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1TThe absolute rates such as I'(r*) can be replaced by
branching ratios I'(+1)/T(K"—all) or T'(+1)/T(KT—p
+v), ete., since CPT invariance ensures I'(KT—all)
=T (K~ —all), etc. We note that the equality I'(r")
+T(r'H=T(r7) + (7' ™) is also guaranteed by CPT in-
variance.

187, T. Smith, D. J. Prowse, and D. H. Stork, Phys.
Letters 2, 204 (1962).

M. K. Gaillard, Phys. Letters 14, 383 (1965).

20We use the same estimate for ¢/X as in Ref. 7. The
asymmetry is somewhat smaller than estimated in that
paper because a smaller scattering length is used.
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At 6.6 GeV/c, the reaction p+p—p +t +p+7 proceeds dominantly through the N*++pr—
channel. When peripheral N*++’s are selected, the pr~ angular distribution reproduces
the angular distributions of free 7~p scattering in the c.m. energy range from threshold
to 2.0 GeV. The diffraction scattering at the upper end of this energy band can account
for the 1.4-GeV N* deduced in recoil -proton spectrum studies.

The spectrum of masses recoiling against
a final-state proton in proton-proton collisions
has been measured in several recent counter
and spark-chamber experiments!~3 for incident
momenta from 2 to 26 GeV/c. The “missing
mass” spectra have demonstrated the forma-
tion of various baryon isobars. Of particular
interest is the enhancement near 1.43 GeV which
appears with a full width of ~0.2 GeV. These
experiments,!~® although performed at a vari-
ety of incident momenta and proton recoil an-
gles, all essentially agree on the existence of
this enhancement, particularly for low momen-
tum transfers (<0.1 GeV?) to the “isobar.” It
has been tempting to associate this enhancement
with a P;, resonance at approximately the same
mass which has been inferred®” from phase-
shift analyses of pion-proton elastic scattering.
However, the study of the recoil proton spec-
trum alone in the above experiments cannot
rule out the possibility that an observed enhance-
ment is, in fact, due to a kinematic effect.

We have investigated this question in an analy-
sis of 2097 events of the type

prp—p+p+nt+n, (1)

produced by 6.6-GeV/c incident protons in the
Lawrence Radiation Laboratory 72-inch hydro-
gen bubble chamber. The inelasticity of the
P,, resonance is apparently large®; therefore
a detailed analysis of Reaction (1) appears to
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be a suitable way to investigate the relation

of the P, resonance® to the 1.43-GeV enhance-
ment reported in Refs. 1-5. OQur results lead
to the following conclusions: (a) Reaction (1)
is dominated by one-pion exchange with pion-
nucleon elastic scattering at each vertex. (b) A
large enhancement of the p7"7~ mass spectrum
in the 1.38- to 1.58-GeV range is observed;
this enhancement can be understood as a kine-
matic reflection of the pr~ elastic scattering
at one vertex.

Thus we find no evidence in our data for the
formation of a resonant state in the 1.38- to 1.58-
GeV mass range which decays into the prtnr—
channel. Furthermore, the enhancement which
we do observe can account quantitatively for
the low-mass enhancement observed in count-
er experiments at nearby momenta.*?

The dominance of peripheral N*++(1238) pro-
duction in Reaction (1) is illustrated in the fol-
lowing manner. Two prt effective-mass com-
binations can be formed from the final-state
particles of Reaction (1); furthermore, for
each mass combination the invariant momen-
tum transfer from either projectile or target

proton may be considered. However, for each
pmT combination only the smaller of the two
possible momentum transfers is plotted on a
Chew-Low graph. The clustering of events in
the N***+ mass range and at low momentum
transfer is strikingly apparent. A p7+ mass
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projection of events which have an N**+ pro-
duction angle 6 4in the over-all c.m. system

limited by |cosf4 |>0.965 demonstrates that
Reaction (1) proceeds dominantly through

p+p—-N*t+ip+m—, (2)

If the reaction proceeded fully through channel
(2), one half of the area in the total projection
(without selection on 64) would be in the N*++
peak, the remainder of the area being due to
the “wrong” prt mass combination for each
event. This is found to be approximately the
case. The selection |cosf, |>0.965 greatly
reduces the background due to the “wrong” pr ™
mass combinations and thus tends to isolate
channel (2). At the central position of the N*(1238)
the nonisobar background level is £10% of the
peak value.

