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ANALYSIS OF rrp ENHANCEMENTS IN v +d INTERACTIONS AT 3.2 BeV/c¹

Leo Seidlitz, t' Orin I. Dahl, and Donald H. Miller

Department of Physics and Lawrence Radiation Laboratory, University of California, Berkeley, California
(H,eceived 22 June 1965)

In a study of multipion final states produced
in w p interactions at 3.65 BeV/c, Goldhaber
et al.' demonstrated that almost all pv+v+v

events proceed through either the N*++p or
pv+p intermediate states. They found that the
v+po effective-mass distribution, M(m+po), for
the p~+po events contains a broad enhancement
(A+) in the interval 1.0 to 1.4 BeV. Subsequent
analyses by other groups showed that the en-
hancement consists of two peaks '3: the A, (1080)
with I =80 to 140 MeV and the A, (1320) with
I'=80 to 100 MeV. In their study of n P inter-
actions Chung et al.3 also observed peaks in
the K,K and K~K~ systems at M(KK) = 1310
MeV with I' = 80 MeV; should the np and KK
peaks represent alternative decays of the same
initial state, it is likely that IGJ+=1 2 for
the A, . In contrast, the structure of the A,
peak remains obscure. No related decays have
been established; in addition, several kinemat-
ic origins for the enhancement have been sug-
gested. ' In the present Letter, properties
of the ~ p and ~ p systems are compared
under similar kinematic conditions. We con-
clude that the enhancements observed in the

A, region cannot result from decay of an I= 2

state; our data in the A, region are consistent
with decay of an I=1 state produced through
exchange of an I= 1 system. Interpretation of
the A, enhancement as a kinematic effect is
discussed.

To compare production and decay properties
of the A, and A, systems in a variety of final
states, we have analyzed 7T d interactions at
3.2 BeV/c. Thus far, the final states

+d - (p)n + v + w + n+ (2881 events), (la)
- (n)p+m + ~ +a+ (669 events), (1b)

—(p)p + v + n + vo (1577 events), (1c)

have been studied. Direct comparison of cor-
relations with those observed in n*p experiments
is significant only for events representing in-
teractions on a single nucleon, ' in the impulse
approximation, such events may be identified
by the presence of a low-momentum spectator
nucleon. Consequently, all events with a pro-

ton too short for observation (i.e., only three
visible prongs) were measured'; four-prong
events were measured only when a clearly iden-
tified proton was present. After fitting, events
were assigned to Eq. (1a), (lb), or (1c), when
the nucleon in parentheses had laboratory mo-
mentum pI ~220 MeV/c. s With these criteria, ,
all events corresponding to (la) and (1c) were
observed. The detection efficiency for (1b)
decreases rapidly for events involving protons
with PL &800 MeV/c; since the A enhancements
in v p interactions occur predominantly at low-
momentum transfer squared, b2(p), this bias
does not affect the present conclusions.

To distinguish the two w~ pairs, 6'(wn) was
calculated for each; we designate the pai.r with
lower (higher) 6' by wm, (mw, ) and the associated
N~ pair by Nw, (Nw, ). The combined M(Nv) and
M(vw) distributions for the two Nw and nv pair-
ings are shown by the dashed curves in Fig. 1.
Distributions for the N7T, and ~r, pairs are shown
separately in the solid curves. The M(Nn, )
distributions for events in which the an~ pair
lies in the p interval (600 to 850 MeV) are rep-
resented by the shaded areas in Figs. 1(a),
1(c), and 1(e); the N¹peaks in these distribu-
tions correspond predominantly to the N*p fi-
nal state. The M(wv, ) distributions associated
with Nv, pairs outside the N¹ interval (1120
to 1320 MeV) are shown in the shaded areas
in Figs. 1(b), 1(d), and 1(f); events in the p
intervals in these distributions together with
those in the ~~, combinations are used in the
f inal analysis.

