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In a. single K regeneration experiment, all the parameters needed to specify the phase of
the CP-noninvariant parameter q+ have been measured concurrently. The K~2 data have
given the q+ phase relative to the phase of the K& regeneration, while the regeneration phase
has been measured directly using the K~3 charge asymmetry. Incorporated in the latter mea-
surement is an experimentally determined correction for the effects of incoherent regener-
ation. The experiment yields argy+ =36.2' + 6.1'.

I. INTRODUCTION

The coherent production of K', mesons from
long-lived K', mesons passing through material
has provided an extraordinarily valuable tool for
studying not only the K,'-K,' system in detail but
also the parameters which characterize the CP
noninvariance observed in K,' decay to two pions.
The interference between the amplitude for 2m de-
cay which results from the coherent scattering of
K O2's in material (coherent regeneration) and the

amplitude for direct decay K,'-2n has been an im-
portant source of information on the phase of g,
the ratio of the amplitudes for K,'-m'm and K',- m'm . Specifically, the interference pattern in
the 2n rate observed downstream from a regen-
erator is characterized by a phase term
cos(y, —y +5T), where p, is the argument of

y, is the phase (relative to the K,' wave) with
which the K', wave has been coherently produced
in the material, ~ is the proper-time interval be-
tween exit from the material and decay (in units
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of the K ', lifetime, ~,), and 5 is the K ',-K,'mass
difference in units of 1/v, . Therefore, with 5

known, ' ' the study of the interference leads to
knowledge of argy, only after independent infor-
mation on the phase of the coherent regeneration
has been obtained. This phase depends on K' and
K' nuclear scattering amplitudes about which there
is no direct information. The usual approach 4 to
getting this input has been to use whatever K' and
K nucleon scattering information is available, as-
sume charge symmetry and the validity of the op-
tical model, and compute the regeneration phase.
Alternatively, total cross section data for K' and
K nuclear scattering have been used to extract
the imaginary part of the forward amplitude (again
assuming charge symmetry), which is then com-
pared with the magnitude of the regeneration am-
plitude, also an absolute measurement. ' The re-
generation phase is thereby determined, to within
a si'gn. Clearly, the indirect nature of such phase
determinations may lead to systematic errors
whose magnitude is difficult to estimate.

The first direct measurement of the regenera-
tion phase was made by Bott-Bodenhausen et al. '
They utilized the fact that the aS=aQ rule per-
mits only the decays K'-m l'v and K'-z+l v.
Therefore, as a K,' beam passes through material
and a new admixture of K' and K' is created, a
charge asymmetry. among the leptonic decay prod-
ucts results. This charge asymmetry has a
damped sinusoidal dependence on the proper time
downstream from the regeneration material. The
period of the sinusoid is characterized by the
K', -K,'mass difference, and its starting phase is
related to the regeneration phase. Depending on
the regenerator the charge asymmetry can be made
as large as 10-20%. This same method was sub-
stantially extended by Bennett et a/. ,

' who, how-
ever, did not have sufficient resolution, using only
scintillation counters, to a11ow a full kinematic re-
construction of each decay event. As will be shown
later, the ability to reconstruct each event in the
present experiment enables one to distinguish, in a
statistical sense, between the various scattering
processes, coherent, diffractive, and inelastic,
which contribute differently to the charge asymme-
try.

The principal thrust of this experiment was to
measure the proper-time distribution of the charge
asymmetry of the K„decay mode downstream from
a regenerator and concurrently measure the struc-
ture in proper time of the 2m decay rate. To a
first approximation, the phase difference of the
two structures yields argy, . By performing both
measurements in the same apparatus at the same
time, one can hope to minimize many of the sys-
tematic errors which frequently occur when infor-

mation is obtained by combining the results of in-
dependent experiments which measure different
quantities under widely varying conditions. A par-
ticular example of cancellation of possible sys-
tematic errors in the present K„and K„mea-
surements is the insensitivity to the K,-K,' mass
difference. Since the 6 dependence is similar in
the phases of the two decay modes, the sensitivity
of argy, to 6 is very weak. In contrast, an al-
ternative method" for the measurement of this
quantity, based on the interference in the K„de-
cay mode of the K', and K,' components of an ini-
tial K' beam, exhibits a strong mass-difference
dependence (3' per 1% change in 5). This level of
precision in 6 has been achieved only in completely
independent experiments. ' '

II. APPARATUS

The experiment was yerformed at the Alternating
Gradient Synchrotron (AGS) at Brookhaven National
Laboratory. Included in the experimental program
was a measurement of the K', -K', mass difference
which has been described previously. ' The ex-
perimental arrangement, consisting of a neutral
beam and a magnetic spectrometer with wire-plane
spark chambers, was substantially the same as
that used in the mass-difference experiment. Here
we will emphasize only the features especially im-
portant for this measurement.

