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Single-Pion Production by 1.96-BeV/c K+ Mesons*
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Single-pion production by Z+ mesons at a momentum oi 1.96 BeV/o is shown to lead predominantly to
E*p and Ã*E Goal states. Study of the dynamics of the reaction shows that the 2PE 6nal state is produced
almost entirely via vector exchange, whereas the E~p 6nal state seems to be produced partly via pion ex-
change and partly via vector exchange. Numerical values in terms of Gottfried and Jackson s parametriza-
tion of the spin-density matrix are given for the E*p 6nal state. Comparison with similar analyses at energies
below and above this experiment indicates that a strong energy dependence of the vector-meson exchange
contributes to the E*l production. We show that the form factors used to 6t the vector-meson-exchange
contribution to these processes at 3 BeV/c do not lit the data at this energy.

I. INTRODUCTION

INGLE —pion production by E+ mesons proceeds
~

~

~

via three reactions:

E++p -+ E'+ll++ p, (1)

E++p~ E++n'+p, (2)

K++p ~ K++sr++st. (3)

In this note we report on our study of these reactions
at an incident K+ momentum of 1.96 BcV/c. The
results ind. icate that we have observed, the phenomenon
common to the inelastic channels at high energies: the
reaction is dominated, by the production of quasi-two-
body final states. Ke find, that single-pion production
at this energy proceed, s mainly via

E++p ~ K+X*(1238), (4)
ol

E++p -+ E*(888)+p. (5)

In reaction (1) both these final states are produced
with the largest branching ratio for the decay of each
resonance. It is thus perhaps not surprising that this
is the d,ominant reaction in single-pion production. Ke
find, that the d,ecay d,istributions of the particles in
channel (4) are in agreement with vector-meson ex-

change, and, in particular with the predictions of a
mod, el by Stodolsky and Sakurai. ' This we have shown
earlier, 2 and —as has been observed in other experi-
ments —at lower and higher energy. ' In channel (5)
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the K* is produced predominantly with small momen-
tum transfer, suggesting a peripheral interaction. Ana-
lyzing the final-state d,ecay correlation in terms of the
E~ spin-density matrix as formulated by Gottfried, and,

Jackson, ' we find on comparison with other experiments
that the vector-meson-exchange contribution to the
total cross section increases with energy.

II. EXPEMMENTAL ANALYSIS

The experiment was carried, out with the Brookhaven
National Laboratory 20-in. hydrogen bubble chamber
in the Brookhaven-Yale beam of the Alternating-
Gradient Synchrotron. The beam. design and. perform-
ance have been d,escribed, .'

All together, 20 000 frames were exposed to a 1.96-
BCV/c separated E+beam. The pion contamination was
determined to be 0.25%.' We found that by scanning
the film twice we couM, achieve a scanning eS.ciency
approaching 100% for the various final states. The
events have been measured on a digitized measuring
IIlacl1111c (FlanckcIlstclll) alld proccsscd with 'tllc klllc-
matical fitting programs psNG and KxcK' on the IBM
7090 computer. The events have two topologies.

(a) Two Charged Particles with an Associated
Charged Decay of a V' in the Final State

An attempt was mad, e to fit the t/' to the decay modes

K'~ sr++sr- and A.' —+ ll +p.
No events were found, that fitted, the Ao d,ecay mod, e.
Each event was then again examined, and was ac-
cepted if the result of the kinematical fitting was con-
sistent with the bubble d,ensity observed, on the scan
table. No ambiguities were found, among events of this
topology.

4K. Gottfried and J. D. Jackson, Nuovo Cimento 33, 309
(1964); Phys. Letters 8, 144 (1964).' C. Baltay, J. Sandweiss, J. Sanford, H. Brown, M. Webster,
and S. Yamomoto, Nucl. Instr. Methods 20, 37 (1963);J.Leitner,
G. Monetl, aIld N. P. Samlos, QAE. 20, 42 (1963).

'W. Chinowsky, G. Goldhaber, S. Goldhaber, T. O'Halloran,
and B. Schwarzschild, Phys. Rev. 139, 31411 (1965).

'Arthur H. Rosenfeld, editor, Reference Manual for KrcK,
Lawrence Radiation Laboratory Report UCRL-9099, 1961
(unpublished).
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FIG. 1. Invariant mass distribution of the pions from E& decay.
For one-constraint fits, the full width at half-maximum is 21.8
MeV. For the four-constraint fits the full width at'half-maximum
is 7.4 MeV.

