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ABSTRACT
Differential cross sections for the reactions Kp — K°n, Kp — K°A°,

and K+p —~ K°A™ in the region 0,0 < |t| < 1.2 GeV2 are presented from

a wire spark chamber spectrometer experiment performed in a 13 GeV /c
separated beam, The results are based on 20, 000 A++ eventsﬁ, 4600 A°
events, and 8500 n events. The line reversed pair of A reactions is

used to test Regge exchange degeneracy and an SU(3) sum rule., The
energy dependence of all three reactions is studied by comparison with

other experiments.
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I. INTRODUCTION
We present results from a high statistics wire spark chamber spectrom-

eter experiment to measure Ki reactions on hydrogen at 13 GeV/c. The reac-

tions
K*p — Ko™ ) i
Kp — B°A° 2)
Kp—K°n 3)

have been measured over the momentum transfer squared interval 0.0 < [t'] <
1.2 GeVz. The experiment was performed in a large aperture forward spec-
tromet:er1 located in an rf separated beam at the Stanford Linear Accelerator
Center. The data sample contains 20,000 AH, 4600 AO, and 8500 n events.
Reactions (1)-(3) may be described in terms of a t-channel exchange of
Regge trajectories with p and Az quantum numbers, unnatural parity exchange
being forbidden by parity conservation at the meson vertex. Except for an iso-
spin Clebsch-Gordan coefficient, reactions (1) and (2) are a line reversed pair.
Writing the Regge amblitudes as

A =y ety e

el P sin 7rozp(t) s

(0 exchange)

\ L"”O‘R“) | o -1

- +1)
fr T RO smra W

(A2 exchange),

where the subscript R refers to the AZ’ v(t) is the residue function, a(t) is the
Regge trajectory, and s is the square of the center-of-mass energy, we see that
the overall phase of each amplitude is determined by the bracketed factor.

These amplitudes are summed to form the amplitudes for reactions (1) and (2)

as follows:
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A =\/%'Ap+£AR
AK“p_.ROA": \/% [- \/%AP ’ /gAR}

The assumption of weak exchange degeneracy is that ozp (t) = ozR(t) , which means
the p and A2 exchange amplitudes are 90° out of phase; hence the interference

term Re(Ap *AR) is zero. Thus weak exchange degeneracy predicts

Ly -k 4™ =38 ®p ~K°A9
Studies in the 4 - 6 GeV/c region2 have found this prediction to be violated by
as much as ’50%.

Reaction (3) has been measured many times in the energy range 3 - 35 GeV/c
but this experiment has more than four times the number of events of any pre-
vious experiment.

The weak exchange degeneracy argument presented above also applies to

reaction (3) and its line reversed reaction
Kn—K% (4)

giving a prediction that the cross sections for the two reactions should be equal. Pre-
vious experimen’cs4 have tested this prediction up to 6 GeV/c and found reac-
tion (4) to have a cross section 20 - 30% larger than reaction (3), thus violating
the weak exchange degeneracy prediction.

There is also an SU(3) sum rule for reactions involving p and A2 exchange.
Assuming the m, K and  mesons form an SU(3) octet, we have for the A

) 5
reactions:
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do .+ o+ do .- =o,o _do,6 + 0 4+
T ® P—K A )+3 ZKp—K A)=gr(rp—m AT)+
(1)

do , + ++
+3—dE(Tr P—'TISA )9

where 7 8 refers to the pure octet portion of the mixed n -n' system. This re-
lation has never before been tested.
II. DATA COLLECTION

The experiment was performed in a secondary hadron beam at SLAC, where
two radio-frequency separators were used to produce a kaon beam of high purity
(90%, typically). A scintillation counter hodoscope at a dispersed momentum
focus gave a momentum resolution of 0.3% and an x and y coordinate scintillation
hodoscope 156 m upstream of the target together with four proportional chamber
planes of 1-mm wire spacing located near the hydrogen target gave a spatial
resolution, including the effects of multiple scattering, of + 0.5 mrad in angle
and less than 1 mm in space. Two threshold Cerenkov counters were used to.
identify the incident particle as 7, K, or p. Typically the flux was 7 K's per
1.6 usec SLAC pulse, or about 1000 K's/sec.

The liquid hydrogen target was 1 m long and 5 cm in diameter.

