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Photoproduction of the 7 particle has been ob- process
served at 978 and 939 MeV using the 1100-MeV yro=n*p. (1)
Frascati electron synchrotron. We have eval- The quantity directly measured was (do/dS)
uated the branching ratio of the y +y decay mode X(l"yy/ Tiota])- The results are given in Table I.
relative to other neutral modes, and the differ-  Theé experimental arrangement® is shown in

ential production cross section do/dQ for the Fig. 1. The y-ray beam from the electron syn-

Table I. Results of the present experiment (reaction y+p—n+p). E, is the energy of the electrons in the syn-
chrotron; 2+ Ak is the lab energy and energy interval of the photons hitting the proton; TPiATp is the energy and
energy interval for the proton; * is the c.m. angle of the 7; [(do/dQ)(l“W/ Tiotalle.m. i the differential cross
section for photoproduction of 7’s decaying in the y+v mode; do/dQ is the c.m. differential cross section for
photoproduction (3.2 times the preceding values; we obtain from the branching ratio measurements and other re-
sults that I‘W/ Tiotal=1/3.2). R=(y+7)/ [(37% + (n +y+7)] is the branching ratio. The numbers in parentheses
are less certain; see text. The errors include an estimate for our uncertainties in solid angle, efficiency, and
background &

E + + da/d : Dosi
0 ExAR Tp ATP (dcr/dn)(rw/rw,c A o/ds) osis
(MeV) (MeV) (MeV) . 6% (10732 cm?/st) (10732 cm?/s1) R~ Method (10" equiv. quanta)
1000 978+22 27818 106°:5° 7.6%x1.6 ~24 0.78+0.34 7 method 2.05
1000 978+22 278+18 106°%5° 6.2+1.3 ~20 0.83+0.31 step 3.5
1000 939+14 248x11 103°+5° (11.5+2.6) ~(386) (0.53+0.22) v method 1.53
950 937+13 248+11 103°:5° (10 +2.1) ~(32) (0.88+ 0.58) v method 1.95
a
See reference 1.
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FIG. 1. Experimental arrangement.! The wedge-shaped shim in the
proton channel corrects for the angular dependence of the proton energy.
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chrotron hits the 7-cm liquid hydrogen target,
H,. The protons are measured in a telescope
spark-chamber combination which discrimirjates
against pions.

On the line of flight of the 7, there isa total—
absorption, lead glass, Cherenkov counter C,
with an anticoincidence in front, to detect y rays
in oincidence with the recoil protons. The en-

_fergy of the y rays detected by C is measured by

: a pulse-height analyzer and recorded on the

~ ph tograph of the spark chamber by means of

" neon lamps. y rays with an energy <200 MeV

" do not trigger the spark chamber. In this way
single pion photoproduction is avoided.

With the described setup the 1 can be detected
essentially by two different methods.

(1) The step method.— The energy £, of the
electron synchrotron and the absorbers in the
proton telescope are chosen in such a way that
protons due to process (1) can reach at most
the center of the spark chamber (an appropriate
wedge-shaped shim was inserted). When one
plots the number of the protons as a function
of their energy, a step appears due to process
(1). The background processes (mostly mul-
tipion photoproduction) do not give rise to any
step.

Along the line of flight of the 5 the process
y+p~n+p when n—y+y produces a y-ray spec-
trum which is almost monochromatic, centered
around ~560 MeV; instead the decay n— 37° (and
1—-7°+y +y) produce y rays which have a smooth
spectrum ending at about 500 MeV. If one chooses
only those protons which are in coincidence with
y rays of energy greater than 400 MeV, one ob-
tains a step in the proton distribution predomi-

" nantly due to n’s which decay only via the y +y
mode. For y-ray energies less than 400 MeV,
the step is due to those #’s which decay via three-
body modes.

The multipion photoproduction gives rise to
a spectrum similar to the one due to the process
n—37° [see Fig. 4(a)].

The experimental results of the step method
are shown in Figs. 2 and 3. Fig. 2(a) gives the
proton distribution (corrected for nuclear ab-
sorption) for the y-ray energy greater than 400
MeV, essentially the y +y mode.

The multipion background was studied experi-
mentally under kinematical conditions, in which
the n could not be observed. All these background
corrections [e.g., solid line of Fig. 2(a)] are
extrapolated to the n region from a single func-
tion. Independent phase-space calculations of

38

multipion production give very similar results.

The difference between the experimental re-
sults and the solid line of Flg 2(a) gives m Fig.
2(b) the step distribution of the protons, as one
expects from Reaction (1). One sees that the
mass of the 7 appears to be 550+ 6 MeV, in good
agreement with the known mass, 5481 MeV.2?
This makes us confident that we are really ob-
serving the . The expected shape for the step
was determined experimentally from the single
photoproduction of 7® mesons with the same
equipment.

