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+ * K p Interactions at 2 BeV/c - Elastic Scattering and Total Cross Sections 
. . . . . * 

w. Chinowsky, G. Goldhab.er, S. Goldhaber, T. O'Ha.lloran, and B. Schwarzschild 

Lawrence Radiation Laboratory and Department of.Physics 
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Berkeley, California 

+ 
Study of 1.96 BeV/c K p interactions in the Brookhaven'20-inch liquid 

hydrogen bubble·chamber has yielded_ a measurement of the elastic scattering 

cross section a = 7..5 ± 0. 7 mb.. A fit to the differential cross section 

vs.momentum transfer of the 
. . . . 2 

~ t<0.6o (BeV/c) , a= 

f 
-ext . orm cr

0
e g1ves, 

. . 2 
3.1 ± 0 • 3 (Be V /c) 

for the interval 0.01 (BeV/c)
2 

and cr
0 

= 4.8 ± 0.6 mb. The 

total cross section obtained is 19.4 ± 2.0 mb with single pion production 

dominant. 

. I. . INTRODUCTION 

At energies sufficiently above the threshold for inelastic processes, 

all elastic scattering shows a characteristic large forward "diffraction" 

peak. It is thought; that the characteristics of the diffraction scattering 

may not depend on the properties, of the particular particles involved. 

Unified descriptions of high energy elastic scattering have been suggested · 

l by various authors and asymptotic formu.las have been constructed. To 

determine the validity o! such descriptions, it is of interest to compare 

·the diffraction scattering of various particles on protons, in the same 

regime of momentum transfer •. We present here the results of a study of 

+ · K p elastic interactions in the 20-inch hydrogen bubble chamber exposed to 

a separated + 2 K beam of momentum 1.96 ± 0.02 BeV/c from the Brookhaven A.G.S. 

We include also cross sections.for the various inelastic reactions. 

* Work d.one under the auspices of the U. s. Atom~c Er..ergy Commission 

Now in the Department of Physics, Harvard University 

.;,.· 
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' ' . II. THE TOTAL ELASTIC CROSS. SECTION 

All two-prong events were measured on digitized projectors and· 

analyzed with the reconstruction and fitting program PACKAGE.3 After 

correcting for scanning biases and ambiguous interpretations we arrive 

at a total number of elastic scattering events NT = l094 occurring within 

a predetermined fiducial volume of the hydrogen chamber •.. (For details see 

Appendix). ·· In the .same volume were l64 -r · decays from which we find the 

+ 5 + 
incident K flux. From these data we evaluate the total. elastic K p 

scattering cross section 

crE = 7. 5 ± 0 ~ 7 mb 

where the error is statistical. 
6 

Cook et al. have reported ·a .total elastic 

cross section of 5.6 ± 0.4 ~b at l-97 BeV/c. 

' III. DIFFERENTIAL CROSS SECTION 

Theobserved angular distribution of the elastic. scattering is shown 

in Figs. l .and 2. We find the e'Xpected predo:miriant diffraction peak in 

the forward direction. In the backward hemisphere the data are too sparse 

for detailed study. No attempt is made at a phase shift analysis. Guided· 

by "Regge" theory and an optical model disc~ssed belo~~ we seek to fit the 

observed anguiar di.stributio:ri, below some upper limit of the momentum tran&-

fer squared t, by an exponential for.m 

dcr 
dQ 

where t = +2P2 (l-cose), and Pand e are respectively the c~m. momentum and 

scattering angle. This is seen in Fig. l to fit the data well in the forward 
... 

hemisphere. Because the average measurement error of t is not negligibly small co~ 
J'J.~j. 