A plan view of the spectrometer is shown in Fig. 1. The heart of it is a di~
pole magnet of field integral of 18 Kg-m and aperture 0.6 m X 1.8 m. Four sets
of magnetostrictive readout wire spark chambers were located upstream and
five located downstream of the magnet. Each spark chamber consisted of two
gaps with four coordinate planes, of which two had wires tilted at + 30° to the
vertical. Small polyurethane plugs were inserted in the gaps to deaden the cham-
bers in the beam region. The upstream spark chambers measured the track over

a length of 0.9 meters and the downstream over a length of 1.8 meters, resulting
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in an angular resolution for tracks leaving the target of + 0.7 mrad and a momen-
tum resolution which depended on the momentum and was 0.5% at 3 GeV/c and 1%
at 10 GeV/c. On each side of the target was a set of spark chambers and scin-
tillation counters which subtended about 25% of the available solid angle.

The trigger, defined by the scintillation counter hodoscopes shovs;n in Fig. 1,
required two charged particles to traverse the spectrometer after originating
from a K~ interaction in the target. Veto scintillation counters lined the magnet
to reject events in which a charged particle struck a pole piece.

The large-aperture Cerenkov counter downstream of the spectrometer consisted
of eight optically distinct mirror-phototube units. The counter was filled with
Freon 12 at 1.65 atm, giving 7, K separation for momenta between 2.8 and 9
GeV/c. The location of the counter was optimized for identification of fast par-
ticles of the same charge as the beam. In total, 0.95 X 109 K+ and 0.75 x 109 K~
beam particles hit the target, producing 20 million triggers.

IIi. DATA REDUCTION

Candidates for forward going K° events were selected by requiring two tracks
of opposite charge to traverse the spectrometer and originate from a common
vertex, not necessarily in the hydrogen target but upstream of the first set of
spark chambers. Two of the three hodoscopes labeled T, HA and HB in Fig. 1
had to have signals in the associated counter, thus assuring time agreement, and
the two tracks were not allowed to pass through the same element in either of the
last two hodoscopes. Events with a track that was identified by the downstream
Cerenkov counter as a kaon with the same charge as the beam were rejected.

If pion masses are assumed for the oppositely charged pair, it is possible to

calculate both the effective mass of the two particles and their decay angle in their

center-of-mass (helicity) frame. For true pion pairs, the effective mass is
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independent of decay angle; for other events, the mass changes as a function of
the angle. Figure 2a shows what can be expected in a scatter plot of angle versus
mass, where the angle § is measured with respect to the positive track. Vertical
bands exist for the K° and p, both being true 7r states; curved bands are present
for K¥(890) — Kmr, K*(1420) — Km€, A — pm, and ¢ — KK.

Figure 2b shows 20% of our data from the K incident beam, All six par-
ticles (KO, p , K*(890), K*(1420), A and ¢) are present, although the misidentified
states have been reduced in intensity by the Cerenkov requirement. The horizontal
band visible in the region -0.5 > cos 8 > -1.0 is due to the 9 GeV/c limit on Ce-
renkov identification (for cos 8 < -0.5 the Cerenkov counter gives no useful in-
formation so all events have been plotted). The plot from K" data looks the same
except that the Ais suppressed. To get a sample of K° or K° candidates a mass
cut was placed on .230 < M2 < .266 GeV> (.480 < M__ < .516 GeV). The
background under the K° was studied by looking at events in two sidebands, each
half the width of K° cut and located on either side of the K° peak. Figure 2c is
a scatter-plot similar to 2b but expanded to show only the K° region. The solid
vertical lines show the K° cut and the dashed lines the side band cuts. Figure 2d
shows the K° — 7r+7r— decay angular distribution obtained after correcting for
background events by subtracting the events in the side bands. The distribution
is seen to be flat except in the extreme forward and backward directions where
the experimental acceptance goes to zero. 6

The missing mass squared was calculated for the évents in the K° band and
the result is shown in Fig. 3a and 3b. For reactions (1) and (3) the signal to
background ratio is large so that a cross section could be obtained using a simple
cut on the missing mass in conjunction with a t-dependent correction for the small