Figures 2(c) and 2(d) show a multlplon back-
ground measurement. Figures 3(a), 3(b), 3(c),
and 3(d) are similar to Fig. 2, but the energy
of the y ray in the Cherenkov counter C was be-
tween 240 and 400 MeV, corresponding to three-
body decays of the . In this case the determina-
tion of the 7 contribution is more uncertain than
before due to the increased percentage of multi-
pion processes.

(2) The v method.— This method has already
been used in a preliminary experiment by us.®
A relatively small energy band of protons is
chosen, and we look at the spectrum of the y
rays which are in coincidence.

Some of the spectra we obtained with the y
method are shown in Fig. 4. Figure 4(a) shows
a spectrum taken where the 7 can not contribute
due to kinematical requirements. Figures 4(b),
4(c), and 4(d), corresponding to different pro-
duction energies, show spectra where the 7 is
present. In these cases it is not possible to
obtain a good fit with a line like the full line of
Fig. 4(a) (multipion production only); one must
add a Gaussian centered at 560 MeV, having a
width arising from the experimental resolution.
In the upper part of each figure the multipion
background has been subtracted. As we can see,
the distributions appear to have the shape ex-
pected from the process n—y+vy plus a contribu- ‘
tion from the process n—371°,

It is important to note that a contribution to
the three-body neutral decays of the mode 7°+y
+v is not excluded from our experiment and is
not forbidden by selection rules. The decay
7°+y +y is a process of the same order, a?, as
the v +y mode, but it should be depressed by
phase space and the strength of the ypw inter-
action. An estimate may be indirectly deduced
from the paper of Gell-Mann, Sharp, and Wagner.*
However, we have not found any theoretical con-
sideration of this decay mode. The average ef-
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ficiency of our apparatus for detecting the 7%+ ble I we report the branching ratio in the form
+y and the 7°+7°+7° decay mode is approximate-
ly the same. To get a quantitative evaluation R=(y+)/[(37%) +(@° +y +)] (2)

of the different decay modes of the 1, we have
obtained the ‘“best-fit” values of g and b for the
distributions of Figs. 4(b), 4(c), and 4(d) with
curves of the type

as obtained from our two methods. In the same
table the results of the cross section also are

reported.
alpy +bpy), One can see that the values of R are equal

where O, and ¢, are the distributions expected within the errors. In obtaining R, a correction
from the decay modes 5~ 37° and n—~y +y, re- was applied for the contribution of the decay n*t
spectively. The curves obtained are shown in +7~ +7° whose ratio to all the neutral modes is
the upper part of Figs. 4(b), 4(c), and 4(d), and known® as being 1:3.
it can be seen that they fit rather well. We wish We also can estimate do/d§ and R by using the
to point out that these three curves are independ- 7 method on the events with protons which did
ent measurements of the branching ratio. not enter the spark chamber but traversed all

If we assume from theory that the 7%+y +vy the counters (T, =248+ 11 MeV). The results
mode is negligible, then the above results lead in this case are less certain, due to some pos-
us to believe we are observing the 5~ 37° mode sible larger systematic errors. These results
as well as the n—y +y mode. However, in Ta- are reported in parentheses in Table I, and one

(b) (@

: 1o

o N

2 %\.\* N l + i e 4|+ T

] T + T I ] b $ $ b7

N \

g ;

87T (a) ' (c)
61 E, = 1000 Mev E, = 950 Mev
sl + { £y > 400 Mev Ey > 400 Mev

2 2 C.N.E. N.
LABORATGRI
L 1 DI FRASCATI |
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A {Mev)

FIG. 2. Energy spectra of protons in coincidence with ¥ rays of energy >400 MeV. (a) The case when the proc-
ess y+p—n+p is permitted kinematically; the solid line is the expected contribution from multipion processes.
(b) The “n events,” namely, the difference between the experimental points and the multipion background. The
solid line is the expected shape of the proton spectrum from the process y+p —~X%+p if X° has a mass of 550 MeV,
that of the n. The dashed lines are for x°, having a mass 530 and 570 MeV. (c) and (d) Same as (a) and (b) except
that the process y+p—n+p is forbidden kinematically. This is a null check.
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FIG. 3. Energy spectra of protons in coincidence wifh v rays of energy between 240 and 400 MeV. The step of
(b) must be due to a three-body decay mode of the 7 (e.g., n— 37’ and/or n—>1r°+y+'y) . {(c) and (d) are again a null

check.

cannot yet be sure that they indicate a change
of the cross section with the energy. Our result

R=0.8+0.25

does not disagree with the lower limit (0.9+0.3)
given by Chrétien et al.® for the ratio (y +)/(37°).
The branching ratio R found in our measure-
ments when combined with the reported values®
of (all neutrals)/(r"7 7% =3.0+0.5 and (777 y)/
(r*n~7°) =0.26+0.08 enable one to list the fol-
lowing percentages for the various decay modes
of the n:

(1°7°7°) + (7%), (40£14)%;
), (81£11)%;
(rtan°), (23 4)%;
(m*ry), (6 2)%.