In Fig. 1 is shown the layout of the spectrometer,
along with the three regenerator positions at which
regenerator data were accumulated. Veto counter
A moved with the regenerator. Comparable
amounts of free decay data were taken with counter
A. at the 24-in. and 52-in. positions. Nominally
the over -all coincidence-anticoinc idence
A.E II I'~. E~.B~ B~.K (where the bar denotes
an anticoincidence) was required to trigger the
spark chambers. For a majority of the run, the
selectivity of the trigger for the K„and K„decay
modes was enhanced, respectively, by the ad-
ditional requirement of a Cerenkov signal or by
rough restriction of the pion transverse momentum.
The latter requirement was accomplished through
appropriate coincidences between an additional
coarse-grained hodoscope" supplementing the
back hodoscope, B~ and B» and the front hodo-
scope, El and E~ .

The precise measurement of the K„charge asym-
metry required a clean, charge-symmetric identi-
fication of that decay mode. Charge symmetry
was ensured by -500 field reversals during accum-
ulation of data. Since the apparatus was designed
to possess full symmetry about the beam line, the
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field reversals mere needed only to cancel any
small residual bias. A K„signature was provided
by the threshold Cerenkov counter, containing CO,
at atmospheric pressure. With a muon threshold
of 3.5 GeV/c, it was sensitive, in the momentum
range of this experiment, only to electrons. A
simple and compact design was made possible by
efficient detection of the Cerenkov light radiated
over a relatively short (28-in. ) path length. The
light was focused by spherical acrylic front-sur-
face mirrors "onto 5-in. photomultipliers" with
bialkali photocathodes and extended UV sensitivity.
The effective photocathode area was multiplied by
additional front-surface glass mirrors lining pyr-
amidal light pipes.

To maintain freedom from charge-dependent
bias, it was especially important that the Cerenkov
performance be uncorrelated with the magnetic
field direction. The placement of the counter up-
stream of the magnet made possible three features
designed to remove this kind of bias. First, the
phototubes were naturally located away from the
magnet to minimize the magnetic shielding prob-
lem. Second, the phototubes lay in the median
horizontal plane of the magnet, ensuring, by sym-
metry, the absence of any fringe field component
along their axes, a component that is extremely
difficult to shield. Finally, the particles producing
the background counting rate had trajectories which
were affected by only the fringe field of the mag-
net rather than by the full field integral, as is the
case when the counter is downstream of the mag-
net. Many tests demonstrated a negligible effect of
magnet polarity on Cerenkov counter performance.

IH. ANALYSIS

A. E~3 Analysis

The analysis of the K„decay mode is substan-
tially more complex than that of the K„mode
since only two of the three decay products are
measured. The individual decay events can be
fully reconstructed, to within the well-known two-
fold momentum ambiguity, if the K direction can
be assumed to be the same as that of the unscat-
tered beam. With the K direction not reconstructed,
it is impossible, on an event-by-event basis, to
separate the data originating from incoherently
scattered K's from the data originating from
strictly forward-going particles, i.e., the coher-
ently scattered or unscattered K's. However, the
kinematic information about each event is suffi-
cient to obtain a statistical separation of data into
subsets of varying enrichment of forward-going
particles. This allows the use of an extrapolation
procedure that extracts the values of the param-
eters for the case of coherent regeneration.