K-~ 7 background under the K°. However, a more sophisticated method is needed
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to extract the A signal. The high statistics of this experiment permit a general

description of the missing mass squared distribution as a function of t. The meth-

od is described below in detail and was used for all three reactions. The proce-
dure consisted of fits with the following four components:

(a) The first component is the resolution function used to describe th_e neutron
peak (present only in the K~ data) and to simulate the effect of experimental
resolution on the other components. The function used was a sum of two
Gaussian distributions. 7

(b) The second component represented the A and was given by a phase space

factor multiplying a p-wave Breit—Wigner8 with a width (I') given by

r - 1‘0< q )3 o (1%

Yo/ p (o)

where q is the momentum of the A decay products in the A rest frame, and

4 its value for the central mass value, M The form factor, p (Mz), used

0
was an empirical form of Gell-Mann and Watson, 9 p(M2)= [amw+ qz]—l with
a=1.3, and FO was fixed at 109 MeV. Several other forms were tried and
this one was chosen because it'gave both a realistic shape and a cross sec-
tion for the A° near the middle of the range of all forms tried. This com-
ponent was smeared by the resolution function determined in part (a) of the
fit.

(c) The third component represented the Kr background under the K° peak, and
was obtained by fitting a smooth curve to the missing mass squared distribu-
tions for events in the side bands in Fig. 2c. This background was not al-
lowed to vary in the overall fit.

(d) The fourth component represented the K’ background events associated

either with a higher mass nucleon isobar or an upper vertex decay such as
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K*(890) — K°r°. Several forms were tried, 10 but the lowest X2 came from
a global fit in t and M2 of the form

1-20(t)

2 2
M-Mth)

2L
f(t,M)-—NM( -

where q is the center-of-mass momentum of the decay products from a
baryon of mass M decaying into p. Mth is the threshold for pr production
(1.08 GeV), s the square of the center-of-mass energy, and o has the form
oft) = o 0 + alt. This form was motivated by triple Regge analyses of in-
clusive particle production but we make no claim that it represents true
physical processes, especially at these values of Mz and s. The factor q/M
is the two-body phase space and was found necessary to give 'good results
near threshold; away from threshold it is slowly varying. The factor N is
a normalization factor and when allowed to vary, was found to be constant
within errors for the K~ data and nearly constant for the K data, the only
exception being a rise by a factor of 2 in the forward direction as t' goes
from -0.1t0 0.0 GeVz. The values of o for the K~ data were found to be

11

aO = 0.5 and ozl = (.84 and for the K+ data o, = -0.15 and o= 0.84. Ex-

0

cept for the K" data at low t, we got excellent fits over the entire M2 and t

range of interest using only three parameters (N, «,, and ozl) for each beam

0’
charge. In the low t region of the k data it was necessary to let N increase
linearly as a function of t' by a factor of 2 between |t'| = -0.1and 0.0 G‘reV2
to get a good fit. This background was also smeared by the resolution
function.

This four~component description was used first to fit the Mi distributions

for all t, yielding mass positions for the nucleon and delta and the components

of the narrow and wide Gaussians used to represent the resolution. The results
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are shown in Fig. 3. The data were then divided into three wide t intervals, and
the fit repeated to look for possible t variations in resolution or mass position.
None were found. Finally the K" and K~ data were divided separately into 19
narrow intervals and the resolution and mass positions were fixed at the values
found in the overall fit. Each t interval had typically 2000 - 3000 eve;lts in the
region 0.0 < M)?; < 3.0 GeVz. The sum of the x2 for the fits in the 19 fine
intervals was 1127 for 1117 degrees of freedom for the K" data and 1086 for 1095
degrees of freedom for the K~ data; both are excellent fits.

In summary, our fit to the missing mass distribution consisted of terms
representing the nucleon and delta states and separate terms for non-K° and K°
backgrounds. The K° background depended on only three parameters, N, « 0’ and
oy and the non-K° background was determined from the data by the side band
cuts and was not permitted to vary.

Representative fits in two regions of t for each sign of beam particle are
shown in Fig. 4a - 4d. It should be noted that the apparent structure in the back-
ground under the AT is due to the K background term and was due primarily

to the reaction,
+ -
K'p— Kot
with
+ -
mK 7) < 1.5 GeV.

