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An experiment measuring the differential cross section for K p charge-exchange scattering
was done at 1.8 GeV/c. The results of the neutral-trigger spark-chamber detection scheme
gave 2610 events with neutral mass range 900-1700 MeV. The results were fitted to Legen-
dre polynomials to order 7 for do/dO. The results are significant to order 6 for da/dQ(K p
-I7 n) =P„a„P„(ooss*};a0=52+ 6 ~ a& ——112+14, a2 ——122+23, as =106 +22, ac ——84+26, a&

—-59
+18, a6 =26+19. Earlier data show a dip in the forward do/dQ; no such dip is evident from
the data of this experiment. The results of this experiment in the forward direction are not
inconsistent with an absorption-model modified p-exchange mechanism for the charge-ex-
change process.

I. INTRODUCTION

During the past decade K p charge-exchange ex-
periments have been performed over a wide range
of incident beam momenta. ' " The da/dQ(K' p
-K n) seems to follow a regular pattern of
change as the incident momenta increase. At 1.8
GeV/c (Ref. 13) and at 2.45 GeV/c (Ref. 16) it was
noticed that there was measured a do/dQ with a
distinct dip in the forward direction, i.e., for min-
imum -t. This differed from the regular pattern
at neighboring momenta. This dip was also not
consistent with a simple vector-meson-exchange
model. The data on do/dn(K p-K n) from the
measurements of this experiment do not have this
somewhat anomalous forward dip. This experi-
ment's data at 1.8 GeV/c in fact give credence to
p exchange in K p-F'n at this intermediate mo-
mentum.

The data were collected in a counter-spark-
chamber experiment run at the Bevatron. The de-
tails of the 1.8-GeV/c K enriched negative-me-
son beam are described elsewhere. " The useful
negative-kaon beam was focused to pass through
a series of beam-defining counters (Fig. 1). It
then passed through an ethylene differential
Cerenkov counter which selected K /v electron-
ically to &10'/1. The physical K /s ratio at the
liquid-hydrogen target was -1/10. The beam
spread was ~5%.

II. EXPERIMENT

The negative-kaon-proton interactions occurred
in the liquid-hydrogen target, LH, . The LH, con-
sisted of a cylindrical flask -15 cm long and -5

cm in diameter (Fig. 2). The LHs was -1 g/cm
of liquid hydrogen in the kaon beam path. Scintil-
lation counter detectors formed a cylinder, closed
on one end, around the LH, flask. Except for
those in the most backward hemisphere this cup-
shaped detector subtended almost all the solid an-
gle for particles originating in the LH, . This de-
tector was used to detect and electronically veto-
out charged particles which: (1) entered the liquid
hydrogen but passed straight through without in-
teracting; (2) scattered out elastically; (3) origi-
nated from inelastic interactions with particles at
the production vertex. The inefficiency of the
"bottom of the cup, " a disk-shaped element in the
kaon beam, T„was measured to be &0.06%. The
"sides of the cup, "a cylindrically shaped element
coaxial to the kaon beam, T„had a measured in-
efficiency of s4/().

The negative-kaon beam was defined by the eth-
ylene differential Cerenkov detector and a series
of four scintillation detectors placed upstream to
the LH, flask, (Fig. 2). The placement of the thin
scintillation detector just upstream of the LH, was
critical to the realization of high veto efficiency
of the noninteracting kaons. The function of the
other beam-defining detectors is evident from
their physical placement and their use in the elec-
tronic logic (Table I).

The neutral-particle production was partially
separated from charged-particle production by
using the cup-shaped detectors surrounding the
LH, in the veto-logic mode.

The detection of K p-P'n through the F'- m'

channel was effected by using the vertical double-
plane picket-shaped hodoscope configuration of
scintillation detectors (Fig 3). The e. lectronic
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TABLE I. Basic electronic logic definition of negative-kaon-hydrogen charge-exchange reaction. See Figs. 1, 2,
and 3.

Negative meson (w or K )

Negative kaon (C = Cerenkov)

Negative-kaon-induced (neutral)
interaction in LH2

Use of FAN-INs, LINEAR
GATES, and DISCRIMINATORS
gave an output pulse for
two coincident picket counter
pulses

K p K n charge-exchange
triggering condition

MESON=B'. NOT. Ag 2. AND. H. NOT. A3

K = C. AND. MESON

K~ =K . AND. Tp. NOT. T3
OR

=K . AND. T(. NOT. (T2. OR. T3)

Ko

EVENT=K . AND. K~

one or more side mirrors to realize this stereo
viewing.

III ~ DATA

The data were taken in two different modes.
Most of the data were taken with both T, and T,
used to electronically veto charged particles. A

small part of the data was taken using only T, to
electronically veto charged particles.