The regeneration phase was obtained from the
observed K„asymmetry according to the following
considerations. We have mentioned that the pas-
sage of the K', beam through material creates an
asymmetry between the K ' and K' components,
accompanied by a charge asymmetry in the K» de-
cays because of the aS =sf rule. In general, if
we take a(7 ) to be the ratio of (mutually coherent)
K', to K', amplitudes at a proper time ~, the asym-
metry between the e' and e rates is given by
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R =(N'-N )/(N'+ N )

(1 —~x~')2 Re(a(7) + e)
~1 —x~' —4Imx Im(a(~) + e)

Here

amplitude(K'-~ e+-p)
x=

amplitude(K'- n e'v)

parametrizes the departure from the ~S =b.Q rule,
and e parametrizes the departure of

(1+~)K'+ (1 —~)K'
[2(1 y /g/ )] ~

from pure CP eigenstates. Equation (1) has been
carried to second order in the quantities a and x,
with e a very small perturbation. In the case of
coherent regeneration of K", s from a K,' beam,
we identify

(~) pe (f l5+ I/2) 7

where p is the coherent regeneration amplitude.
The exponential factor expresses the attenuation
of the K ', amplitude by decay and its shift in phase,
relative to the K', amplitude, 7 K,' mean lives down-
stream of the regenerator. Equation (1) becomes

2(1 —Ixl')[I pie "'cos (po- &7)+&«]
)1-x['-4[p] lmxe-"'sin(q, —5~)

For the case of purely coherent regeneration, Eq.
(2) has the essential feature that the regeneration
phase y, is determined by the damped sinusoidal
K,3 asymmetry independent of all other nuclear pa-
rameters.

The contribution of diffractive effects to the ob-
served K„asymmetry is readily understood by
examination of the mathematical form of the asym-
metry. Equation (1) emphasizes the fact that, by
measuring an asymmetry in rates, one is sensitive
to the ratio of the K', to K,' arnpli tudes. This ratio
is the basic quantity of interest for any of the mu-
tually incoherent scattering processes which may
occur. When events arising from a number of in-
dependent scattering processes are combined, the
resulting asymmetry is the sum of a collection of
damped sinusoids, each with different amplitudes
and phases, weighted by the fractional population
of each process. Accordingly, mutually incoherent
types of diffraction and regeneration appear in the
asymmetry formula to have regeneration ampli-
tudes which add, as if the processes were coher-
ent.

For a slab of thickness L, the coherent regen-
eration amplitude p is given by

'
NA[f(0) —f (0)] 1—

i 5+ —,
'

with N the number density of nuclei, A the K ',

mean decay length, k the K', wave number, and

f (0) [f (0)] the forward scattering amplitude for
K ' (K') on Cu nuclei. The K ,'decay probability
has been neglected, as has regeneration of K,'
from K', . Because the factor in curly brackets
varies with regenerator thickness, it is conven-
tional to give results for q in terms of the regen-
eration phase yz of a thin regenerator,

py ——arg[i(f (0) —f (0))].

A fraction

jv = 1 e +~ +D

of the K„decays are produced by K's which have
been diffractively scattered by the Cu nuclei,
where OD is the diffractive scattering cross sec-
tion. The regeneration amplitude for this process
s 13

2 0'

P 1 1- -xI, az e ' 'cos
T

with

y'=arg[(f (0)+f (0))/i]

and 0~ the total cross section. The second term
in (3), arising from the regenerative amplitude

[f (8) —f (8)], has been simplified with application
of the optical theorem and with the assumption

f(9)-f (~)
f(~) f(9)

(4)

(We discuss this assumption below. ) Following
the above prescription, the effective regeneration
amplitude a including both the coherent and dif-
fractive amplitudes becomes

a(0) = (1 —E)p+I'p'

= p 1-2~ &e-'~'cosy'
(X~

where g is a correction factor introduced to ex-
press apparatus discrimination against multiple
scattering.

A final contribution to the observed regeneration
amplitude comes from the inelastic interaction of
K,"s with the Cu nuclei. This effect is observed"
in the m'w decay mode as a wide-angle tail in the
distribution of regenerated K", s. Because many
inelastic channels may contribute, we elect to
leave the magnitude and phase of the inelastic re-
generation amplitude, relative to p, as free ya-
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rameters in the fit. Independent consideration of
the K's scattered at wide angle also removes from
the approximation in Eq. (4) that class of events
for which it is least satisfactory. For transverse
momenta typical of nuclear diffraction, an optical-
model calculation indicates that Eq. (4) is accurate
to better than 5%. The contributions of different
scattering processes to the observed regeneration
amplitude are summarized by the vector diagram
in Fig. 2, where it is seen that, for y'&0, the
measured phase is moved toward the imaginary
axis from the true regeneration phase.