The structure in the (p)nw n w+ final state
is similar to that observed in the charge-sym-
metric state, Pv+v+v .' The b, '(nv) selection
in Figs. 1(a) and l(b) provides a remarkably
clean separation of the N* p events. Some
N* and p production occurs in the n7t, and

n~, pairs; however, the scatter plot shows no
additional enhancement in the overlapping N* p'
bands for these pairs. Correlations in the
(n)pn v+w events are similar to those report-
ed for the analogous final state produced in

P interactions at 3.2 BeV/c. The N¹opo

final state is observed; however, the inset
in Fig. 1(c) indicates that N¹++ is stronger.
Most m+'s associated with the N*++ interval
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combine with r, to form p 's; consequently,
no unambiguous separation of N*'p' events is
possible. Some p production occurs in both
the 7trj, and ~m, pairs outside the V* interval,
Structure observed in the (p)pv ~ vo final state
consists predominantly of N~ p formation in
the p~, and ~ 7t, pairs; negligible p produc-
tion occurs outside the N* interval. Some un-
correlated N~ and p formation is present
in the Nm, and Tjv, pairs.

To compare structure in the np systems pro-
duced in Reaction (la), (1b), or (1c) a, plot of
4'(&Io) against M'(mp) is given in Fig. 2 for each

FIG. 1. Distributions of the invariant mass of N~
and ~m pairs. The dotted lines represent two combina-
tions per event. The one combination per event for
which' (7t7r) is the lower is represented by the solid
lines.

final state. Events with either the nm pair
(la), the Pn+ pair (1b), or either p~ pair (1c)
in the N* interval have been rejected. In Re-
actions (la) and (1b) the M (v po) distributions
for events with b.'(v po) ~0.7 (BeV/c)' show
broad enhancements in the region 1.0 to 2.0
(BeV)', no separation of the A, and A, peaks
is achieved. This is in qualitative agreement
with the results of Goldhaber et al.', however,
with similar selection criteria, separate peaks
were observed by Chung et al. '&' Almost all
events whose a,ssignment is ambiguous (Pl
~ 220 MeV/c for both nucleons) fall in the A,
region; when the projections in Figs. 2(d) and

2(e) are added and ambiguous events used only
once, ' the relative intensities in the A, and

A, regions tend towards those observed in the
v*p experiments.

It is important to note that the strong rr p'
enhancements in the A, region are confined
to events with A~(v po) ~0.15 (BeV/c)'. In con-
trast, no analogous effect is observed when

similar criteria are used to select Tt p com-
binations'; within statistics, the ~~ p plot
suggests a uniform density for b2(v p ) ~ 1
(BeV/c)'. Since the v ff data, reproduce the
essential features of the corresponding 7I' P
experiments, it is unlikely that this difference
results from the presence of the additional
nucleon in the final state.

Diagrams which may contribute significant-
ly to Nm~v final states are shown in Fig. 3.
In Fig. 3(a), exchange of a. G = —1 system is
allowed; when the exchanged particle is a pion
[one-pion exchange (OPE)], this diagram con-
tributes strongly to N*p events. " The pres-
ence of the pion propagator implies that with

increasing c.m. energy, the OPE contribution
tends to concentrate in the N~, and vTt, pairs',
this effect is particularly clear in the (p)n~
7t ~+ final state. Recently, Deck has empha-
sized that the OI'E diagram may also contri-
bute significantly outside the N* interval; in
this case, the strong b.'(N) dependence for vir-
tual vN scattering at vertex I in Fig. 3(a) re-
sults in a sharply peaked angular distribution
in the ~N c.m. system. This asymmetry is
reflected as a low-mass rp enhancement and

provides a possible explanation for the A, peak. s&'2

In addition, this mechanism accounts naturally
for the concentration of events in the A~ region
at 6'(wp) -0.15 (BeV/c)'. For the (P)pv v

final state, vertex I in Fig. 3(a) represents
v'+n —~ +p; consequently, it is possible that
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FIG. 2. (a), (b), and (c): Chew-Low plots of the mp systems in Reactions (1a), (1b), and (1c), respectively. (d),
(e), (f), (g), (h), and (i): projections of mass-squared (~p) for the same reactions. In all plots, events were ex-
cluded if neither 7( &0m pair was in the p interval (600 to 850 MeV). Events with either n~ pair (a), the P7I pair
(b), or either p7I pair (c) in the N* interval (1120 to 1320 MeV) were excluded.

the absence of a. significant ~ p enhancement
may be attributed to the small cha, rge-exchange
cross section above the N* region.