The data from the two modes were analyzed
separately to accommodate the different detector
acceptance for these two modes called "T, or T,"

and "T, only. " Approximately 2.8&&10 pictures
were taken in the "T, or T," mode and the remain-
ing were taken in the "T, only" mode. In the "T,
or T,"mode there were 1320 K 's/master trigger.
In the "T, only" mode there were 235 K 's/master
trigger. The total number of K 's incident upon
the target was estimated to be 21x10' for the "T,
or T,"mode and 2.9x10' for the "T, only" mode.

The K p-Pn event scanning selected events
with one incident beam track and two outgoing di-
vergent tracks. Events were accepted for mea-
surement if they also included a "straightthrough"
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FIG. 3. Layout of K beam and K -2n spark chambers, K -2~ hodoscopes, an



2714 SOSSONG, ELLS%ORTH, CARLSON, DAVIS, AND JAUCH

IV. ANALYSIS

Further geometrical reconstruction and some
kinematical fitting were done by KINEMM. Vertices
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parallel to the kaon beam or a "stray track" no

LH, originated. These "extra" tracks were ig-
nored in the event-track measurements. In "mar-
ginal" cases the event was included rather than
excluded. Non-K p- P'n events were discarded
from measurements based upon geometrical or
kinematical criteria.

The K p- I7'n event measuring was done on the
LRL SCAMP." This is a film-plane digitized
machine with a fixed format magnetic tape output.
The least count of SCAMP is 1 p, . This corre-
sponds to -0.06 mm in laboratory space. The op-
tical lab/film demagnification was -60: 1. A mea-
surement accuracy of about 5 p, could be realized.
A typical measurement accuracy was 10 p. .

The film event editing, track spatial reconstruc-
tion, and event kinematical fitting was done in
three stages using programs EDITOR, GEOMET,
and KINEMM. The events from the SCAMP mea-
suring machines were checked. Events that con-
tained "obvious" errors were eliminated. "

These edited measured events were digitized in
SCAMP measuring machine's coordinates. Param-
eters obtained from surveyed values of the fidu-
cials were used to calculate the event-track coor-
dinates in the laboratory coordinate system.

of "V's" from P -g'+ n candidates were deter-
mined. Events with acceptable separation distance
between the g', g track pair, which were associ-
ated with a neutral link from the point of negative-
kaon-beam interaction in LH, target, were pre-
served for kinematical analysis. The kinematics
of K p-ETn reconstruction are summarized in
Fig. 4. The kinematical analysis of event recon-
struction was based on the following pattern: (1)
a single clear beam track was identified; (2) a
pair of nonbeam tracks were identified; (3) the
vertex of the secondary pair of nonbeam tracks
was measured through a criterion for minimum
distrace of closest approach for the extrapolated
nonbeam tracks; (4) the intersection of the V plane
with the beam track had to lie within the hydrogen
target, and the beam-track V combination had to
be structurally consistent with a possible IT&
event; (5) now assuming the tracks are consistent
with a K p-F'n event the momentum of the A and
the MM of K p-KMM are calculated. This is the
MM distribution of Fig. 4.

About 7203 events were measured. Of these,
4534 were successfully geometrically reconstruct-
ed. About one fourth of the events had the recon-
structed point of the negative-kaon-beam interac-
tion point outside the LH, . This left 3331 accept-
able events. Of these 3331 "target originated"
events, 2023 of the "T, or T,"mode events and
587 of "T, only" mode events gave positive values
for the missing mass assuming K +p- P'+ MM.
The ensembles of these missing masses, MM, are
shown in Figs. 4 and 5.

The neutron peak, MM = 940 MeV, is clear. The
spread in the neutron peak arose from several
sources including (1) track measuring errors, (2)
the physical jitter of the sparks in the spark cham-
ber which caused the particle tracks to be imper-
fect lines, and (3) uncertainty introduced by as-
summing the momentum of the incident kaon to be
1.8 GeV/c when, in fact, there was a spread in the
beam momentum of full width at half maximum,
FWHM, of approximately 45 MeV/c. The spread
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FIG. 5. Missing-mass distribution before cuts for
"T'3 only" trigger mode.
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and

F'*+n,

A+ m',

Z +m,'

(1)

(2)

(3)

(4)

and the multiparticle final states

P'+ s+ (N)s',

F'*+n+ (N)v',

A + v'+ (N}v',

1000 I I I I I I I I I I

Simulated Spread in Neutron Peak

(5)

(6)

(7)

in the neutron peak originating from all these
sources' was calculated by the Monte Carlo tech-
nique (Fig. 6). The cuts for the neutron peak, to
select K p- Vpg events, were taken at 840 MeV
and 1040 MeV. To select K p-Id'n events, it was
necessary to take into consideration background
reactions which could simulate the trigger mode
and topology of the K p-F'n reaction. Background
reactions include the following final-state two-
body reactions:

and

Z'+ v'+(N}H. (8)

Reaction (1}has a small cross section (-75 pb
at 1.8 GeV/c}." It may give four charged parti-
cles, thus further lowering the probability of see-
ing it in the P'n simulation. Reaction (5) would not
need to be considered further; it cannot simulate
i'n with the n mass inside the experimental res-
olution for the n mass. The MM resolution varies
slowly with cos8". Reaction (5), K P-K'n(Nv'),
does not contribute to K p-Pn over any of the
range of the neutron peak. It lies entirely outside
of the neutron peak both at the forward and inter-
mediate angles of ST production.