The areas under the neutron and A peaks gave the observed number of events,

but there is some ambiguity regarding the line shape of the A. While it is pos-
sible to integrate the assumed Breit-Wigner shape for the A to a very large mass,
there is no reason to claim that this gives an accurate representation of physical

processes. The unavoidable non-resonant background and poor understanding of
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the A shape at high masses make any description in this region quite arbitrary.
We therefore base our cross sections only on the number of events in the region
Mi < 2.0 GeVz. (If we integrate the Breit-Wigner shape for Mi < 3.0 GeV2,
our cross sections are higher by a factor of 1.19.) Where we compare our re-
sults to othér experiments, we have attempted to take a corrected vaiue of the
cross section based on a correction calculated from the resolution and A shape
used in the other experiment.

In Fig. 5 we show the composition of the fit as a function of t' for a missing
mass squared band in the region of the neutron or A peak. The closed circles
represent the number of eventé of the reaction of interest, the triangles the total
background (the sum of fit components ¢ and d), and the open circles the com-
ponent d background only.

The acceptance of the spectrometer was calculated by a Monte Carlo program
which took account of geometrical criteria, = decay, spark chamber and trigger
inefficiency, and nuclear absorption of the 7's in the spectrometer. The accept~
ance was a smooth function of t and varied between 15% and 30% as shown by the
dashed lines in Fig. 5. Weighting the results of the fit with the acceptance gave
the distribution of events as a function of t. The normalization constant was cal-
culated from the number of incident beam kaons counted and was corrected for
electronics dead time, variations in target density, and vetoes from the magnet
veto counters from either accidental events or delta decay products as determined
from runs in which those counters were not used. An independent check on the
relative K+/K- normalization was provided by r decays of the beam and agreed
to within 2%. The differential cross sections, do/dt, are given in Table 1 and

Fig. 6 and 8 for the three reactions. We have plotted these cross sections as a

. —_— . .
function of [t'|= [t tminl but tnin 20 this energy is so much less than our
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resolution that there is no significant difference between t and t'. The ;arrors
came from the fitting process and do not include systematics, which we estimate
to be 15% for reaction (1), 20% for reaction (2), and 10% for reaction (3). Also
presented in Table 1 are the cross sections integrated up to [t'| = 1.2 GeV2

~bt! .
to the data in the re-

and the slope parameters from a fit of the function Ae
gion .15 < [t'}{ < .80 GeVz. Because of the dip at low t! it is important to
choose a t region away from the forward direction. The errors of the integrated
cross sections do include the systematic errors quoted above.

The integrated cross sections are shown with the results of other experi-
ments12 in Fig. 7b and 10 and the slope parameters in Fig. 7a and 9.

IV. DISCUSSION OF RESULTS

1. K'p —K’n

As shown in Fig. 6, the differential cross section for this reaction has a
maximum near [t'|=0.1 GeV2 and a slight dip in the forward direction. This
dip is generally attributed to the dominance of helicity flip amplitudes, which
must turn over in the forward direction. To study the amount of helicity non-

-bt

1
flip amplitude present, we fit a form do cla+tlhe to our data and found a

dt
ratio of the integrated non-flip cross section to the total cross section of 0.37+
0.07, indicating that although the flip amplitude dominates, the non-flip ampli~-
tude cannot be neglected.

The energy dependence of the total cross section is shown in Fig. 7b by
plotting our result with a representative sampling of earlier experiments. The
data follow a smooth power law as a function of PLab and our result is in agree-~
ment with the other experiments.

The slope in the region .15 < |t'} < .80 GreV2 is given in Fig. 7a and shows

2

an increase from ~ 3 GeV ™2 at 4 GeV/cto ~ 6 GeV ™2 at 13 GeV/ec.
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Lack of statistics for reaction (4) near 13 GeV/c prevents a sensitive com-
parison of the line reversed reactions (3) and (4), but when we compare our data
to the best available, 13 we find no significant inequality.

2. K'p —k°A™ Kk pR°A°

In reactions (1) and (2) (in Fig. 8 - 10), we find many of the same features
as in the K charge exchange reaction. Indeed, the most striking feature is the
similarity of the two sets of data. This has been observed before13 and is quite
remarkable in view of the fact that although the same frajectories are being ex-
changed the couplings at the baryon vertex do not involve the same SU(3) multi-
plet. De Brion and Pes cha.nski14 relate this to an empirical rule of universality
in impact parameter for s channel amplitudes. The primary différences between
KA and Kn reactions are that the latter does not have as great a turnover in the
forward direction and its slope in the regions 0.15 < |t' ] <0.80 GreV2 is slightly
less steep.