A total of 1 458118 events with K„signature
have survived the event reconstruction. Each
event has a minimum of five geometrical con-
straints on its track reconstruction, in addition to
agreement with the condition of the trigger count-
ers. Of the total, 571 438 decays occurred without
a regenerator present, while 886680 took place
downstream of a 9 —,'-in. Cu regenerator with down-
stream end 24, 38, or 52 in. upstream of the end
of the decay region (Fig. l). Since the results are
highly consistent for all three regenerator posi-
tions, we shall discuss the combined data. Fig-
ures 3(a) and 3 (b) show that a strong proper-time-
dependent asymmetry occurred in the presence of
the regenerator. In its absence, the residual
charge asymmetry

R =0.0038 +0.0014

was consistent with that obtained in experiments"
designed to measure Res. However, for the pur-
pose of making a combined correction for appara-
tus asymmetry and for Rem, only this above value
of R, has been used.

Figure 3 (c) shows the ratio of total K„decay

I i I
i J i & i / i I

(a) Regenerator
in Beam

I 0,08—

+
+ 0,04-

I

I

Z 0.04—

4i
s T

(b) No Regenerator

$f = -56
——$f = —SO

rate for the 38-in. regenerator position to that for
the 52-in. position. Here the proper time was
zeroed for both cases at a fixed point in space just
downstream of the 38-in. regenerator position,
rather than at a fixed distance from the regenera-
tor. The data from the 52-in. position, because
of the damping of the K y amplitude, normalize the
dependence on proper time. As seen in the de-
nominator of Eq. (2), the proper time structure in
the total decay rate provides a measure of the
imaginary part of the AS =b.Q amplitude. The mea-
surement yields a result of moderate precision,

Imx =0.04 +0.11.

Before discussing in detail the compensation for
incoherent regeneration, we consider the correc-
tion made necessary by the twofold ambiguity in
reconstructed K momentum. All of the proper
times have been assigned using the average of the
two solutions. On the other hand, to treat momen-
tum-dependent effects, the data have been binned
in the smaller of the two solutions, in order to

-Re (f-f)

o

z z 1 I z t 3 ~ r I r t0- ~* it tIr

I.08—
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FIG. 2. Vector diagram showing the effective (f(0)
—f {0)) jn the Kes mode. The corrections arise from
diffractive and inelastic regeneration.

PROPER TIME (K, Lifetimes)

FIG. 3. Proper-time dependence of the Ke3 charge
asymmetry, (a) with and (b) without a 9- -in. Cu regen-
erator present. (c) The ratio of the proper-time distri-
bution of the combined e+ and e data taken with the re-
generator at the near position to that taken at the far po-
sition. For part (c) the proper time has been zeroed at
the near position for both distributions.
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FIG. 4. Distribution in 4~ =P ~ (c.m. ) —P» for K, 3 data
taken (a) without and (b) with the regenerator present.
The dashed curve in (b) shows the regenerator data after
subtracting the (normalized) free-decay distribution. It
is to be compared to the Monte Carlo prediction (c) for
the distribution in A~ of decays from diffractively scat-
tered K's. Since the distribution in (c) is quite different
from that in (a), the regions I-VI indicated at the top
have varying contamination from incoherently scattered
events, making possible an experimentally based correc-
tion for the effect.

establish a firm lower-momentum limit for each
bin. Since the intensity of K,"s decreases with
increasing momentum, the low-momentum solu-
tion usually was more probable. Correspondingly,
the mean value of the two solutions was, on the
average, 7% higher than the true K momentum;
the proper time was thereby systematically under-
estimated. A correction for this effect proceeded
in three steps. In the first, a Monte Carlo calcu-
lation established the average relative probability
of the high- and low-K-momentum solutions, as a
function of their values. This probability was de-
termined by the beam momentum and by the den-
sity of the Dalitz plot in the region of each of the
solutions. These results were used in the next
stage to create an array of probabilities for re-
distributing the events in their own and the neigh-
boring proper-time bins. This was done as a func-
tion of the assigned proper-time bin and of the
number n of bins by which the proper times, com-
puted according to the low- and high-momentum

solutions, would have been separated. Finally, a
sample of events, with distributions in proper time
and in n identical to those of the final data sample,
were redistributed as described above, and the
change in the fitted regeneration amplitude was
computed. The process was iterated until the fit
to the resulting asymmetry matched the fit to the
data. This procedure was consistent with a gen-
eral policy of asking only specific questions of the
simulation routines, while using the data them-
selves to determine the corrections as much as
possible. Over-all, the correction to the mea-
sured phase for the reconstructed momentum am-
biguity was -6.9', with a 5.4% attenuation of the
amplitude of the asymmetry. The former result
is very close to the -7' shift in the phase at which
the asymmetry crosses zero, obtained when the
7% difference between the true and the average of
the high- and low-momentum solutions is used to
correct the proper time.