(b) Two Charged Particles in the Final State

Events in this category can be either elastic events,
which are kinematically fitted with four constraints,
or inelastic, which can be kinematically fitted with one
constraint only. Since the one-constraint fits usually
give ambiguities in the fitted events, it was necessary
to rely on bubble-density criteria to distinguish among
the possible final states. To do this, we have limited, our-
selves to those rolls of film in which the bubble d,ensity
and contrast made the evaluation of track identity
reliable. In selecting the track identity by ad, ding
ionization criteria to the kinematic fitting, it was
possible to resolve the ambiguities in this topology for
80% of the events. The remaining 20% of this sample
of events are selected, on the basis of the lowest x
value for the kinematic fitting. These events are found
to fall into the di6erent final states in ratios consistent
with the unambiguous events. The cross sections are
determined by normalizing to the events belonging to
topology (a). These have appeared elsewhere. '

We used the events from reaction (1) with visible J '
d.ecays to determine the mass resolution in the experi-
ment as well as to check the entire analysis procedure.
We fitted these events by considering the K' decay as
having occurred at the primary vertex, simulating the
reaction E++p ~ ir+x. vr+p. We then calculated the
invariant mass of the appropriate x+~- pair. In ord, er
to study the mass resolution for one-constraint fits the

track was deleted from the fitting program for this
sample of events. The weighted mean value of the E'
mass for the four-constraint fit is 499.0+0.2 MeV, and,

for the one-constraint fit 498.0&0.5 MeV. The error
quoted in both cases is statistical only. The full width
at half-maximum for four-constraint fits is 7.4 Mev, and
for one-constraint fits 21.8 MeV. The comparison of
the experimental resolution for one-constraint and, four-
constraint fits is shown in Fig. 1.
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FIG. 2. Dalitz plots for the 3-body final state. The E* is
defined as 840~&&~ &~940 MeV. The E* is defined as 1120
~& 3E„~&1320 MeV.

III. EXPERIMENTAL RESULTS

The Dalitz plots for the three reactions, (1), (2), and

(3), are shown in Fig. 2. Reactions (1) and (2) can
proceed via the resonant final states E*p and EX*, '

while reaction (3) can proceed only via E+Ã*; non-

resonating background also contributes to each. An in-

spection of the Dalitz plots shows clearly that reactions
(1) and (2) are dominated by resonance formation. In
ord, er to examine these processes in detail we shall in
wh'at follows concentrate on reaction (1).'

To separate the events into two final states we have
mad, e use of a technique introduced, by Eberhard and,

Pripstein. ' For each event in one of the resonant bands
outside the overlap region of the two resonances we
have defined, a conjugate mass by reversing the direc-

' In this sample of 588 events we find 311 events belonging to
topology (a) and 277 to topology (b), which includes 27 am-
biguous events.

'P. Eberhard and M. Pripstein, Phys. Rev. Letters 10, 351
(1963}.
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tion of the particles forming the resonance in the rest
system of the resonance. Although this does not change
the invariant i»ass of the resonating pair, it does give
another value for the mass of the nonresonating pair. If
the resonance is a pure slate, parity conservation gives
the mass-conjug ate state an equal probability of being
formed. We can now examine the overlap region for
possible interferences between the two resonances by
removing all events in the overlap region and repopu-
lating this region with the mass-conjugated events. By
this procedure we remove 100 events and repopulate
the region with 103 events. This result indicates that
the interference between the two final states is small,
and we neglect it. In our analysis we examine the decay
distributions of the E* and S* resonances. When we
examine the E* we remove the effect of the S* events
by subtracting the conjugated N* events (or for N*,
the effect of the K* by subtracting the conjugated K*).