The highly peripheral production of the N*++
system invites further analysis of the data in
terms of the one-pion exchange process. We
proceed as follows: The combination of the
7~ and one proton, pjn‘, is considered only
if the combination of the 7+ and the other pro-
ton, p;m*, is within the range 1.16 <M(p;7+)
<1.28 GeV, which we define to be N*** band.
We confine our study to the |cos6y 1>0.965
N*t+p1~ events; this sample consists of 560
events (of which 45 have two pr+ combinations
which satisfy the selection criteria). These
events are divided into 12 p7~ mass intervals.
The quasielastic p7~ scattering in each of these
intervals is studied separately. The scatter-
ing angle is defined as the angle between the
two protons at the pr~ vertex calculated in the
rest frame of the outgoing p7~ system. As
usual, we express the differential cross sec-
tion as a series in Legendre polynomials of
the scattering angle,

A

l

N 22 -+
)Y All = 0Pl. (3)

The. shape parameters (A;/Ag) of the angu-
lar distributions are determined by evaluating
for each ! the average value of the Legendre
polynomial P; over the events in the sample:

Al (Al) 27 +1
:4—;:(21+1)<Pl>; o Z; =

7 (P =P ), (4)
where N is the total number of events in the
pr~ mass bin. The (4;/A() parameters obtained
in our analysis are shown in Fig. 1; the solid
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FIG. 1. Shape parameters for the pj1r_ vertex of
events with |cosf 41>0.965, provided p;m* is in the N*
band. Smooth curves are the shape parameters de-
rived from free p7~ elastic scattering.

curves which appear in this figure are derived
entirely from existing free p7~ elastic scatter-
ing data; the curves were drawn through points
calculated from the 0-700 MeV laboratory pion
energy fit of Roper, Wright, and Feld!; the
higher mass region is based on the results of
Duke et al.** and Esterling, Hill, and Booth.?
The agreement between our results and the
free pr~ elastic-scattering data seems good

at least to ~1.8 GeV.!® Beyond ~1.8 GeV, and
especially for large I, our results tend to ex-
ceed the values derived from free p7~ scatter-
ing. Events with p7~ mass in excess of 1.8
GeV correspond to a larger momentum trans-
fer, and the departures of the shape parame-
ters may be related to this fact.

The corresponding (4 l/AO results for the
prt vertex are shown* in Fig. 2. The moments
are given for M (pr)<1.55 GeV only. It is ob-
served that the background-to-signal ratio be-
comes significant for 1.4<M(pr*)<1.16 GeV.
The background (i.e., “wrong” combinations
which occur at low tnr+ mass) is characterized
by a pronounced forward quasiscattering angle.
The discrepancy between the lowest (4;/Aq)
points and the curve may be attributed to this
cause. Otherwise the agreement is generally
good.

In view of the well defined and relatively clean
N*** peak, it is possible to represent the data
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FIG. 2. Shape parameters for the pi1r+ vertex for
events with |cosf41>0.965. Smooth curves are the
shape parameters derived from free 1>1r+ elastic scat-
tering.
as an N*t+pr~ Dalitz plot. Such Dalitz plots
for all the data satisfying the N* condition 1.16
<M(pn*)<1.28 GeV and for the data which al-
so satisfy |cosfp|>0.965 are shown in Figs.
3(a) and 3(b), respectively. The points tend

to cluster along the low p7~ and the low N*r~
mass boundaries; this effect is especially strong
for the peripheral events. The N*r™ mass spec-
tra for all events and for the |cosf4|1>0.965
events are shown in Fig. 3(c). The peripheral
events exhibit a strong enhancement centered
at 1.45 GeV. For extremely peripheral events,
values of M2(N*7~) on lines of constant M2(pr™)
correspond linearly to the p7~ c.m. scattering
angle cosine (+1 at the left-hand boundary, -1
at the right). Therefore the events which con-
tribute to the low (N*7r~) mass enhancement
can be identified with those events which lie

in the pr~ diffraction-scattering peak. Since
the events on the Dalitz plot of Fig. 3(b) are
precisely those which gave shape parameters
which were in good agreement with those ob-
tained in the free prm~ elastic-scattering exper-
iments, it follows that the N*r~ enhancement
at 1.45 GeV can be accounted for as due to a
kinematic reflection of the diffraction scatter-
ing at the p7~ vertex. Such kinematic reflec-
tions have been considered by Deck and Maor
and O’Halloran,'® in connection with pion-nu-
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FIG. 3. (a) Dalitz plot of pi1r+7r_ Vs pjmT for events with the piw+ mass in the N* band; 1211 events, 164 plotted
twice. (b) Dalitz plot of pintr— vs pjm~ for events with the p;n+ mass in the N* band and with | cosf41>0.965; 560
events, 45 plotted twice. (c) Projections of the Dalitz plots of (a) and (b) onto the M2(prtr™) axis.

886



VoLuME 17, NUMBER 16

PHYSICAL REVIEW LETTERS

17 OcToBER 1966

cleon scattering leading to the A, enhancement,
and have been investigated experimentally®
by means of techniques similar to ours.