An appreciable statistical separation of those
events originating from K's which had been scat-
tered in the regenerator from those which were
undeflected was possible through the use of the
variable

&v= Pv-Pvi ~

where p, (p, ~) is the momentum (transverse mo-
mentum) of the neutrino in the K' rest frame. As
is seen in Fig. 4(a), a significant fraction of the
events from undeflected K's had transverse neu-
trino momenta which were within -30 MeV/c of
their maximum value. Comparison of these data
with the events recorded with the regenerator in
place IFig. 4(b)] confirms the Monte Carlo predic-
tion in Fig. 4(c) that the scattering disperses this
sharp peak, substantially changing the shape of the
distribution. The range in ~„has been divided into
six regions, illustrated in Fig. 4 and enumerated
in Fig. 5, which are populated with widely varying
density by the scattered and unscattered data. For
example, the diffractively regenerated data rep-
resent a three-'times-larger fraction of the total
in regions IV and V than in region I, while the in-
elastic regeneration is 30 times stronger in region
VI than in region I.

As a basic fitting procedure, the factor & in Eq.
(5) has been calculated for each a„region to take
into account the relative population of scattered
events. The effective regeneration amplitude has
been applied to Eq. (2) (neglecting the Im x term)
to predict the form of the asymmetry for a partic-
ular choice of the phase yz and magnitude of
f (0) —f (0). Since there is a correlation between
A „and the difference between high- and low-mo-
mentum solutions, the additional correction for
the momentum ambiguity, outlined above, has
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FIG. 5. Proper-time distribution of the K, 3 charge
asymmetry for six regions of 4„. (a) is the richest in
coherently scattered events, followed by (b) and (c).
(d) and (e) are dominated by diffractively scattered events,
while (f) is rich in those which have been inelastically
scattered. Proceeding from (a) to (c), the asymmetries
cross zero at progressively earlier times. This indicates
the necessity for a negative correction to the regener-
ation phase observed in the combined data. The solid
lines represent the best over-all fit to the data, with a
correction for incoherent scattering appropriate to each

region.

been made in each of the ~, regions. Finally, the
predicted asymmetries have been compared to the
data in the 6, regions, and the X' calculated.

In the scattering corrections, the following nu-
clear parameters have been used at 2.5 GeV/c:

o D/vr = 0.277 + 0.009,

y'= 10' a 3 '.
The former value is based primarily on two aux-
iliary measurements of 0~,"and on the angular
distribution of K", s regenerated by a —'-in. Cu re-
generato, ; the optical theorem also is applied. A
second evaluation has come from the comparison
of o~ to the absorption cross sections for K' and
K in Cu measured by Cool et a/. " The parameter
y' has been evaluated by measuring the ratio of
coherent to incoherent K', —m'n decays down-
stream of a 9-,'-in. Cu regenerator, extrapolated
to the forward direction. As originally pointed out
by Good, "this ratio is independent of nuclear
parameters for thin regenerators. However,
for thick regenerators, a near cancellation of in-
coherent regeneration amplitudes of the type in Eq.

(3) occurs, giving a reasonable sensitivity to y'.
These values of oD/o~ and err' are in close agree-
xnent with an optical-model calculation with a wide
choice of input parameters. It should be noted that
all of the corrections and fits performed in the K„
analysis have been done as a function of K momen-
tum. In the case of the nuclear parameters, the
optical-model calculations have served as a guide
to the momentum dependence.

The result of the over-all fit to the regeneration
phase is

y~ ——-56.2 ' +5.2

at 2.6 GeV/c, with a y' of 515 for 463 degrees of
freedom. In this fit the inelastic regeneration am-
plitude and phase, as well as the magriitude of the
coherent regeneration amplitude, have been treated
as free parameters. The error includes the cor-
relation with the uncertainties in these quantities,
in addition to the errors in the nuclear parameters
and in the free-decay asymmetry. If no correction
for incoherent scattering is made, the result is

cpz(uncorrected) = -41.6'+ 3.9'.
Therefore, a correction

6 pz(scattering) = -14.6' + 3.4'

is due to the effects of incoherent regeneration.
It can be seen in Fig. 5 that the incoherent scat-
tering does indeed produce this type of shift. Mov-
ing from Fig. 5(a) to the L, regions with greater
contamination from incoherent scattering, the
asymmetries cross zero at progressively earlier
proper times. In the fit, the inelastic regenera-
tion accounts for 40%%up of 6py .