In Fig. 3(b), the exchanged system must have
G = -1; at low 6'(N), this diagram should dom-
inate in the production of resonant states w'hose

decay into 37t is strong. Assuming that the ex-
changed system is a p (since the dominant de-
cay is vp), a.nd neglecting absorptive effects,
the relative rates for A - w +p' [Reactions (la)
or (Ib)] and A -v +p (1c) would be 1:1:0
for I= 1 and 1:1:8for I= 2. To compa, re the ex-
perimental data in the A, region with these
predictions, the low-mass np enhancements
were suppressed' by using only the events with
0.15&6'(vp) ~0.70 (BeV/c)' To min.imize sta-
tistical fluctuations, the distributions in Figs. 2(g)
and 2(h) were combined; this yields a well-de-
fined A, peak of 50+10 events centered at

M(w p') =1300 MeV with I =140 MeV. If I=2
for the A„an enhancement of 200+ 40 events
should appear in Fig. 2(i). No evidence for
any enhancement is observed; we conclude that
the data are consistent with the assumption
that the peak, A, —n + p, represents a sys-
tem with I=1. A similar comparison for events
with b, '(vp) less than either 0.15 or 0.30 (BeV/
c)' indicates that the broad enhancements in
the A, region observed in the present experi-
ment cannot be attributed to decay of a state
with I=2. We note also that the concentration
of events in the A, region at 6'(v p') ~ 0.15
(BeV/c)2 would be unusual for production of
any resonant state through p exchange. For
example, in a study of the reaction v" +n(p)
—w+p(p) at 3.25 BeV/c, Cohn, Bugg, and
Condo' find significant w production in the
region cP(~) ~0.6 (BeV/c)'. The a'(~ p') dis-
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FIG. 3. Diagrams considered in the production of
xp enhancements.

tribution for A, events is similar to that ob-
served in w production.

Figure 3(c) represents a mechanism suggest-
ed by Nauenberg and Pais for generation of
peaks in meson systems. For real particles,
n- Y~ scattering would show a peak in the mass
region where the decay pion from V could
combine with the incident 7T to form Y' ', they
find that a 3m enhancement resulting from the
sequence n +p - 3m - ~ + p' should occur in the

14
A, region. If the mechanism were also effec-
tive for virtual mp scattering, the relative A,
peaks in Reactions (la), (lb), and (lc) would
be 1:1:2. Since no significant A peak occurs,
this mechanism may be rejected.

An additional kinematic origin for the enhance-
ment in the A, region has been suggested by
Chang. ' Since each final state contains two
identical pions, symmetrization of the N~p
production amplitude may produce constructive
interference at the 37T c.m. energy where either
combination can form a p,' subtraction of events
with an Nm combination in the Ã* interval em-
phasizes this region of interference. This ef-
fect is probably not important in Fig 3(a) sinc. e
Deck's calculation yields a strong low-mass
rp enhancement without symmetrization. ' For

Fig. 3(b), the effect can be distinguished from
a genuine resonance only by demonstrating that
the A, enhancement is not a pure state; this
is not possible in the present experiment.

We conclude that the absence of any signifi-
cant m p enhancement precludes the interpre-
tation of either A peak as the decay of an I=2
resonant state. Within statistics, relative pro-
duction rates for the A enhancements in Re-
actions (la) and (lb) are consistent with those
expected for an I=1 state produced through p
exchange. " When considered as a kinematic
effect, several features of the data in the A,
region are in qualitative agreement with pre-
dictions for the mechanism proposed by Deck. '
The possibility remains that the A, peak in
z*p experiments consists of a, narrow resonance
superimposed upon background enhancements
from Fig. 3(a); observation of such a peak in
the present experiment may be difficult because
of decreased production on deuteron targets
or because of poorer resolution.
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ners and measurers; in particular, T. Bonk.
The data reduction was skillfully supervised
by W. Koellner. We are especially indebted
to Dr. John Kadyk, Dr. George Trilling, and
Dr. Joseph Murray for their contributions to
the beam design and construction. The support
and encouragement of Professor Luis Alvarez
are appreciated.