An analysis of the non-flip component cannot be done because of the large
errors at the lowest values of t. These large errors are due both to the large
background in this region and the sensitivity of this region to the particular
background parameters used.

The slopes for these two reactions, plotted in Fig. 9, also increase and the
magnitude of the slope is only slightly larger than for K charge exchange.

The integrated cross sections are shown in Fig. 10 and show the same smooth
power law dependence seen in reaction (3).

The prediction of weak exchange degeneracy that

do .+ o+t _ _do, .- o
FED ~K’A) =3 Z(Kp - K 24

is tested in Fig. 11. We find the shapes of the two cross sections to be similar.
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Below [t'] =~0.15 GreV2 the data are consistent with equal cross sections, but
this may also be due to some residual background in the A°. In the interval
0.15 G6V2 <|t'1<.60 GeV2 we find the ratio of the integrated cross sections
to be 1.30 +£0.16, where we have estimated the relative systematic error hetween
the two sets of data to be 15%. The conclusion is that between |t' | ; 0.15 GeV
and |t'| = 0.6 GeV, the two cross sections are unequal by about 30% and thus
that the prediction of weak exchange degeneracy is not satisfied.

Also shown in Fig. 11 is a comparison to the SU(3) relation given by Eq. (1).
The squares in the figure represent one-half times the right-hand side of the
equation. If the SU(3) relation is good, they should lie along the average of the
two KA cross sections. The squares come from a fit of the function f(t) sza -2
to data15 at 5, 8, and 13.1 GeV/c for fixed t, using an effective trajectory,
a(t), which resulted from fits to 7 p — 7°n and Tp — non. 16 The quantitative
agreement with the SU(3) relation is good within errors. Better data on the pion
reactions would allow a more precise comparison.

We have combined our data on reaction (1) with the corresponding data of
Ref. 2b at 4 and 6 GeV/c to extract an effective Regge trajectory. At fixed t

20.(t) - 2 to the data and got the results shown in

we fit the function f(t) (s/s 0)
Fig. 12, The solid line in the figure is the best straight line fit (X2 = 6.1 for
10 degrees of freedom) and the shaded area shows the one standard deviation
error. The equation for this line is a(t) = (0.458 + 0.020) + (1. 023 £ 0. 049)t.
For comparison, the dashed line is the extrapolation of a straight line through

the p and A2 masses, and it gives a fair fit to the data, with a X 2 of 15.6 for

12 degrees of freedom, but is systematically higher than the data.
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V. CONCLUSIONS

We find that all three reactions (1) - (3) show a forward turnover associated
with helicity flip dominance, although there appears to be some helicity non-
flip amplitude present. In addition, reactions (1) and (2) disagree with the pre-
diction of weak exchange degeneracy. Comparison with the SU(3) sum rule for
0 —A2 exchange shows fair agreement. The lack of statistics for reaction (4)
prevents a comparison for reactions (3) and (4). A calculation of the effective
trajectory for reaction (1) gives a result in fair agreement with a trajectory
through the p and A2 masses. The slopes of all three reactions at 13 GeV/c are
in the range 6 - 7 GeV"2 for the t region 0.15 < |t' | <0.80 GeV2 and show a

definite increase as a function of energy.
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TABLE 1

do/dt (ub/GeV?)