The missing mass for events arising from re-
action (2) is higher than the neutron peak and thus
it does not simulate P's. Similarly, reaction (6)
does not contribute to the Pn "neutron peak. "

Reactions (3), (4), (7), and (8) all contributed to
the F'n- "neutron peak" simulation. Data on these
reactions near 1.8 GeV/c are sparse. Based upon
experiments done at 1.2 GeV/c (Ref. 9) and at 2.24
GeV/c (Ref. 15), an approximation to the partial
cross sections was obtained. A linear interpola-
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FIG. 8. Monte Carlo-generated detection efficiency for K p —K n for the experimental set up shown in Fig. 3.

tion gave v(AO+ neutrals)+ g(Z'+ neutrals) a 1.2 mb.
An extrapolation of the data at 1.2 GeV/c indicated
that a(Z'+ v') =0.4 mb at 1.8 GeV/c. Data on (3)
at 1.7 GeV/c (Ref. 11) indicated it was -0.9 mb at
1.8 GeV/c. A Monte Carlo study of the background
reaction, if the four partial cross sections were
the same, showed that (3) gave the largest frac-
tional simulation to the neutron peak. Using the
production angular distribution from data at 1.7

GeV/c (Ref. 23), (3) was simulated as it would

have been detected. The background summarized
in Fig. 7 and at the lower end of the missing-mass
spectrum was primarily from reaction (3). A sub-
traction was made for this background. A corre-
sponding subtraction was then made in the angular
distributions. Only reactions (3), (4), (7), and (8)
can produce a background that would lie within the
neutron peak of K p-E'n. None of these reactions
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FIG. 9. The final corrected K p —Kon differential cross section at 1.8 GeV/c (experimental points with error bars)
fitted to Legendre polynomials through P6(cose*).
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TABLE II. Coefficients and errors for Legendre
polynomial fit.

l, O a s s v
l

s i ~ s ) s ~ ~ v l ~ I y ~

l max

P5 P6 P7
a&+Qa; a; +Da& a; +Da;

K p ~ K n Angular Distribution with p Exchange

ao
at
a2

a3
a4
a&

a6
a7

X2

Degrees of
freedom

48.5 + 5.1
114+14
102 +17
112+22

55.4+ 15
62.4+ 18

18.7

34

52.3+ 5.9
112+ 14
122 +23
106+22

84.1 + 26
58.5+ 18
25.9+ 19

16.4

52.7+ 5.9
113+ 17
122 +23
108 +29

83.8+ 27
60.5+ 29
25.7 + 19
1.75 + 20

16.9
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o
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K

Confidence level 98.1% 98.8% 98.3% FIG. 10. K p-K'n angular distribution for simple
p exchange. See Ref. 11.

produces a peak. Rather their contribution is
quantitatively small and not artificially enhanced
in the important neutron-peak area. Although the
cross sections for these reactions are not known

well at 1.8 GeV/c they are known well enough to
accurately correct their contribution to the neu-
tron peak of E p-R'n.

A Monte Carlo calculation of the instrument de-
tection efficiency, g(K n), for K p-K n (fraction
of events detected per interval of cos8* = 0.05) is
shown in Fig. 8. This efficiency was then folded
into the background-corrected data. The charac-
teristic biases for the two trigger modes, "T, or
T3" and "T, only, "were determined. The final
result is in Fig. 9.

V. RESULTS AND CONCLUSIONS

The do/dQ(K p-F'n) data were fitted to the
Legendre-polynomial series

f(cos 8*)=Q a„P„(cos8*).
n

These results are in Table II. An examination of
the f(cosP) with the a„coefficients, Table II,
indicates that terms through order 5 are essential.
Terms through order 6 are significant. The K p
-~n data are thus adequately fitted with Legendre
polynomials if one includes terms up to and in-
cluding P,(cosP}. See Fig. 9. This curve is
based on the data in this experiment and thus is
on a relative scale.

It should be noted that there was a low detection
efficiency for neutral K's for 8» &75' (Fig. 8}. The
absence of backward $7"s in this experiment is
thus not regarded as significant.