The experimental values are compared with

some theoretical predictions in Table II.
.,..Erom our measurements we obtain that the

ratio of 7° photoproduction” to n photoproduction

40

at the same center-of-mass energy and angle is

(do/dQ),gge o

—_—

(do/dﬂ)105o, 0

IR

8. 4

The ratio of pion scattering® to pion production®
of the 7 is also of the same order. For example,

o{r~+p—~71"+p) 18 mb

1015 MeV _

1015 MeV 0.5%3.2 mb

o(n” +p—~n+n) =11. (5)

As we see, the 7 is produced rather abundantly,
and the equality of these ratios could indicate that
the type of interaction which exists between the
7 and a nucleon is similar to that for a 7 and a
nucleon. The above ratio, ~8, of photoproduction

- cross sections is not inconsistent with a calcula-
tion by Fujii and Holloway® based on unitary sym-
metry models.

We want to thank Professor N. 'Cabibbo, Pro-
fessor E. Ferrari, Professor R. Gatto, and
Dr. L. Holloway for very helpful discussions.
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FIG. 4. Spectra obtained with the y-ray method from the lead glass Cherenkov detector and the multichannel
analyzer. (a) A typical “non—n spectrum." In abscissas the energy in MeV of the y ray detected in Cherenkov C

is given. The solid line is the multipion contribution in this case obtained by a best {it to the experimental points.
The upper part of the figure shows the difference between the experimental points and the multipion process. (b),
(c), and (d) “n spectra’ at different energies. The solid lines in the lower part of each figure are the expected
contributions from multipion processes. The upper part shows the difference between the experimental points and
the solid line. They are ‘best fitted” by a function of the form a(¢;+b5¢;). See text.
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Table II. A comparison of experimental values from our results and theoretical predictions of decay ratios of
the 1.

Experimental Theoretical -
Decay ratio value value Authors Basis of theoretical calculations
Ak 1.3+£0.4 0.6to 1.9 Barrett a Unitary symmetry modelb’ ¢
and Barton (the uncertainty is due to the
uncertainty in the experimental
~ value of the lifetime of the 7r°) .
d
3 /at a0 <1,7+£0.6 <1.73 Feinberg Similarity of the final states
and Pais® for K and 1 decays into 37.
1.5t01.73  wall
and Bégg
vy/rtay 5.0+1.6 ~4 Gell—Mannb’ h,1 Unitary symmetry model.,
8 ‘ Brown Unitary symmetry model.
and Singer
;B. Barrett and G. Barton (to be published).
cSee reference 4.
dN Cabibbo and R. Gatto, Nuovo Cimento 21, 872 (1962).
eThe equality holds if the a%yy decay is small with respect to the decay 1nto 370,
fG Feinberg and A. Pais, Phys. Rev. Letters 9, 45 (1962).

K. C. Wali, Phys. Rev. Letters 9, 120 (1962). .
M. A. B. Bég, Phys. Rev. Letters 9, 67 (1962).
.See reference 8. ’
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k MESON [K* (725)] AND THE STRANGENESS-CHANGING CURRENTS OF UNITARY SYMMETRY*

Yoichiro Nambu and J. J. Sakurail
The Enrico Fermi Institute for Nuclear Studies and the Department of Physics,
The University of Chicago, Chicago, Illinois
(Received 26 April 1963)

We wish to examine, within the framework of
unitary symmetry, the hypothesis that the vector
mesons M and M (to be identified with the ob-
served K* meson of mass 885 MeV) are coupled
to strangeness-changing currents that are con-
served “as exactly as possible.” It is pointed
out that this hypothesis suggests the existence of
Y =+1, T=1/2, and J=0" mesons (with no unitary
partners) whose couplings to other strongly inter-

42

acting particles vanish in the limit of exact uni-
tary symmetry. The possible connection between
the conjectured scalar meson and the experimen-
tally observed k meson (the K* meson of 725 MeV)
is discussed.

Some time ago, it was argued that there should
exist one ¥ =0, T =1 vector meson and two ¥ =0,
T =0 vector mesons coupled, respectively, to the
exactly conserved currents of the strong interac-
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