B. K 2 Analysis

To measure the regeneration phase using the
charge asymmetry in the K„decay mode, it is de-
sirable to make the ratio p (the regeneration am-
plitude) as large as possible. For 9-,' in. of Cu,

lpl -0.1. In the K„decay mode where the inter-
ference between the regeneration amplitude and

is measured, the largest effects occur- when

lpf is comparable to lrl, l
=1.9&&10 '. This appar-

ent incompatibility for the K„ interference part
of the experiment with the requirements for the
K„charge asymmetry measurement was handled
in the following way. As noted earlier, a portion
of the data was collected with the 9—,'-in. Cu regen-
erator 52 in. from the end of the decay volume
("far" position), and another portion with the re-
generator 38 in. from the end of the decay volume
("near" position). In both cases we considered
only the K„decays occurring downstream of the
38-in. position, which was arbitrarily defined as
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the zero point in proper time. With the regenerator
in the near position, IpI is large compared to Iq,
and little interference is present. With the regen-
erator in the far position, however, the regen-
erated K', amplitude is attenuated through decay
in the intervening drift space and maximum inter-
ference effects occur downstream of the 38-in.
point. The near-position data served, therefore,
to effectively normalize the far-position data.
This normalization procedure compensates for
any variation in detection efficiency through the
decay volume. The K„decays originating from
the regenerator in its far position and upstream
of 38 in. did not, therefore, contribute to the final
data sample. However, the K„charge asymmetry
data were drawn from the full decay region behind
the regenerator in both positions. Another part of
the K„, data was taken with various thin regen-
erator configurations. These regenerators (al-
ternatively —,

' in. , 8 in. , and 1 in. ) were situated
upstream of counter A., set at 24 in. from the
downstream end of the decay volume. Periodically
they were replaced with a 9-,'-in. regenerator to
provide normalization. The results for the K„
interference from the thin regenerator data are
consistent with those obtained for the K„, inter-
ference downstream of a 9;-in. regenerator ("far-
near" configuration). Thereby, still another
check on possible systematic biases is provided.
We present here only the results from the latter
data because they dominate statistically.

The level of precision sought in this experiment
requires especially careful attention to the prob-
lem of isolating the 2m decays originating from un-
deflected K's, which include the coherently re-
generated K", s and unscattered K,"s. After a cut
on the invariant mass m" of the two pions, 484
&m*& 512 MeV, the background was evaluated from
the distribution of events in t, the square of the
momentum transfer to the regenerator. The usual
technique is to assume an exponential dependence
of the background on t and extrapolate the back-
ground level found at large t to the region of the
forward peak. While the diffractive scattering is
justifiably treated in this way, the contamination
from the K, decay mode (the K„contamination is
removed by the Cerenkov signature) is not expo-
nential in t, and, furthermore, is sensitive to the

mass cut. Moreover, the relative amounts of K„,
background and diffractive scattering vary over
the proper-time intervals measured in this ex-
periment. Consequently the background subtrac-
tion directly influences the main problem of the
K„,portion of the experiment, i.e., the determina-
tion of the forward 2m rate as a function of proper
time. The K„,background was subtracted by first
normalizing the number of free-decay K„,'s to the
number of unscattered K„,'s observed behind the
regenerator. This normalization was done using
the relative number of events for the two samples
of data in the region of invariant mass 360-430
MeV, well outside the K' mass, and correcting
with the known ratio of scattered to unscattered
K,"s behind the regenerator. The normalized t
d;:stributions for the free-decay data were then
subtracted from the corresponding distributions
obtained with the regenerator in place. The re-
maining background events in the t distribution of
regenerator data were then fitted to an exponential
and the subtraction yerformed as usual.