Mi < 2.0 G6V2

£ (GeV?) K'p—k°a™ Kp —K°A° Kp — K’n
0.0 - .02 126 38 29 + 9 123 8
02 - .04 187 +28 78+ 12 164 +8
04—~ .06 232 19 84 + 8 155 +8
.06 - .08 247 + 8 79 & 7 154 +7
.08 = .10 256 & 7 84 + 7 154 +7
.10 - .12 249 £ 7 83 <+ 6 148 =7
12— .14 230 + 7 72 + 5 124 +6
14—~ .16 200 + 6 59 = 5 116 +6
16 - .18 180 + 6 51 + 5 106 +5
.18 = .20 158 = 5 52 + 5 85.7 + 4.7
20 - .24 139 + 3 33.41 2.6 73.5 £ 3.2
24 - .28 113 + 3 95.2+ 2.5 62.5 + 2.9
.28 ~ .32 84.7+ 2.7 17.3+ 2.1 46.6 + 2.4
.32~ .36 61.3+ 2.4 13.24 2.0 33.3 £ 2.2
.36 = .40 46.1+ 2.0 8.5+ 1.7 30.2 % 2.0
4 - .5 27.7+ 1.0 8.1+ 0.9 18.3 + 1.0
5 - .6 13.3+ 0.8 3.3+ 0.7 10.3+ 0.8
6 - .8 5.2+ 0.4 1.8+ 0.4 4.2+ 0.4
8§ -1.2 1.02% 0.14 1.2+ 0.2 1.440.2
0, (4b) 64.7+ 9.7 19.4+ 3.9 40.7 + 4.1
slope (GeV™2) 6.70 + 0.08 7.06 < 0. 34 6.06+ 0. 13

(.15 < 1t' [ <.80)
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FIGURE CAPTIONS

1. Plan view of the.spectrometer. C7r and CK are the beam Cerenkov counters
and the counter XY was used to keep the beam on target. The iron/scintil-
lator detector behind the downstream Cerenkov counter and the hodoscopes
and spark chambers on each side of the LH2 target were not useci in this
analysis. Hodoscopes T, HA, and HB were used to assure time agreement
between the event trigger and tracks found in the spark chambers.

2. A scatter plot of the cosine of the CM helicity angle vs effective mass as-
suming the oppositely charged pair to be a dipion state. For true dipion

states Mmr is independent of cos @ Figure 2a shows the location expected

q
from kinematics for six particles. Figure 2b is the correspending plot for
20% of the data from the K~ beam, showing all six particles to be present.

The horizontal band in the region cos 8., < -0.5 represents the region where

H
the negative particle has a momentum above the maximum value for Cerenkov
identification. Figure 2c is the resulting K° band and presents the K cuts
used as well as the cuts used to study the background distribution. Figure 2d
is the resulting K° decay angular distribution when the background sample is
subtracted from the K° sample.

3. The missing mass squared distributions for all t for (a) K+p —K°X and (o)
Kp— K°X. The lines show the fit described in the text and represent the
following: solid, total fit; long-short dashed, neutron component; dashed,
delta component; dash-dot, total background; and dotted, background com-~
ponent d.

4. The missing mass squared distributions for two intervals of t. (a) and (b)

are for K+p - KOX; (c) and (d) are for K p —~K°X. The lines represent

the same fit components as in Fig. 3.



5.

10.

11.

12.

-20~

The t dependence of the fit composition for three slices in missing mass

squared. The solid dots represent the number of events of the reaction of
interest, the triangles the total background, and the open circles the poly-
nomial background. The dashed line is the Monte Carlo generated accept-

ance.

. The differential cross section for the reaction K p — K.

1 -—
Bt to the reaction K p —

(@) The slope parameter for a fit of the form Ae”
K°n. The t' region used varies slightly between experiments but is gen-
erally in the range 0.1 < [t' | <0.6 GeVz.

(b) The integrated cross section as a function of lab momentum for the

same reaction.

. The differential cross sections for the reaction K+p ~K%a" and K'p ~K°%A°,

Only that part of the delta with MzA <2.0 GreV2 has been used. To correct

for the high mass tail, these cross sections should be multiplied by 1. 19.

~Bt! -
. The slope parameters for a fit of the form Ae Bt to the reactions K p —

K°A™ and Kp —K°A% or K'n K% A™. The t' region varies slightly be-
tween experiments but is generally in the range 0.1 < [t'| <0.6 GeVz.
The integrated cross section for the delta reactions as a function of the lab
momentum. We have corrected each experiment by the appropriate factor
to represent only that part of the delta with Mi <2.0 GeVz.

Comparison of the weak exchange degeneracy prediction and the SU(3) sum
rule.

The effective trajectory resulting from a fit of the form do/dt (t,s) =

f(t) (s/so)zaeff(t) o to the data at 4, 6, and 13 GeV/c. The solid line is the
best straight-line fit to the data and the shaded area is the one standard devi-

ation error. The dashed line is a straight line through the p and A, masses.
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