The total cross section for Reaction (1) is
2.6+ 0.3 mb, a result which is in satisfactory
agreement with 2.92+ 0.16 mb recorded at 5.5
GeV/c incident momentum.!” The enhancement
of the shaded events at 1.45 GeV in Fig. 3(c)
then corresponds to a cross section of 0.22
+ 0.05 mb. A subsidiary study showed that for
most of the events in the enhancement, the mo-
mentum transfer to the proton recoiling against
the pr ™1~ system is <0.1 GeV2 To relate these
results to the recoil proton measurements we
assume p - N*+7 dissociation at one vertex
and p7 elastic scattering (averaged over our
pm~ mass band) at the other vertex. Under
these assumptions, isospin conservation leads
to the prediction that of all the events record-
ed in a system sensitive only to recoil protons,
~3 would appear in our N***p7r~ channel. The
present experiment would therefore predict
a 0.44+ 0.1 mb enhancement for the mass band
near 1.45 GeV if only the recoil proton is ob-
served. This prediction may be compared with
the result of Anderson et al.* who quote a 0.544
£ 0.090 mb cross section at 10 GeV/c for their
enhancement. A rough extrapolation of their
result to 6.6 GeV/c leads to ~0.4+ 0.1 mb. Blair
et al.® report cross sections of 0.65+0.18 and
0.45+ 0.09 mb at 6.06 and 7.88 GeV/c, respec-
tively. All three values are in good agreement
with ours.

On the other hand, if we assume that the en-
hancement of Anderson et al.* is due to the P;;
resonance and that the inelasticity of this chan-
nel® is due to the N2 decay, either through
N*7 or through N (27) with the di-pion in the T
=0 channel,® then the results of Anderson et al.*
may be used to estimate the enhancement which
we should see in the N***7~ channel. This
estimate leads to (0.4+0.1)x (0.34+0.04)x (%
or £)=0.09+0.03 mb, which does not appear
consistent with our result of 0.22+ 0.05 mb.
This is also the case if one uses the cross sec-
tions of Blair et al.® at nearby momenta.

Lastly, we may speculate on the relationship
of our findings to higher momentum “missing
mass” experiments,®* assuming the N*pr~
channel is produced similarly at these momen-
ta. For example, at 18 GeV/c the left-hand
boundary of the Dalitz plot of Fig. 3(b) inter-
sects M(N*r)=1.5 GeV at M(pn~)=3.3 GeV
(compared with 2.1 GeV at 6.6 GeV/c). Con-

sequently, one would expect further peaking
in the 1.4- to 1.5-GeV region arising from dif-
fraction scattering in the higher o7~ mass in-
terval. This also would occur primarily for
momentum transfer to the proton <0.1 GeV?2.
The authors wish to thank Professor William
Chinowsky, who designed the beam, and Pro-
fessor Luis Alvarez for his continuing support.

*Work done under the auspices of the U. S. Atomic
Energy Commission.

1G. G. Chadwick, G. B. Collins, P. J. Duke, T. Fujii,
N. C. Hien, M. A. R. Kemp, and F. Turkot, Phys. Rev.
128, 1823 (1962).

2C. M. Ankenbrandt, A. R. Clyde, B. Cork, D. Keefe,
L. T. Kerth, W. M. Layson, and W. A. Wenzel, Nuovo
Cimento 35, 1052 (1965).

3C. Bellettini, G. Cocconi, A. N. Diddens, E. Lille-
thun, J. P. Scanlon, A. M. Shapiro, and A. M. Wether-
ell, Phys. Letters 18, 167 (1965).

‘E. W. Anderson, E.J. Bleser, G. B. Collins, T. Fu-
jii, J. Menes, F. Turkot, R. A. Carrigan, Jr., R. M.
Edelstein, N. C. Hien, T. J. McMahon, and I. Nadel-
haft, Phys. Rev. Letters 16, 855 (1966).

’I. M. Blair, A. E. Taylor, W. S. Chapman, P, I. P.
Kalmus, J. Litt, M. C. Miller, D. B. Scott, H. J. Sher-
man, A. Astbury, and T. G. Walker, to be published.

8L. D. Roper, Phys. Rev. Letters 12, 340 (1964).

"P. Bareyre, C. Bricman, A. V. Stirling, and G. Vil-
let, Phys. Letters 18, 342 (1965).

8At the resonance, 0g]/0ine]l = (1+1)%/(1-1?%), where n
is the absorption parameter. From the graphs of Ro-
per (Ref. 6) and Bareyre et al. (Ref. 7) we take n=0.25
and 0.40, respectively, giving 0jpe]/0tot=0.37 and
0.30, respectively.

’R. H. Dalitz and R. G. Moorhouse [Phys. Letters 14,
159 (1965)] have pointed out that the phase shift analy-
ses do not necessarily lead one to the conclusion that a
P,; resonance exists in this mass region, and that the
effect may be the result of the known large I=0 7-7 in-
teraction at low energy.

