T)
The effect of the inclusion of ‘7»'—% 2w —> 27 can be estimated when, accd_r_
ding to the unitary symmetry, it is assumed 7f5 =- T (22,27,28) In
this case a factor 9/4 must be applied to (14), so that, taking as a crude esti
ma’ge(zz) ( 9}%—:::“ J4JT) 2 3’592 /47z) 2 1/2 the expected value of the branching
ratio (A) becomes s B : o

177 (ﬁ"++ﬁ*'+a)/r;7 (7+7)*0.12x9/4 = 0. 25(29),

This value may be compared with the experimental ratio obtained by the Ta- .
ble II: 0.22%0,08. If we stick to the model of Gell-Mann et al. (22 the 70+
+97+7 d_é,c'ay mode should be rather improbable, as estimated by Ferrari

.and Holloway(28), who find " (£°7 7 )/ T (¥ 7) = 10°5, There is till now

-no experimental evidence for this decay, which we reconsider in the following.

As far as the connection between the radiative decays and the pionic
ofies is concerned; the Gell-Mann et al. (22) scheme is not so immediate. For
instance, one of the simplest diagrams for the 3/ modes is shown in fig.12c.
According to Barton and Rosen(3 ), this model makes it impossible to form a
reliable estimate of the ratio of the 3% to the other modes. Furthermore ot-
her general remarks have been done(31,32); the point is that in the Gell-Mann
“calculations it has been completely neglected the large structure effects in
the # © decay form factor, which now seem quite well established experimen
tally.

A single pion intermediate state like at the right of fig. 12c) has be -
en also suggested(%?’) to explain the K —> 3% (T and T') decays. It must be
noted, in fact, that every model of % -decay has implications for K-meson
decays to three pions; thus additional tests can be made of the theory. Then
the %, T and T' decay amplitudes can be interpreted as just different iso-
topic projections of the same function, apart from a constant factor depending
on the mechanism whereby the single-pion state is reached, which will be dif
ferent for K and % : in the case of the 7, the 7-> / goes through an o 2
"black box'’; in the case of the K, the K —» /7 goes through a weak coupling.
As a consequence, once the single-pion intermediate state has interceded, the
Dalitz plots for # and K decay into three pions should be determined by the
JT ~> 37 amplitude, so that the /O kinetic energy spectrum in 7= S+
+J + 70 would be very similar to the Zt spectrum of TH > tp Ot T
decay.

~_ The similarity in the Dalitz plots of % —> FY+7=+709 and TH —
— At+zT+ - is a quite well established experimental fact(34,35),

It has been pointed out, however, by Bég(36) and, independently, Wa
,li(37) and summarized by Kacser(38) that such agreement is not necessarily_
due to the predominant pion pole model in K decay, but is already a consequen
ce of the assigned quantum ' numbers (0~F) for the % together with a pure I=1
final state for K decay. Furthermore, Wali37 pointed out that the 3Z°© to
7Y+ T~ + /7O branching ratio of the % is uniquely related to the 70 energy
spectrum in the decay 7 — 7Y+~ +7°, Thus, from the analysis of the
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'7 —_— 37" and K —> 377 Dalitz plots he could give a prevision for the ratio
M3 179/ F_(/F‘-i';ﬁ‘_' 7T9). When the mass corrections are considered, this ra
tio'is of the order of 1.6 - 1. 7. ‘ ’ "

The experimental value Iy (3 £°)/ 5 ( 7T+ +70) is actually (see
Table II) = 1,32%0, 27, where the equality holds if we assume that the £ ©+
+7+7 mode is negligible. The value of the T' (370)/ " (#*t = #0) ratio
depends on the Z/Z interaction in the final state. A detailed investigation of
the consequences of a strongly attractive energy dependent S-wave two pion
interaction in the I =0 state has been done by Brown and Singer(27: 35), They
represent phenomenologically this two=pion interaction (see fig. 12d) as a
dipion '"particle’ & having a finite width, and they find a good agreement with
the % Dalitz plot when one assumes mqg* 400 MeV, f&~ =75-100 MeV.