As an independent check on the above procedure,
the background was subtracted by a second method.
The shape of the undeflected K„forward peak in
the t distribution was obtained from the data at
small proper time where the background was mini-
mal. The shape of the K„, t distribution was de-
duced from a Monte Carlo calculation. Using the
known ratio between the number of incoherently
regenerated K", s and K„,'s, a relatively short ex-
trapolation in t could be used. In particular the
background was evaluated at 480& t& 240 (MeV/c)'
and extrapolated to 240& t&0 (MeV/c)'. The t dis-
tributions were well typified by those already pub-
lished' and are not reported here. The final re-
sults, using the two completely independent back-
ground-subtraction yrocedures, agree to within 1'.

The data were separated into 5 momentum bins
over the region 1.5 & p & 4 GeV/c and 12 proper
time bins each of width —,'~, . After background sub-
traction, the ratio of the number of 2n events ob-
served in the far position of the regenerator to the
number in the near position was evaluated for each
momentum and proper-time bin. In each momen-
tum interval this ratio was then fitted, using least
mean squares, to the function

le+ I'+p'e "'"'+2lq.
I Iple "'""'cos(y+ -q.+5(~+T.))

Iq, I'+p'e '+2Iq, I IpIe '"cos(y, -cp +5~)

where 7, is the proper-time interval between the
two regenerator positions (e.g., ~, =2.V5 at 2.5
GeV/c). The background-subtraction procedure

which employs the free-decay data subtracts events
arising from Iq, I' terms. These terms were not
included in the expression for E(~) when the data
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with free-decay subtraction were fitted. E(r) was
averaged over the momentum band by weighting
with the observed momentum spectrum for the 2m

decay events. Values for g, , p, and 6 were de-
rived from external sources. We have taken
(q+ ( =(1.95+0.03)X10 ' and 6 =-0.465+0.004,
and have calculat& p (a function of momentum)
from published data" on (f —f ) as well as the data
acquired in the K„part of this experiment. We
emphasize that the result is extremely insensitive
to (p( /(q, (. A 10% variation in this ratio leads
to a change in the measurement of y, -y by less
than 3%%uo of the statistical error. The final result
is also highly insensitive to 5 over the range of its
accepted error.

As an illustration of typical data we show in Fig.
6 the proper-time distribution of the events taken
at the near regenerator position in the K momen-
tum interval 2.4-3.0 GeV/c, which, as we have
noted, is governed primarily by the K', lifetime
and by the detection efficiency of the apparatus.
Figure 7 shows the time distribution of the ratio
between far and near regenerator data in the same
momentum interval with the best-fit curve, y,
—yf =89.5', given by the solid line. Fits 5.7' to
either side of the optimum are also shown.

IV. RESULTS AND CONCLUSIONS

The particular strength of the experimental ap-
proach used here has been the ability to measure
concurrently all of the quantities needed for deter-

mination of the g, phase. Since the phases ob-
tained from the K„asymmetry and from the K„
interference have been combined, the possibility
of systematic error is minimized. It is of interest,
nevertheless, to compare the individual phases
obtained in this measurement to those from other
experiments.

The result of this experiment for the regenera-
tion phase in Cu at 2.6 GeV/c is"

yy ——-56.2 '+ 5.2 '.
This value includes a significant correction for
diffractive and inelastic scattering, viz. ,

pz(uncorrected) = -41.6'+ 3.9',

a pz (incoherent) = -14.6'+ 3.4'.

The other direct measurement of this phase has
yielded the result'

yz(uncorrected) = -44.4' + 'I.3'.
To this value the authors of Ref. 7 applied a -4.5
correction for incoherent scattering, using the as-
sumption that only diffractive effects need be in-
cluded and that f (0) is purely imaginary. We em
phasize that the correction for incoherent scatter-
ing reported here has been determined primarily
by examination of the data themselves, under con-
ditions of varying enrichment of the coherently
scattered events.

Despite the ambiguity in reconstruction, it has
been possible to divide the K„results in Table
1(a) into four partially overlapping K momentum
bands, along with the individual results for y& and
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FIG. 6. Proper-time distribution of K„2 events in the
momentum interval 2.4-3 GeV/c, collected with the 9-—
in. regenerator in its near position.
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FIG. 7. Proper-time distribution of the ratio between
far- and near-regenerator data, for events in the mo-
mentum interval 2.4-3 GeV/c. The solid line gives the
best-fit curve, y+ —p& =89.5, and the dashed lines
give fits 5.7' to either side of the optimum.
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(1 - lxl')l f (0)+f (0)l /" I1-~l'. The results are
consistent with a constant regeneration phase and
a slowly falling

l f —f l /k over the K momentum
range 1.2-4 GeV/c. Recently, precise K„data
have been reported" which are consistent with
exact LS=sQ selection; taking x=0 and averaging
over the entire momentum range of the present
data, we obtain

l f (0) —f (0) l /k =26.1 + 1.1 mb at an
average momentum of 2.6 GeV/c.