pared with the width of the rapidly decreasing angular distribution, it is incd~fect 
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to obtain a merely from the slope of a least sqUares straight line fit to 

the histogram of Fig. l. The.finite momentum transfer resolution results 

in a net shift of the measured distribution relative to the true distri-

bution in the direction of increasing t, that is, in the direction of 

* decreasing cross section. We therefore obtain a , the best estimate of 

a, from a maximum likelihood procedure which takes explicit account of 

the measurement errors and makes optimum use of the experimental infor-

mation. The likelihood function has the form 

where 

L( a) = :'fT P. ( t . , crJ., a) 
J .· J J 

'Jlris a product over all events in the.t interval t i tot 
J mn max 

. -at 
fitted toe ; tj and cr. are respectively the measured t (from the 

. J 
being 

kinematic fi tt.ing program) and its uncertainty for . the j th event. For 

convenience we take the error distribution in t.to be a truncated Gaussian, 

cut off on each side at either three standard deviations or the kinematic 

limit, whichever is reached first, and normalized accordingly. Then 

P(t, cr, a) = l 
min( smax, t + 30') J Q(t,s,cr, a)ds 

·.~ = max(O,t-3cr) 

h h al h . th . 2 4 I w ere s is t e true v ue of t for t e J event, and smax = • 7 . Be V c 
.l . 

is the kinematic upperlimit of sat 1.96 BeV/c~ HereNCJ'(a). Q(t,s,cr,a)dsdt 

is th~ probability that for a sample of events with arbitrary cutoffs t . , 
m~n 

t an event will have true momentum transfer squared in the interval ds, max 

and measured momentum transfer squared in the interval dt. Q has the form 

Q( t, ;, cr ,a) = 

I/ .t-s )
2 

• · 
- z~·-0'--a; e c.\. . 

e 
M (cr,s) 

(4) 

-I 
; 
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The normalization factors are 

(5) 

and 

tm.ax· min(s ·, t + max 3a) 

N (a:) = }' J Q( t, s' a ,a:)dtds 
(6) 

a 

t- t . - min s = max(O, tr-3a) 

This maximum likelihood procedure yielded the results shown in Table I 

for three different intervals of momentum transfer. 

TABLE I. Results of Fitting Elastic Angular Distribution to e-at 

Interval I Interval II Interval III 

2 0.0103(8=7°) 0.025(8=11°) t . (BeV c) 0.0103 m1n 

·t max 0.6 1.0 0.4 

N(number of. events) 510 590 394 

* ±L:(BeV c)-2 2.9 ± 0 •. 14 a: J.l ± 0.3 3·3 ± 0.5 

expected L: 0.28 0.17 0.48 

P(x2) 0~7 0.4 ---

I:f L(a) bas the Gaussian form L(a) ·~ exp[- ~ (7*) 2 J expec;ed for 

good statistics·, ln L will have the parabolic form ln L = --~7 )2
+ const. 

Then .£:, the R.M.S. variance of L, is given by the half width of the parabola 
. . * 1 

at lnL(a:) = lnL(a: ) - 2· The uncertainties, .£:, quoted in Table I were 
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determined in this way. The likelihood curve for· Interval I is shown in 

Fig. 3· It is seen to be parabolic, as are also the curves lnL(a) for 

the other two intervals. 

A peculiarity of the exponential hypothesis is that the numerical 

value of lnL(a*) depends only on a* and so cannot be used as a measure of 

2 ' 
goodness of fit. We therefore calculated X. 's for intervals I and II by 

* ' '-at 
comparing the histogram of Fig. I with cr e • The forwar~ scattering 

0 

cross sections, cr , were obtained from the fractional cross sections for 
0 

the intervals considered, and are given in Table II. * 2 The a 1 s and x. ' s 

are of course independent of the overall normalization. 5 P(x.2), the pro

babili ty . the l would be greater than that calculated if the hypothesis is 

'* 
correct, is .listed ii1 Table I. cr e -:<X t for Interval I has been superimposed 

0 

on Fig. l. As an additional measure of goodness of fit we calculated the 

* expected variru1ce of a 

t 

expected .E = ~ [Imax ~ 
t=t . min 

using the approximation 

P(t,cr, a) 

2 

( dP) 
""""da a* 

dt 

-at 
e 

(7) 

(8) 