More recently, following the same lines, Crawford et al. (39), have
done an accurate analysis on a selected set of 96 Y 's quite free from back-
ground; they find mg- = 381 t5 | I& =48%8 MeV. The decay mechanism
through the & leads naturally to an enhancement of the N — AT+r- 4170
relative to the 7 ~> 370 mode; the value found by Brown and Singer{39) is

Pq7 (BZO) Ty (kT +/~ +40) 2 1,35
which is in good agreement with the quoted experimental value 1.32%0. 27.

The existence of a & particle like in the Brown and Singer model

~can enhance the ”’7 —» 377 mode relative to the radiative modes. It is worth
noticing that the %7 —= Z ¥+~ + ¥ is not enhanced as 72— 67+ 7 is
strongly forbidden by charge conjugation invariance. '

\ An estimate of % —> 4 T+ X"+ 0 width done(39) on these lines gi
ves a value: r;] (LT +m=+79) x 200 eV. Following the § ,& model of
Gell- Mamn et al. (22) Brown wnd Singer, in a previous paper(27), found the
absolute values: C(77)=160ev, [’ (ZTr-Y)=% 20 eV so that, combi-
ning'these results, the following theoretical predictions are reached:

F(79) D (xtr-7x°) = 160/200 =~ 0.8

to be compared with the measured value (see Table II): 1, 18 t0.24 and
C(aotae-7) Mt ar-x0%) &~ 20/200 = 0.1 to be compared with the mea-
sured value( ,) 0.26%0.08. Another recent qualitative attempt to give some
predictions on the partial widths for the % decays is due to Riazuddin and
Fayyazuddin(40). They calculate the partial widths for the 7T+ r=+Jr° and
3/° modes via an effective electromagnetic vertex '7—> JZ 9, the strength
of which influences the nucleon-nucleon interaction.

, A rather different theoretical approach is the following. Barrettand
Barton(41) start from the relations of the unitary symmetry realized in the
eightfold way and the rules for calculating electromagnetic interactions, esta
blished by Cabibbo and Gatto(42), '

In this case the % is considered the isosinglet member of pseudo-
scalar octet (/4 % KK) and the amplitudes of the decays #°—> 27 and %>
—>27Y are simply related: ‘

M(7—=>27) = v‘:’% M(ZO-—>27) .
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From this relation and using the known value of the 779 meanlife they obtain
(79 )x60-170 eV. As far as the decay 7> T+ 7Z=+7Z0 ig concerned,
they assume the virtual sequence % -» 70 --> Z+*+7~+7° so that the am-
plitude is

M(7 > 7 427 +20) = 1A [(mF - wdy)
! | ,

A being the 7T/ coupling constant, and r the contribution of 9 -7°9 black
box. The value of r is still calculated by the formulae of Cabibbo and Gatto(42)
and the width [ (7" 777 A 110 eV is obtained. .

The branching ratio " (77 )/ 7 (ZTZ~#0°)is in qualitative agree=
ment with the experiment; in fact (see Table II and Table IV, where we give
in synthesis a comparison of the theory and the experiments) the experimen
tal value is 1, 8% 0. 24, An attempt to obtain results in agreement with the
experiment has been made by Susumo Okubo and Bunji Sakita(24), who ma-
ke use of a lot of theoretical arguments, according to which the /A A
mode becomes rather important and what is worth noticing, the 79 +g3 +7

mode becomes relatively relevant.

The Z°+7+7 mode is very difficult to be observed, and we alrea-
dy said that it is expected to be small in all the models reported above.

This "forgotten'’ decay mode may appreciably contribute to the width
of the 7 and, moreover, it can discriminate among different theories, if one
accepts the recent suggestion by Bronzan and Low(#3). These authors propose
a new selection rule for bosons, whose violation occurs with about the same
frequency as single photon emission ( & 1%). According to this rule % —>7 "+
+y~+ 7% and 7 ~> 27 are forbidden, and % -» ZO+7+7 as well as
% x5 3JC are allowed: this could adjust the puzzling question of the abundan-
ce of the 31" decays relative to the radiative ones.

On the basis of these results it is convenient to continue to keep to-
gether the 7> 3 7° and Y JTo+Jd + 7 possibilities in all the experi-
ments where these two modes cannot be separated, that is in all the present
experiments.

A verification of the existence or the upper limit of the 7 °+7 +7
mode has become now highly desirable. From the partial account of the'theo
retical approaches till now available and the comparison of the experimental
results with the theoretical predictions we reported above (see also the syn=
thesis in Table IV), it appears reasonable to make the following remarks.