At two intermediate momenta, 1.8 GeV/c (Ref.
13) and 2.45 GeV/c (Ref. 16), do/dQ(K p-K n)
has a significant dip in the number of events in the

small-t data bin (0.95 &cos8ro&1.00). This was
used to preclude an interpretation of the cross
section in terms of a p-exchange mode. "" This
experiment's results for der/dQ(K p-P'n), for
small momentum transfer squared -I;, show a de-
crease with increase in momentum transfer (Fig.
9). While a forward dip would preclude the use of
the simple p-exchange model to describe the an-
gular distribution, even without the forward dip
this model is inadequate to accurately interpret
the results of this experiment. The differential
cross section for K p-K n at 1.7 GeV/c was cal-
culated using the simple p-exchange model" (Fig.
10). A comparison of its general shape with the
data of this experiment or with any of the other
experiments at nearby momenta shows that the
model is inadequate to account for the experimen-
tally obtained results (Fig. 11).

It is possible, however, that a modified form of
the single-particle-exchange idea may be useful
to explain the significant forward peak seen in this
experiment as well as in most of the other experi-
ments above 1.7 GeV/c. Some of the modifications
that have been suggested include the use of form
factors at the vertices, "absorption in the initial
and final states, "direct-channel resonances, "
and the exchange of Reggeized particles. ""
Other models invoked for K p-ITn in the inter-
mediate and high-energy regions are diffraction""
and dispersion relations.

An attempt was made to fit the data of this ex-
periment to a Regge pole using the p and A, .""
The fit was not satisfactory. The intrinsic aspects
of this model may not be valid at this intermediate
energy. Arnold" develops the simple single-par-
ticle-exchange model for K p-STn in dispersion
theory. "'" Arnold formulated the K p-Pn scat-
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tering to satisfy unitarity in the high-energy limit.
For small momentum transfer the fit is fair.
However, it fits the data of this experiment better
than that of Dauber" in the comparison by Arnold. "
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We have found 33 events of the type K+ w+7t pand 31 of the typeK 7t m y in an ex-
periment using spark chambers. The angles of the observed decay products were used to
determine the angle between the charged pion and the y ray in the K rest frame. The dis-
tribution of this angle showed no indication of a direct radiative process but instead was
consistent with internal bremsstrahlung. In order to be quantitative concerning the amount
of direct interaction, we selected 24 events with the charged-pion kinetic energy T restricted
to 58 ~ T ~ 90 MeV and carried out maximum-likelihood fits for various assumptions re-
garding the radiative amplitudes, final-state interaction, and amount of CP violation.
Assuming no magnetic dipole, the largest value found by the maximum-likelihood fit for the
direct (electric dipole) amplitude is Ag = 0 12+ p'2g relative to the internal-bremsstrahlung
amplitude. If the direct process occurs, and if CP is appreciably violated in the K 7t 7f y
decay, there would be a difference between the rates for K' 7|+m y and K 7f 7t y. Our
result is I'(K m x y)/1 (K+ n+z y) -1= 0 + 0.24. Thus a large asyxnmetry suggested
by some theories is ruled out by this observation.

I. INTRODUCTION

The decay K'- m'n'y can occur through either the
internal-bremsstrahlung (IB) mechanism or a so-
called direct process. In the IB process, one of
the charged particles which appears in the labora-
tory (K' or w') emits the photon, and the weak in-
teraction K' -w'w' therefore proceeds with that
particle off the mass shell. In the direct process,
it is impossible to separate the radiative vertex
from the weak decay interaction. The two types
of processes are represented in simplified form
by the diagrams of Fig. 1.

The decay K'-w'w' violates the AI =2 rule be-
cause the pions must be in an I =2 final state. It
is suppressed relative to the decay K'-mm by a
factor of about 600; therefore the direct decay,K'- m'n'y, can compete more favorably with the
IB rate, which is on the order of 1'fo of the K'
-m'm rate. If a direct amplitude is observable,
then it is possible to test CP invariance in the
electromagnetic and/or weak interaction by com-
paring the partial decay rates and Dalitz-plot den-

sities for the reactions K+-x'm y and K -m w y. '
According to some estimates, ' the ratio I'(K
—w w'y)/I'PC' —w'w'y) of these partial rates might
be as large as 3.

Three experiments have been reported' ' on the
decay K'- m'm'y to date. None of these experi-
ments shows evidence of an appreciable amplitude
for the direct process.

In this paper we report the observation of 33
events of the type K'-~'n'y and 31 of the type K
—z-m'y. Section II presents a description of the
experimental procedure including the event recon-
struction, and Sec. III contains a description of
the analysis procedure. In Sec. IV we present the
conclusions.

II. EXPERIMENTAL PROCEDURE

A. Apparatus and Technique

The K' —w'm'y events were obtained during a
measurement of the relative partial decay rates
for K'- m'm'm'. ' The apparatus is described in
detail in Ref. 6, so we present only a summary of


