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We have found 431 events of the reaction K+d Eopp at 3.8-6eV/c K+ beam momentum in a
295000-frame exposure of the Argonne National Laboratory 30-in. deuterium-filled bubble chamber. The
event sample consists of one- and two-prong events with a visible E decaying to m+n The total and

differential cross sections are found after correction for unseen E 's and for efficiencies in the

scanning-measuring-fitting chain. Comparisons of the data are made to an SU(3) sum rule, a Regge
model, and data for K p K n.

I. INTRODUCTION

We present a study of the reaction

at 3.8-GeV/c incident meson momentum. The data
for our study consist of 431 examples of the reaction

K+d-K PP,

from a 295000-frame 'exposure of the Argonne
National Laboratory (ANL) 30-in. deuterium-filled
bubble chamber to the 'l' -separated meson beam.

Our study consists of a determination of the
total and differential cross section for reaction (1)
and comparisons to (a) an SU(3) sum rule due to
Barger and Cline' relating reaction (1) to the other
three meson-nucleon I = 1 exchange reactions, (b)
the predictions of a Regge model due to Rarita and
Schwarzschild, ' and (c) the total and differential
cross-section data for the reaction

K P-E n. (3)

A more detailed description of some aspects of
this work is found in Ref. 3.

II, EXPERIMENTAL PROCEDURE

A. Scanning and Measuring

All one-prong-plus-vee events and all two-prong-
plus-vee events with at least one positive stopping
track from the primary vertex found in the scan-
ning fiducial volume were measured on the Univer-

sity of Illinois SMP-CSX-1 system. Two thirds of
the film was double-scanned, followed by a third
scan to remove discrepancies between the two in-
dependent scans. The measurements were pro-
cessed by the Illinois geometric reconstruction
and kinematic fitting programs SPACE and ILLFIT.
After the first measurement pass, those events
that failed to be spatially reconstructed were mea-
sured again. Table I shows the final measurement
disposition.

Line A of Table I gives the number of events that
were measured and were not rejected either by a com-
puter check of vertex location or by the measurers as
being outside the fiducial volume. Line B gives the
number of events that were reconstructed after any
number of measurements (one, two, and in some spe-
cial casey three). Line C gives the estimated number
of electron pairs in the sample. This correction was
necessary because a study of a sample of events that
failed to be reconstructed after repeated measure-
ments revealed that many of these events had vees
which were consistent with y- e'e rather than~'- m+m . Such events could not be reconstructed
bylSPACE because of the zero-degree opening angle
between the electrons. In some of these events, curva-
ture and bubble density as observed on the scan table
were consistent with decay electrons rather than pi-
ons. When extrapolated to the entire 9227 events
measured, 443 a 111or (4.8 + 1.2)% are expected to
contain electron-pair vees. Subtracting this number
from the events that failed to be reconstructed gave
the number of events that should have been recon-
structed, but were not(line Din Table 1). Assuming
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TAB LE I. Measurement disposition.

A. Events measured and inside fiducial volume:
B. Events that were reconstructed inside fiducial volume:
C. Estimated number of electron pairs [(4.8 +1.2)% of total]:
D. Number of events that failed inside fiducial volume with

electron pairs subtracted (a -b —c):
E. Scale factor for fitted events to give total number of

events = (a —c)/b:

9227
7937
443 + 111

847 + 111

1,11+ 0.02

that final states occurred in the same proportions
among the events that failed to be reconstructed
(with electron pairs subtracted —line D in Table I)
as in the events that were reconstructed (see be-
low), the correction factor by which the number
of events of each final state was scaled to account
for the number lost due to measuring inefficiency
was 1.11+0.02. The error includes the statistical
uncertainty in the number of events that fit (line 8
of Table I) as well as the error in the number of
events that failed.

Evidence in support of the above assumption
came from a comparison of the percentage of fits
to reaction (2) found among (a) events that were
reconstructed on the first measurement attempt,
and (b) events that were reconstructed on a later
attempt. The percentage was found to be the same
within errors.