We find for reaction (1) that 29% of the final state
corresponds to K*p and 49% to EON*. The remaining
22% of the events in this channel are not associated with
a specific resonance formation, and are thus attributed
to "phase space. "The corresponding cross sections are,
respectively, 1.3&0.2, 2.3+0.3, and 1.0&0.2 mb. The
cross sections for these channels were obtained by
defining the E* and N~ bands by 840~&Mzo +~&940
MeV and 1120&~ M„+&~ 1320 MeV, respectively.
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(a) The Final State K"N', Ã*++ —+ p~+

This final state cannot be produced with one-pion
exchange without violating parity or angular-momen-
tum conservation at the EEm vertex. The simplest
process involving a single-particle exchange, therefore,
must be a vector-meson exchange. Stodolsky and
Sakurai' have proposed an analogy between the photo-
production of the S* and production of an S* by a
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virtual p meson. This predicts an M1 —+ P3&~ coupling
at the ppN* vertex. (Isoscalar exchange such as an a& is
forbidden for this charge configuration. ) The distribu-
tion IV predicted by this model for the angle & between
the normal to the production plane and the direction
of the decay pion in the rest frame of the S* is

II'(cosy) = 1+3 cos2y.

The prediction for the Treiman-Yang angle p is

(6)

W(P) = 1+2 sin2p. (7)

The experimental distributions are compared with the
theoretical predictions in Fig. 3. The shaded area repre-
sents the result after the mass-conjugated E* events
which are in the double-resonant region are subtracted.
These angular distributions are in good agreement with
the proposed model, as has been observed in other
experiments. '

Jackson and Pilkhun, " using the Stodolsky-Sakurai
model, have calculated the lV*-production differential
cross section. I:t is given by

da 2q' g' G' 1 F(62)

dO 3sq 42r 42r (M„+Mme)2 M p2+dP

-3MK.2+M 2+62
sq'q" sin'8

CU
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+ 1 [(M MN~)2+g2][g2+ (MK+ MKO)2]

X [&'+ (MK++MK')'j (g)

-1.0 -0.5 0.0 0.5 1.0
Cos

FIG. 3. Decay distributions for the N* in the rest system of the
N*. Here y is the angle between the normal to the production
plane and the direction of the pion in the N* rest system. The
angle p is the Treiman-Yang angle. The curves shown are the
Stodolsky-Sakurai predictions for the angles p and p.

where g2j42r is the coupling at the meson vertex,
G'/42r is the coupling at the baryon vertex, q is the
c. m. momentum of the E+, q' is the c. m. momentum
of the E', s is the square of the total energy in the c. m.
system, and F(6)2 is the form factor.

' J. D. Jackson and H. Pilkhun, Nuovo Cimento 33, 906
(1964); 34, 1841 E (1964).
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where the s axis is the direction of the incoming E+
meson in the rest frame of the E, and the x-s plane
is the plane of production. Integrating over p or cosa,
we obtain

W(cosn) = o/(1 p—oo)+, (3po, o
—1) cos'n], (10)

W(p) = (1/27r) L1—2pi i+4pi, i sin'p]. (11)

In order to determine the parameter Repy, p of the spin
density matrix we average over sin2n cosp, obtaining

Rept, o
———(5/4v2)(sin2n cosP). (12)

If absorption effects are negligible there will be no inter-
ference between pseudoscalar and vector exchange, i.e.,
py, p=0. Furthermore pp, p then measures the fraction of
the total cross section proceeding by one-pion exchange.
Best fits to the angular distributions are shown in Fig. 5.
The fit has been obtained on the d,ata from which
the mass-conjugated, S~ events have been removed
(shaded in the figure). From these curves we obtain

A good fit to the experimental data' at 3 BeV/c was
obtained by using (8) with &(~') = exp( —~'/t'), t= o 72
BeV, and (go/4or) (Gr/47r) = 19. We have tested whether
these same parameters will also fit our d.ata at 1.96
BeV/c. In Fig. 4 we show the differential cross section.
The dashed curve corresponds to the evaluation of
Eq. (8) without the inclusion of a form factor, i.e.,
F(LV) = 1. The solid curve corresponds to (8) with the
parameters used at 3 BeV/c.

It is evident from comparing the dashed curve with
the plots of the experimental data in Fig. 4 that some
modification of the model expressed by (8) is required.
It is also apparent that the form-factor parametrization
used to fit the 3-BeV/c experiment does not fit our data.
A unique etsergy imdepertdertt -form factor such as used
here is thus not ad, equate to fit both sets of d,ata.

It has been pointed, out" that an alternative or
perhaps additional modification of the simple peripheral
model is called for because of the presence of competing
inelastic reactions. These reactions give rise to a damp-
ing of the low partial-wave reaction amplitudes. This
phenomenon is referred to as the absorption effect. In
this paper we have not attempted, to include these
effects.

po, o=0.30&0.05 and pi i=0.18+0.07.