Analysis of the K„data yields (at the same aver-
age momentum)

—cp& = 94.0' + 2.5'.
This result is particularly insensitive to the value
of

l f (0) —f (0)l and is the same for two independent
methods of background subtraction. The result
for each of five momentum bands is shown in Table
1(b); no substantial momentum dependence is evi-
dent. Agreement with other measurements" "of
the phase in this momentum range is good, with
the present results dominating statistically. The
results for yz and for (p, —pre) are exhibited as
a function of momentum in Fig. 8, with the same
curve (a fitted second-order polynomial in 1/p)
drawn through each set of points.

Combining the K„and K„,data by subtracting
the two curves in Fig. 8 yields the final result

= 36.2 ' + 6.1 '.

TABLE I. Dependence of measured phases on kaon
momentum.

This result is not exactly the same as that obtained
by combining the two momentum-averaged phases,
because of the slightly different momentum dis-
tributions of K„and K, data. For comparison,
the results of the two "vacuum regeneration" ex-
periments" combined with the average of three
recent measurements ' ' of the K', -K', mass differ-
ence yield

=41.2' + 4.9'.

Any theory (such as the superweak model) limiting
CP noninvariance to imaginary off-diagonal terms
in the self-energy matrix would require

= -tan(26) = 42.8'.
Although the central value reported here is not the
same, the size of the error prevents us from rul-
ing out this possibility. It should be recognized,
however, that experimental bounds on CP nonin-
variance in the individual decay channels have not
yet ruled out a phase difference of order 0.1 rad
from the superweak value.
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Inelastic K p reactions have been studied in a 400000-picture exposure of the LRL 25-in.
hydrogen bubble chamber. Cross sections have been obtained for single-pion and two-pion
final states corresponding to the two-prong-V and four-prong topologies. These channels
show a smooth energy dependence, consistent with observations at other momenta. The pro-
duction and decay angular distributions for the quasi-two-body channels agree with the pre-
dictions of simple exchange models and show no evidence of an s-channel resonance. It is
not possible, however, to place any quantitative limit on the production of a Z*. Quark-
model relations for double-resonance production have been tested and are well satisfied by
our data.

I. INTRODUCTION

A number of recent experiments have suggested
a possible Z* resonance in K'P scattering. The
energy dependence of the total K'P cross section'
and of the total elastic cross section' are shown in
Fig. 1. The total elastic cross section falls
smoothly with momentum, but the total cross sec-
tion data show a bump at 1.35 GeV/c and a shoulder
at about 1.9 GeV/c. A fit to the bump suggests a
resonance of 4 mb at a mass of 1910 MeV. The
full width at half-height is 180 MeV and the value
of (J+—,')K is 0.3, where J is the spin and K is the
elasticity. The shoulder corresponds to a o.2-mb
enhancement at 2190 MeV with a width of 120 MeV
and (J +-,')K =0.03.

Analysis of the elastic differential cross section
and polarization data also suggests a possible res-
onance. ' Some of the solutions from both energy-
dependent and energy-independent partial-wave
analyses suggest a resonance in the P„,partial

wave at an incident momentum between 1.3 and 1.9
GeV/c. These analyses show that the resonance,
if it exists, is very inelastic (elasticities vary be-
tween 0.1 and 0.45). They also indicate, however,
that the speed (the rate of change of phase shift
with energy) is not consistent with resonance be-
havior.

All experiments which show some resonance fea-
tures share the common characteristic of a small
elasticity. For this reason it is of interest to study
the inelastic channels in the K'p system. In an
earlier experiment Bland et al. studied single-pi-
on production at incident momenta between 0.84
GeV/c and 1.37 GeV/c. He concluded that the first
bump in the total cross section can be interpreted
as a threshold effect, resulting from the opening
of the inelastic channel KL. There is no indication
of a Z* resonance over the momentum range of that
experiment.

It is the purpose of this experiment to extend to
higher energies the study of the inelastic K'p reac-