A fit to a distri·bution with the likelihood function of an incorrect 

hypothesis generally produces Z larger than expected. In this respect the 

expected Z's shown in Table I indicate a good fit for all tbree intervals • 

* Using a for Interval I we obtain the forward differential cross 

section 



mb = 4.8 ± 0.6 sr • 

From the optical theorem, with tot8i cross section aT = 19.4 ± 2.0 mb, 

obtained from the present experiment, we have 

. 
4 

mb 
0' ~. ·3 ± 0.9 -o sr 

It is seen that the forward. scattering amplitude. is predominantly imaginary 

as expected, and. consistent with being purely imaginary. We have compared 
. . 

o~ df!."ta wi th>a ·purely imaginary high energy. scattering amplitude of the form 

l . . . l . ' 1 . . - . ..,. . t . · . - - B ( s -t) 
f(e) = ~. [ a e. 2 ~ + C(E) ± b (E)e 2 .1 ,max r o o · · 

"i'Jf. -
(9) 

suggested by Minami 7 to explain both the increase of a with energy for some 
. . + . 

systems (e.g. K p, pp) and the absence of this Regge theory predicted effect 

.for others (e.g. 'Jf.p, pp). In contrast "to Regge theory ~ is here taken to 

be energy independent, as are · a
0 

and ~. 

scattering data, then, Minami finds 

·a 
·0 

= 18.2 

1 
(mb)'Z 

BeV/c 

Fr . + 
om higAer energy K p elastic 

and~ 

USing these values we conclude that Eq. (9), for which Minami finds evidence 

+ 
in the region 7 to 15 BeV/c of K p elastic scattering, is inconsistent with 

our data at 2 BeV/c. 

It is interesting to note that the exponential dependence on t, 

...£2:._ = 0' e-at 
dQ 0 

(1) 

I 

follows also from an optica.:t. model in which it is assumed that the transmitted 

.v 

...,·c' 
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amplitude a(b), for impact parameter b, is given by 

. I 2 
1 _:·,·a(b) - (A + Bi)e-b < b > . . (19) . 

Setting a(b) = e1X(b) in 

fCe) = ~ J a,_ ; 
0 

(2 k b sin ~)(eix(b)_l}b db 
15 

(11) 

b = 0 

it follbws that 

_!~ .. b 2>t 
do ,.. e 2 · · .. 

-~··- -:vo . (12) 

where. <,b2: > = 2a is a measure of the mean sg_uare radius of the K+p inter-

action. The region of validity of·the approximation Eg_. (11) is "13·~.23~~ 

• ·The results, in terms of both parametrizations., are .shown· in Table II, where 

they are also compar~d with those of. Cook et·a1.
6 

For comparison we inclu(!.e in Table II the results-of various elastic 

scattering experiments of rc; 1(+' 1( ~' p' and p on protons at appr~ximately 

the same . total barycentric energy, I>arametrized iri t.erms · of ·a:. 
TABLE II. Elastic diffraction peaks of various systems at E ~ 2.2 BeV 

· em· 
· da -at -- ! < b 

2 > ·t 
fitted to d1i = a 

0 
e == a 

0 
e 2 . . 

Experiment PLAB(BeV/c) Interval. fitted a(BeV/c)-2 .J < b2 
>(f) a (mb/sr) 

t< 
.o .. 

K+p . this 1.96 . I )-2 l.O(BeV c 
·-
2 .• 9 ± .14 .48 ± .Ol(a) 4.58 

. exp 't. 
+ II •1.96 0.6 •. 49 ± 4.8 ± .6 Kp .. 