The theory is still far from giving a clear and unique picture of the
7) decays, mostly due to the fact that the electromagnetic order in < and
the phase space considerations lead to irreconciliable consequences, unless
one makes use of '‘ad hoc' arguments like, for instance, new selection rules.

On the experimental side we remark that the theoretical speculations
are still much too free due to the lack of at least the following experimental
informations:

a) a more precise determination of the branching ratio ( ”7 ~> neutrals)/( f’/w-‘:»
—> charged);

b) an answer to the existence or not of the #©+7 +7  decay mode;

c) an absolute measurement (at least order of magnitude) of the total width of
the ’7 .
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Appendix 1 - SOURCES OF ERRORS. - .

In an experlment Wlth low counting rate and high background particu
lar care must be used in order to avoid systematical errors. In the following
poss1ble sources of errors are listed and discussed.

v Accidental and empty target rate. -

The acc1denta1 rate was Systematlcally measured (and subtracted)by

delaymg counters of an amount nT. an integer miltiple of the time-distance
‘among two R. F, bunches of the synchrotron. Most of the rate is due to an accl
“dental coincidences between protons and 7 -rays in the Cerenkov C. For the
accidental counts of this type, the 7 spectrum in C and the proton spectrum in
the spark chamber could be determined with good statistics, by measuring the
7 spectrum of random pulses in C during the machine- time, and by triggering
the spark chamber with protons without the request of being a coincidence with
a 9 -ray. Empty target background was also measured and subtracted ‘Both
these type of background do not appreciably contamlnate the % — 7 +7 mea-
surements. The contammatlon in the ’7 ~» 3719 region was sometimes as
' hlgh as 30%

Spark chamber efficiency. -

The spark chamber efficiency per gap was systematlcally checked to
be higher than 98%. Possible jitter in time of the spark gap could cause ran
dom inefficiency and the loss of good tracks. For this reason the time of the
spark gap was systematically checked during the runs. In addition the spark
chamber was sometimes put in the middle of the proton telescope: 100% of
the photos contain in this case a good track. No correction was thus applied
for this effect. ‘

Energy calibration of the Cerenkov. -

The energy calibration of the Cerenkov must not change during the
runs. A change in the calibration could smeare the peak due to the % . In ad- -
dition the efficiency of detection of the process % —> 3% ° and 7 —=>JZ0 +J+
+7 depend on the energy calibration. For this reason the calibration of the
Cerenkov was checked every few hours by means of cosmic-rays spectra. The
absolute calibration was made before, during and after the measurement with
monochromatic electrons. A possible error in the energy calibration was ho-
wever considered in the evaluation of the efficiency of detection of 7 > 3J°
and % — 79+ +7 and propagated to the branching ratio (~ 20% effect).

Solid angle determination. -

The solid angle determination can be affected by errors due to coun
ter alignement, counter efficiency, coulomb and diffraction scattering etc.

For the spark chamber measurements the solid angle can be deter-
mined with some care by making a distribution of the events as a function of
the entrance point in the chamber. A correction was thus applied using this
experimental information to correct for losses at the edges. The solid angle
for the counter measurements is more uncertain (rows 3, 4, 5 and 6 of Ta-
ble I). The corresponding cross section may contain some systematical error
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due to this effect For this reason we have put the numbers into brackets, and
we do not yet consider significant the difference in the cross section between
the points for K =978 MeV and for K=938 MeV. For the evaluation of the errors
in the cross section the solid angle (in bbth spark chamber and counter measu-
rements) was considered known with 10% accuracy.

- Multipion background -

The point has been already discussed in 8 3 As we already pointed
out, .the = background contaminates mainly the 7,.3, 3O ( 7—> ZO+T+7)
measurements.

The error in the extrapolati on of the background was included in the
statistical one and propagated to the branching ratio and cross sections.

All the multipion background measurements were made with the aid
of the spark chamber. The uncertainty in the solid angle for the non-spark-
chamber measurements give thus rise to an uncertainty in the evaluation of
the absolute rate of the multipion background for those measurements, and
therefore in the determination of the P =>3FC (Y —=>T0+ J+72) contribu-
tion. For this reason the values of branching ratio of rows 3 and 4 of Table I
~have been put into brackets, and not used to obtain the average value R.