B. Fitting Procedures and Biases

All measured events were fitted to the hypothe-
sis K'd-K'pp, (where p, represents the spectator
proton). In the one-prong events, the unfitted
momentum of the unseen spectator was taken as
P„=P„=0+30MeV/c, P, =0+40 MeV/c. The errors
were chosen so that (a) the fitted momentum would
correspond to an unseen spectator, provided that
each component of the spectator momentum was
within one standard deviation of the unfitted value,
and (b) the fitted momentum distribution would be
consistent with that predicted by the Hulthen wave
function. '

The decay K'- w'v was fitted first (3 con-
straints), and the fitted K' was then used in a,

4-constraint fit at the primary vertex. This
yielded a net '7-constraint fit for the event. There
were occasional failures of the fit to the &' decay,
primarily in events where the vee was far down-
stream, was steeply dipping, or for any other
reason had decay tracks of short projected length.
Failures were considered to be fits in which there
was no convergence, or, in a few cases, in which
the fitted X' was so large that the 7-constraint fit
failed to pass a 1% X probability cutoff. In case
of such a failure, a 3-constraint fit was attempted
for the primary vertex, using the K direction as
given by the decay vertex.

All events with 7-constraint PPK' fits which
were ambiguous with any other hypothesis, and all
events with 3-constraint PPK' fits, were scanned
by a physicist to check the consistency of the fit
with bubble density and to verify that the event
had been properly identified and measured. The
final disposition of the fitting is shown in Table II.

A. priori, we expect the 3c fits to be less reli-
able than the 7c fits. We expect the one-prong 3c
fits to be contaminated to some extent by reactions
such as

K g Kppm (4)

TABLE II. K+0 K PP, fits with g probability P (y ) & 1%.

Events

One-prong 7c fits

Two-prong 7c fits

One-prong 3c fits

Two-prong 3c fits

(44)

28

As indicated in the text, these events have not been
included in any distributions.

due to the large uncertainty in the spectator mo-
mentum combined with the unknown magnitude of
the K' momentum. (The fit is essentially uncon-
strained. ) To check this possible bias, the miss-
ing mass recoiling off the protons was investiga-
ted.

Figure 1 presents the missing mass squared
recoiling from the two protons. For the one-prong
events, the mass was calculated assuming the
spectator proton to be at rest. The figure is sub-
divided according to the resulting fit for each
event: (a) 'Ic one-prong (1) and lc two-prong (2)
events, (b) Sc one-prong (1) and Sc two-prong (2)
events, and (c) a sample of two-prong events
giving fits to either reactions (2) or reaction (4).
Figures 1(a2) and 1(b2) show that the two-prong
'7c and 3c fits have a strong K signal, with very
small background, if any.

The one-prong events, Figs. 1(al) and 1(bl), on
the other hand, show a very broad distribution
around the K' mass squared. This smearing out
of the missing mass distribution for the one-prong
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FIG. 1. Measured missing mass off the two protons for (a1) one-prong Vc ppK fits, (a2) two-prong 7c ppE fits, (bl)
one-prong 3c ppE fits, (b2) two-prong 3cppK fits, and (c) two-prong events fittingppE' or ppE z (shaded).

events is caused by the necessarily incorrect as-
signment of zero momentum for the unseen spec-
tator. Nevertheless, the one-prong 7c distribu-
tion 1(a1) shows, by its symmetry about the K'
mass squared, that these events are probably
free of contamination due to reaction (4). The
number of events above the &m threshold is entire-
ly consistent with the tail of a broad Gaussian
distribution centered on the value of the K' mass
squared. The one-prong Sc distribution 1(b1) does
not show this symmetry. The excess of events
with high missing mass squared indicates proba-
ble contamination from reaction (4), as suggested
by comparison to Fig. 1(c).

Because of this possible bias, the one-prong
3c-fit events were removed from the final data
sample, and the remaining 3c and Vc events were
weighted to account for this loss. The remaining

events, both vc and 3c, were required to have
P(I(') greater than 1% in order to be kept in the
final data sample.