Furthermore, we find Repy, p= 0.05+0.02 from the
average indicated in Eq. (12). In Fig. 6 is shown the
differential cross section for the E*+production decay-
ing by the E'm+ mode. Again the pred, ominance of
small momentum transfer indicates a peripheral type
of interaction. Neglecting interference effects, one can
write the differential cross section as"

(13)

I.OO

Qe (BeV)

I.O 2.0
I i I I

1
i i I I

f
i

where

do p Zg g~e G

dO 3sg 4x 4m 4'~*'
(5'+ (3fx axe)o][6'+ (—Mrr+3IIxe)']

X (14)
(3II.'+ LV)'

s is the total energy in the c. m. system, squared„q' is

(h) The Final State Ko+P; X*+-+ oooo+

This 6nal state can proceed via x, p, or co exchange.
The general angular distribution for the decay product
in the rest system of the resonance is, in terms of d.ensity
matrix elements, 4

W(cosn, p) = (3/4') (po, o cos'a+pi, t sin'n
—pi, i sin'n cos2$—v2 Repi, o sin2n cosQ), (9)
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contributions.
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the c.m. momentum of the E*,q is the c.m. momentum
of the E+, g'E*/4 wis the E+rr'E*+ coupling constant
=0.75, G /4w is the pwtV coupling constant= 15, As is
the momentum transfer to the E*, and

do„q fs 1

dQ 3Mx~sq 4w (M '+As)s

(G.+Gr)s 6s
X —[&s+(Mx—Mz )'3

4n- 4

X [LP+ (Mrc+Ma. )']+2sq'q"

-Q 2 6,2 g2
Xsins8 + — , (15)

4m 4 4M„2

f'/4w is the EVE* coupling constant, G„'/4rr and
Gz'/4m. are the vector-meson —proton coupling constants.

Comparison of the data with the shape of the diRer-
ential cross section given by these formulas shows a
poor 6t, indicating the need for inclusion in the calcu-
lation of either the effect of absorption in the initial or
final state (or both) or of form factors. From the cross
section for reaction (1) proceeding by channel (5) and
the value we obtained for ppo we estimate the partial
cross sections of the pseudoscalar and vector-exchange
contributions. These are, respectively, 0.4+0.1 and
0.9&0.2 mb. Here we must note that experimentally
we know only the integrals over the two differential
cross sections and their combined shape, but not the
individual shapes. We now attempt to ht the pseudo-
scalar and vector parts of the cross section by Eqs. (14)
and (15) suitably modified by form factors. In the case
of the pseudoscalar part we modify Eq. (14) by the
introduction of a form factor ~F(LV) ~s. Here we use
the analytic form F(Lg)= (A —M ')/(t), '+A'), where
A'=0. 165 (BeV)'. This form factor has been used pre-
viously to calculate the reaction E++p~E*+N*,
which proceeds mostly via one-pion exchange and has
given reasonable fits" to the measured cross sections

~G. Goldhaber, W. Chinowsky, S. Goldhaber, W. Lee, and
T. O'Halloran, Phys. Letters 6, 62 (1963) fa factor of zs was

at 1.96 and 3.0 BeV/c. Upon integration of (14) with
this form factor, we obtain a total cross section of 0.30
mb, in reasonable agreement with the experimental
result. In order to determine the vector meson con-
tribution we have used (15) modified by the form factor,

F(As) = exp( —As/tss),
where

ts' ——0.49(BeV)', (f'/4rr)X (G',/4w) =12,

and Gy=0, which, for co exchange, gave a good fit" to
the E* production at 3 BeV/c. Here the integrated
cross section is 0.45 mb which is significantly lower
than the experimental value of 0.9&0.2 mb. The curves
obtained for the pion-exchange and ~-exchange con-
tributions are shown on Fig. 6 also.

We conclude that the vector-exchange form factor
used in the parameterization for the 3-BeV/c data
does not reproduce our data at 1.96 BeV/c. On the
other hand, the form factor and parameterization used
for the pseudoscalar exchange in the E*S*final state,
both at 1.96 and at 3 BeV/c, are in reasonable agree-
ment with our data here.
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