Nuclear absorption of the protons. -

The correction for nuclear interactions of the protons is as high as
~ 50%, An error in the estimate of this correction affects the cross sections
but not the branching ratios. For this correction a mean free path in Al for
nuclear interaction of 115 gr/cm2 was used. This was obtained by using the
experimental information from the measurements of Milburn et al.

A similar correction with the same assumption was applied for a mea
surement previously done with the same proton telescope on single /Z° photo-
production : we are confident that this correctionis quite all-right, since
the absolute values of the cross section for single 4 © photoproduction we ob- "
tained agrees fairly well (5-10%) with the results of magnet measurements do
ne by other authors(49), Anyway a 10% error in the cross sections was consi
dered possible owing to an error in the evaluation of this correction.

Other sources of errors were considered, but we do not quote them
since they were found small with respect to the ones discussed.

Appendix 2 - CALIBRATION OF THE CERENKOV C. -

The Cerenkov counter is a solid lead glass cylinder. The lead glass
is viewed by three Philips 58AVP, 5'' photomultipliers connected in parallel.
- At the entrance of the Cerenkov a lead ring fixes the aperture of the counter
toward the Hg target to a diameter of 25 cm.

The cahbratlon of the lead glass Cerenkov (see Section 1 and fig. 1)
has been done by sendmg to C a beam of monochromatic electrons at various
energies. The beam was taken at the exit of the Frascati pair spectrometer(19),
This calibration may be considered as valid for the photons. In fact the initial
difference (a photon rather than an electron) will ohly display the development
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of the shower in the lead glass, while the length of our Cerenkov (~12 radia-
tion lenghts) is enough t6 absorbe all the cascade shower in the range of ener
gies (200-700 MeV) covered in our measurements.

Expérimental disposition for the calibration. -

The disposition for the calibration is given in fig. 13. The bremss-
trahlung spectrum from the synchrotron (the energy of the machine was set at
1000 MeV)'is collimated in the lead collimators C1 and Cy. Use is made of a

FIG. 13 - Experimental get-up for.the Cerenkov calibratio‘n.

sweeping magnet M to eliminate contaminating electrons in the beam. The
bremsstrahlung beam travels in vacuum in the way from M to the converter.
The gap of the spectrometer is also under vacuum. The converter producing
the eléctron pairs at the entrance of the spectrometer is an Aluminum disk -
of different thickness from 0.1 to 1 mm (0.1 mm in the case of fig. 14). On-
ce the Cerenkov was placed at a given exit angle 8 from the spectrometer the
energy of the electrons hitting the Cerenkov was changed bg varying the ma- .
gretic field in the spectrometer. The angle 8 is fixed to 40~ by the counters 1
(10x10 cm2) and 2 (5x5 cmz) (see fig,913). In these conditions the spectrum
of the electrons entering the CerenkovVrather well defined around the average
energy E: in fact it is flat with a width SE/E =¥ 2%, ‘

A1l the electronics used in the calibration from the Cerenkov to the
analyzer was the same as we employed with the actual measurement of the 7 .

Results of the calibration. -

The pulse height distribution§from the Cerenkov are reported in fig.
14 for different energies of the electron beam. We see, as expected,. that the
abscissae of the peaks of these distributions are linearly correlated to the
energy of the electron beam entering the Cerenkov. This appears clearly in
fig. 15 where the peak position in the multichannel is plotted versus the elec-
tron energy. :

As we can estimate from fig. 14, the relative width AE/E of the pul
se height spectrum is always less than 30%. The values of the absoclute widths
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AE fix the resolution of the Cerenkov C at each energy. By illuminating with
electronsdifferent regions of the Cerenkov C and by slightly rotating the axis
of the Cerenkov with respect to incident beam, we verified that each pulse he
ight distribution of fig. 14 -did not chaunge appreciably.

Stability of the Cerenkov calibration. -

‘ By repeating our calibration with some regularity we found some
slight ( <10%) and slow variations of the calibration of the constants (positi-
on of the peak and width. These changes were taken continuously under con-
trol and corrected by systematic measurements of the pulse height distribu
tion of the cosmic ray particles hitting the Cerenkov. This almost continuous
inspection resulted to be a powerful check particularly convenient in our case.
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