A study of 209 7c fits that were measured and
fitted twice, however, revealed that most of the
events that fit reaction (2) with P(X)' & 1% in one
measurement fit reaction (2) with P(x)'& 1%%uc (and
usually &10%) in the other measurement. Thus,
most of the fits with P(It)'& 1% were judged to be
examples of reaction (2) that were poorly mea-
sured. Therefore, the number of remaining events
[with P(It)'& 1%] was scaled up by an appropriate
factor (7%) for cross-section purposes.

III. ANALYSIS AND RESULTS

A. Cross Sections

Table III gives a breakdown of the factors used
to determine the total and differential cross sec-

TABLE III. Factors multiplying raw microbarn equivalent.

Scanning efficiency:

E & {neutrals) and Kz..

Odd prong 3c correction:

Measuring efficiency:

P(y ) &1% correction:

Fitting efficiency:

Raw microbarn equivalent:

Corrected microbarn equivalent
including above factors:

Number ofK+d —K pp~ events {ev) found
{from Table II; statistical error):

Number of events weighted for unseen
K& w'n. and long spectators:

Cross section for these events:

0.935 + 0.018

(2.911+0.02)

{1.10 ~0.02) '

(1.11 +0.02)

{1.07 + 0.02)

0.99 + 0.01

0.183~ 0.004 jLtb/ev

0.753 + 0.033 pb/ev

661+ 32

498+33 p,b
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tions for reaction (2). The microbarn equivalent
of this experiment was obtained by counting beam
tracks entering every fiftieth frame. LBeam con-
tamination was estimated to be negligible from a
study of the beam profile (P, K', and m' peaks) just
upstream of the final mass collimator, and from
the Cherenkov counter monitor on the beam enter-
ing the chamber. ] In addition to the corrections
described in Sec. II and the recognition that &~
decays and Koe-(neutrals) events are not in our
sample, we made the following corrections.

~. Unseen E'-w'm Cmxection

This correction was accomplished by weighting
each event that mas seen by the inverse of the prob-
ability that an event with such a vertex position,
&' direction, and momentum would actually have a
visible and identifiable &' decay. A &' was as-
sumed to have had a visible and identifiable decay
if its length was greater than L, = 0.25 cm and less
than L, , the distance along the &' direction to the
edge of the "visibl. e" region of the chamber. ' The
form of the weighting factor is

(e L~mlPcT -e L(~Id+&}-I (5)

where ~ is the mass of the &', P is the laboratory
momentum, and ~ is the &' lifetime.

2. Fitting Efficiency

Not all &'d-&'PP, events fit as such. We have
already corrected for those that failed to recon-
struct or fit any hypothesis in Sec. II. However,
some reaction-(2) events may have fitted some
other hypothesis and been lost from the reaction-
(2) data sample. This effect was determined from
remeasuring the good '7c and 3c events and fitting
again. We found our fitting efficiency to be
0.99 a 0.01.

3. Long SPectator Correction

As mentioned earlier, only events with spec-
tators that stopped in the chamber mere measured.
We therefore had to correct for the loss of events
in which the spectator escaped from the chamber.
This was accompl. ished by comparing the spectator
momentum distribution found in this experiment
mith the "true" distribution as found, for instance,
in a m'd exposure at 3.65 GeV/c due to Benson, '
in which all spectators, both stopping and nonstop-
ping, were measured. We used 1916 four-prong
fitted events fram our exposure to compare with
Benson's distribution. We used the momentum
range 110-250 MeV/c (real length 0.4-0.8 cm) to
normalize Benson's data to our Sample. 902 events
with spectator momentum above 250 MeV/c were
predicted for our sample, whereas we had only 194

events. The correction factor for our tmo-prong
events is, therefore, R =1.37+0.05.

The cross section for reaction (2) using the fac-
tors listed in Table III is then

o(K' d-KOPP, ) = 498 & 33 pb. (6)

To obtain the cross section for the charge-ex-
change reaction (1), two corrections for effects due
to the deuteron target were necessary: (a) a cor-
rection for the depletion of events due to one nu-
cleon of the deuteron "shadowing" the other
(Glauber screening), ' and (b) a correction for the
effect of the Pauli exclusion principle operating
on the two final-state protons to decrease the
number of events near the forward direction,

A small correction must be made to account for
Glauber screening in the deuteron, We assume
that partial cross sections off single nucleons in
deuterium are in the same ratio to the cross sec-
tions off free nucleons as is or(K'n}+or(K'P) to
or(K'd ). At our energy, this implies an increase
in differential and total cross sections by the
factor 1.016.