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

)Visiting scientist from Princeton University.
~G. Goldhaber, J. L. Brown, S. Goldhaber, J. A.

Kadyk, B. C. Shen, and G. H. Trilling, Phys. Rev. Let-
ters 12 336 (1964)

2Aachen-Birmingham-Bonn-Hamburg- London-Mun-
chen Collaboration, Phys. Letters 6, 62 (1963).

3S-U. Chung, O. I. Dahl, L. M. Hardy, R. I. Hess,
G. R. Kalbfleisch, J. Kirz, D. H. Miller, and G. A.
Smith, Phys. Rev. Letters 12, 621 (1964).

M. Nauenberg and A. Pais, Phys. Rev. Letters 8,
82 (1962).

R. T. Deck, Phys. Rev. Letters 13, 169 (1964).
N. P. Chang, Phys. Rev. Letters 14, 806 (1965).
Approximately 65% of the events measured had only

three visible prongs; these correspond to a projected
length of less than 1.5 mm for the low-momentum re-
coil. The fitting program treated the unseen proton
as a measured track with momentum components equal
to zero but having appropriate errors in the x, y, and
z directions. For the four-constraint final state,
ppr x, the resulting momentum distribution for the
lower momentum proton is consistent with the Hulthen.

220



VoLUMK 15, &UMBzR 5 PHYSICAL REVIEW LETTERS 2 AUGUsr 1965

distribution. With the weaker constraints in Reac-
tions (1), the momentum distribution for unmeasured
protons tends to peak at zero; the distribution for mea-
sured protons (pI &80 MeV) is consistent with the Hul-
then distribution superimposed on a smooth background.

Since all three pion momenta are measured, mass
resolution in the n ~ 7( system, 6M= +20 MeV, is
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cedure used by W. J. Fickinger, T. C. Bacon, D. G.
Hill, H. W. K. Hopkins, D. K. Robinson, and E. O.
Salant, Bull. Am. Phys. Soe. 10, 587 (1965).
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in both. The second selection, in which each event is
assigned only to the final state corresponding to the
lower momentum nucleon, leads to distributions which
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which contain no nucleon with PL - 220 MeV/c have not
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fact that the A& enhancement occurs at low 42(op).
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SEARCH FOR C-NONCONSERVING DECAYS p p+y AND ~+y+

James S. I.indsey and Gerald A. Smith

Lawrence Radiation Laboratory, University of California, Berkeley, California
(Received 7 July 1965}

In an attempt to explain the observed CI' non-
conservation in E2 decay, a number of authors
have suggested the existence of a, C-nonconserv-
ing (but P-nonviolating) interaction. '~' Bern-
stein, Feinberg, and Lee (BFL) have noted
that "all existing experimental results are com-
patible with the possibility of a very large vi-
olation of C and T invariance in the electromag-
netic interaction of the strongly interacting
particles. "3 C and T represent the usual charge-
conjugation and time-reversal operators. BFL
and others have considered possible C-noncon-
serving effects that would manifest themselves
in the partial decay rates and resulting final-
state asymmetries for the pseudoscalar and

vector mesons. 4 Several experiments testing
these predictions for pseudoscalar mesons are
currently in progress, and the preliminary
indication is that in at least one of these cases
[q(548) -z +e++e j the prediction is not ful-

filled. '
Turning to the vector mesons, BFI show

that if the Hamiltonian describing the electro-
magnetic interaction violates C, T invariance
strongly, and if the isoscalar part of the C, T-
nonconserving current exists, then the rate
for y - &u+ y should be =1.9% of the total y-de-
cay rate, and if the isovector current exists,
the rate for q- p+y should be =2.4% of the

total y-decay rate. Prentki and Veltman state
that the rate y-w++~ +y (pions in S or P
wave) may be as large as 10 to 20%.' Lee has
further noted that in the limit of perfect SU(8)
symmetry, one has I"(y —u +y) =0.791 (p —p
+y).7 Owing mainly to phase- space limitations,
the predicted branching ratio for ~ —p+y is
significantly suppressed below that for y de-
cay, and is undoubtedly consistent with the
recent results of Flatte et al. , giving I"(w —s
+ ~ +y)&0.051 (~ - v++ ~ + wo). s The remain-
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