01, D. Roper, R. M. Wright, and B. T. Feld, Phys.
Rev. 138, B190 (1965).

Up g, Duke, D. P. Jones, M. A. R. Kemp, P. G.
Murphy, J. D. Prentice, J. J. Thresher, H. H. Atkin-
son, C. R. Cox, and K. S. Heard, Phys. Rev. Letters
15, 468 (1965).

2R. J. Esterling, R. E. Hill, and N. E. Booth, Univer-
sity of Chicago (to be published).

3We have also examined the Y7 moments for m =0.
Using the standard ¢-channel coordinates (§ =% < pincident
xN'*) the {ImY7") are all zero within statistics as re-
quired by conservation of parity. For p1r+, (ReYil)
~—0.025; for pn~, (ReY3!)~-0.05 in the entire E *
range, and (ReY,!)~ —0.06 above E *~ 1.3 GeV. These
moments should vanish for the unadorned one-pion-ex-
change model. We defer a detailed consideration of
these moments to a forthcoming high-statistics study.

887



VoLuME 17, NUMBER 16 PHYSICAL REVIEW LETTERS 17 OcTOBER 1966

l4The (A;/A() moments for 1=4,5,6 have also been Kadyk, Phys. Rev. Letters 15, 731 (1965); S. U. Chung,
evaluated and are consistent with zero throughout this M. Neveu-René, O. I. Dahl, D. H. Miller, and Z. G. T.
mass range, in agreement with pn" scattering data. Guiragossian, Phys. Rev. Letters 16, 481 (1966).

5R. T. Deck, Phys. Rev. Letters 13, 169 (1964); 17G. Alexander, O. Benary, B. Haber, N. Kidron,
U. Maor and T. A. O’Halloran, Phys. Letters 15, 281 A. Shapira, G. Yekutieli, and E. Gotsman, Nuovo Ci-
(1965). mento 10, 839 (1965).

6. C. Shen, G. Goldhaber, S. Goldhaber, and J. A.

CALCULATION OF THE BRANCHING RATIO (n— 27 +v)/(n - 2y)*

J. Pasupathyf and R. E. Marshak
Department of Physics and Astronomy, University of Rochester, Rochester, New York
(Received 19 September 1966)

Considerable interest attaches to the prob- es involving the emission of two “soft” pions
lem of the relative frequencies of the decay makes it possible to understand the branching
modes of the n meson. Since G-conjugation ratio (n- 27 +v)/(n - 2y) on a dynamical basis
invariance requires the intercession of at least and without the need of new quantum numbers.
one photon (real or virtual), the observed de- The calculation proceeds as follows. Using
cay modes turn out to be the notation of Ref. 2 wherever possible, we

expand the time-ordered product
n—31 (46.4%); 2y (33.5%); P P

v v A

0 +y+y (14.9%); 7r+1~ +y (5.1%). T{auAa (x)’aVAb (y)’Vd (O}, (1)
Curiously enough, the first three decays, which where Aa“ is the AS =0 axial-vector current
are of order a? (o is the fine structure constant), and V;* is the AI=1 vector current. In this
dominate over the fourth, which is of order time-ordered product, VdX(O) has replaced
a. Previous attempts to understand this situ- the AI=3%,AS=-1 axial-vector current An)‘(O)
ation, even allowing for phase-space factors, considered in Ref. 2. The expansion of (1) leads
have led to the introduction of a new quantum to seven terms, similar to Eq. (4) of Ref. 2,
number.! The recent elegant extension by Wein- of which the first three are disregarded for

berg? of the current algebra method to process- the same reasons as in Ref. 2. The four terms
I which remain are

_§<j’; —a—i—y)ﬁ(xo-y O)T{[Aao(x),AbV(Y)], de )}
~300 0 A, ), 14, (), v, O+, ), 14, "), v, o)
~5(y )T{ ), v, Ao, auAa“(x)}—c(xO)T{[AaO(x),Vd"(O)],auAb”(y)}- @)

In general, all four terms in (2) must be considered. But if we specialize to the matrix element
(OIT{a“Aa“(x),aVAbV(y), VA (0)}1P) (where P is a pseudoscalar meson), then the last three terms
in (2) do not contribute: The second term in (2) vanishes because the (double) commutators yield
vector currents which are taken between |0) and | P), while the third and fourth terms vanish because
the single commutators give rise to axial-vector currents taken between |7) and | P). We are left
with only the first term in (2):

_ieabc<—%-——a;> ©17{v " (x), v d*(o>}up>o4(x-y). @3)

oy ox

Let us choose P =7 and define

T
<CI

| 0.0 0,-1/2
a Db

v O =ien ™ 2w % e m BE e o k%P (@
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