The Pauli correction was t-dependent, and quite
large and uncertain for the low- I tl events. We

made the correction using a form'

dt „dt „1-II+R 1-H 3

o(K+n-K P}=566 +41 p,b.

For momentum transfers above ltl=0. 15

(8)

where II is the deuteron form factor, and R is the
ratio of the spin-flip contribution to the differen-
tial cross section to the spin-nonflip contribution.

The uncertainty in this correction comes partly
from the unknown ratio, R. We took R(t) =R(0) =0
because the spin-flip amplitude must vanish at t =0
due to kinematics. At higher l t l, where this ap-
proximation is in error, the correction is slight
anyway.

A large uncertainty in the correction comes from
the strong t dependence of & at low l tl. Although
&(t) is reasonably well known, the fractional error
in l tl is large in the lom-itl events. A small abso-
lute error in l t l on any given event may cause a
large error in the Pauli correction.

The differential cross section for reaction (2) is
tabulated in Table IV and plotted in Fig. 2. The
errors on the corrected points representing re-
action (1) include the uncertainty in the value of
(7) because of the error on t as well as the statis-
tical error.

Using a smooth eyeball fit (not shown) to the
corrected points in Fig. 2, me find a total charge-
exchange cross section of
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TABLE lV. Differential cross section for K+d—Eopp, .
4000--

—t [(Gev/c)2]

0—0.05
0.05-0.10
0.10-0.15
0.15-0.20
0.20—0.25
0.25-0.30
0.30-0.35
0.35—0.45
0.45-0.55
0.55-0.70
0.70-0.85
0.85-1.10

—[u.b/(GeV/c)']

701 + 132
790+ 136
967+164

1473+200
1045 ~ 156

820 + 146
666+ 124
475+ 75
334+ 67
224 +44

93+27
59+17

2000

IOOO

800
600

400
O

200

IOO

80

(GeV/c)', the data fit well to the form do/dt=Ae"',
where A= 2760+370 yb/(GeV/c) and 5=4.1+0.3
(Gev/c) '.

From the differential cross section, we can
infer the phase of the forward scattering amplitude
as follows: From Fig. 2 and our eyeball fit, we
estimate that do/dtI, ,= 1800+700 p, b/(GeV/c)'. H

the amplitude were purely imaginary at I'=0, then
the optical theorem would read

20—

I I I I I ! I I I I I

2-j (GeV/c)

.2 .3 .4 .5 .6 .7 .8 .9 I.O I.I

= (or(K'n) or(K'P)]'/16-w.
d~ g=o

Using or(K'P)= 17.14+0.174 mb at 3.3 GeV/c, and
or(K'n)= 17.55+0.182 mb at 3.3 GeV/c, ' yields
do'/dtlt=o ——8.6+10.6 )tb/(GeV/c)'. Comparison of
this value with our estimated value gives

Im(f) '

~ (6.9+7.8) o.
Re( ) t=o

IV. COMPARISONS

Figure 2 compares our data to the prediction of
an SU(3) sum rule due to Barger and Cline':

(K'n K'P)= (v P-—v'n)+3 (s P—-t)n-)—0 + o do — o

dt dI; dt

——(KP K n)p

dI'

(A similar relationship obtains for total cross
sections. }

Data' "on the three reactions listed on the
right-hand side of Eq. (9) have been extrapolated
to P„„=3.8 GeV/c using the parametrization
o -(P„,) ". The value of n was estimated from
published cross-section data on each reaction, and
gave an extrapolation of, at most, 15% in the cross
sections used for the test.

Although our data agree with the sum-rule pre-
diction for the shape of da/dt, they are much

FIG. 2. Differential cross section for E+d E pp
(open circles). Not shown is the contribution from 32
events with It I

& 1.1 (Gev/c)t. The differential cross
section for K+n E p resulting from the deuteron cor-
rection is indicated by the crosses where the correction
is significant. The solid line is the exponential fit to the
data for It I

& 0.15 (Gev/o)t. The prediction of the SU(3)
sum rule for do/dt (SC+n K p) is shown by the squares.

larger in magnitude (see Fig. 2}. This is empha-
sized by the sum-rule prediction for the total
charge-exchange cross section, o'sc(3)(K n KP)
= 222+41 p.b, which must be compared to our
value (8}.

Figure 3 shows our data compared to a Regge-
model prediction due to Rarita and Schwarzschild.
They assumed the exchange of a p, A„and a hypo-
thetical p'trajectory having n(0) one unit below the

p and the same C parity as the p. Although this
model relies rather heavily on the p', a trajec-
tory whose existence is currently unclear, it has
been a rather successful parametrization for fit-
ting K+d (Ref. 13) and K P (Ref. 14) charge-ex-
change reactions through the region P„„=2.3-12
GeV/c. Figure 3 shows the prediction of the
model compared with our data. Although we get
y =38 for 12 data points, the fit appears to be ade-
quate, at least in the shape of do/dt.

Figure 4 shows the effective trajectory for re-
action (2), defined by
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FIG. 5. Comparison of X+4 (open circles) and E P
(solid circles) charge-exchange cross sections. The
straight lines are fits described in the text.

(K'd-K'PP) -~(—t)p '"«&'&-'

The form of a,ff has been determined using only
the data at higher momenta: 3.8 GeV/c (this exper-
iment), 5.5 GeV/c (Ref. 15), and 12 GeV/c (Ref.
16). The resulting fit yields

n „(t)= (0.12+0.20)+ (0.6+0.5)t . (10)

For comparison, data on v'P-v'n (Ref. 17) are
also shown in Fig. 4. These data yield

+ ff (v p-~'n)= (0.48+0.03)+ (0.87+0.10)t,

which is consistent with the p or A,
Figure 5 presents &'d and ~ P charge-exchange

total cross-section data for incident momenta above
1.19 GeV/c for the K" reaction, and above 2.49
GeV/c for the K reaction. For clarity, we have
not plotted & P data points between 2.49 and
3 GeV/c. Although the K'd cross sections are
within errors, consistent with the & P results at
5.5 and 12 GeV/c, the data also fit functions of the
form o=AP„„". The straight lines in Fig. 5 are
the best fits to this form, being

c(K'd-KOPP, )= (7300+260}P„„'""'~ p.b, (11)

c(K P-Kon)=(3740+160)P„b ""~'~ gb. (12)
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The fit in Eq. (11)has a y' of 8.4 for 8 data points,
and in Eq. (12) a y' of 32 for 22 data points. To
avoid possible low-energy effects in & P charge
exchange, another fit was made to the data above
3.4 GeV/c, and an exponent of -1.74+0.02 resulted.

Hegge models with degenerate p and A, trajec-
tories u~(t) = n„,(t) naturally lead to the prediction
of equality of both the differential and total cross
sections for E' and & nucleon charge-exchange
scattering. The &'n data at 5.5 and 12 GeV/c
agree with this prediction and have been inter-
preted as strong evidence for simple( p, A.,) degen-
eracy. However, were the cross-section depen-
dence to continue the trend of the straight lines in
Fig. 5 at higher energy, the prediction would be
violated. It is significant to note that at 3.8 GeV/c
our E'n differential cross section agrees in shape
with the K P data at 3.9 GeV/c, " although it is
much larger in magnitude (see Fig. 3). Moreover,
if we assume, in standard Hegge fashion, that
cr -p'„„(0~, the exponents from our fits imply

n(0) -0, in agreement with (10), rather than o. (0)
=a@(0)=-,',

Data at higher energy could establish whether
the form 0=APL,b persists, while the & and K
differential cross sections maintain the same
shape. On the other hand, new data in the region
above 4-GeV/c K' momentum might reveal that
crE+ does, indeed, approach ox-.
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