3-1 ± -3 .. .02 
+ 

Kp II 1.96 0.4 3-3 .± -5 .51 ± .035 
+ . (c) •· 

Kp 1.97 0.21 3•9 ± 1.2 . -55 ± .15 3.6 ± .2 
\ -

K-p (d) 2.00 0.4 9.1 .· (b) .84. 12.91 
K-p (e) .. . 1.95 o.6. 7-9 ± .6 . 78 ± .03 12.5 ±1. 
+ (f) 0 .l~ • 4 1( p 2.02 5-7 ± 

rc+E (g) 2.0 5.0 ± .4 
. - (f) 2.01 

... 
0.4 7-8 ± • 2. 1( p 

trp ~e) lo95 0.36 8.1 :t .2 ·79 ± .l. 10.4 ± 2. 
1CP. h) 2.05 0.25 7.84± -7 
pp (i) 1.45 0.15 10 •. (b) 

PP (j) 1.61 0.17 13. (b) 

' ... ,. ,· 

· .. 
J 

'•· ··,.·· 
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Footnotes to Table II: 

.[
. 2 . 

(a) Uncertainties in < b > propagated from a errors. This is justified 

if L(a) is Gaussian as indicated by Fig. 3 and similar log L(a) curves 

for our. other fitted t illtervals. 

(b) Our fits to dat~ presented by the quoted authors. 

(c) See Reference 6. 

(d) See Reference 8. 

(e) See Reference 9~ 

(f) See Reference 10.; 

(g) See Reference 11.. 

(h) See Reference 12. 

(i) See Reference 13. 

(j) See Reference 14.;. 

•. 

It is quite clear that the simplest unified models of the diffraction 

scattering fail at this energy. Some regularity appears, in that the positive 

particle in all cases shows a smaller slope, with approximately a constant 
. 2 

difference (a_ - a+) ~ 3-4 (BeV/c)-. • 

IV. ·.INELASTIC CROSS SECTIONS 

In Table !II are listed the partial_cross sections ~or Bll open chan-

2 nels. Identifications were made on the basis of kinematic· fit and bubble 

density estimates. The quoted erro.rs a;r-e statistical only and do not include 

· uncertainties due to incorrect identification, believed small compared to 

the purely statistical uncertainties. 

reactions are discussed else~here. 2 ' 4 
Detailed characteristics of these 

0 The A production cross section is 

an·upper limit, no hyperons having been observed. 

' ... 
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+ 
TABLE III. Cross sections observed for the K p interaction at 1.96 BeV/c • 

Reaction product 

K+ p elastic 

0 + K:rrp 

+ 0 
K :rr p 

.++ 
K:rrn 

+- + K :rr p:rr 

0 0 + 
K :rr p:rr 

0 + + 
K :rr n:rr 

+ 0 + 
K :rr n:rr. 

+-o+ 
K:rr:rr:rrp 

O+-+ 
K:rr:rr:rrp 

+-++ 
K :rr :rr :rr .n 

+ + . 
KKA 

Cross section (mb). 

7-5±0.7 

4.6 ± 0.6 

2.0 ± 0.3 

1.6 ± 0.3 

1.7±0.2 

1.3 ± 0.2 

0.33± 0.1 

o.o5± o.o2 · 

0.02± 0.01 .. 
0.01±.0.006. 

:5 0.01 

19.4 ± 2.0 
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APPENDIX 

A. Corrections to the Selection bf Elastic Scattering Events 

Two major difficulties arise in the selection of the elastic events: 

(1) a low efficiency for finding events with short recoil_ protons, and 

(2) distinguishing between elastic scattering and ~0 production K+p ~ 
+ 0 K p~ • To eliminate the first, a minimum projected track length was deter-

mined which made the scanning efficiency independent of track length. This 

determined a minimum scattering angle cutoff e = 7° corresponding to 

t ~ .01 (~)2 , as well· as a 55° maximum cutoff in the azimuthal angle ¢ 
::' 

between the plane of the outgoing tracks and the plane of the four cameras 

(the plane of zero "dip" angle). This restriction on¢ also eliminates 

steep tracks making the evaluation of relative bubble densities more reliable. 

Events satisfyingthese criteria and the kinematics of elastic scattering 

+ were usually kinematically· consistent also with the reaction K + p ,_ 

+ 0 + + 0 
K + ~ + p and often with the reactions K + p ----~ ~ + p + K and 

+ + + In 1 + d . ul K + p -~>r:- K + ~ + n. al cases ~ pro uctJ.on co d be distinguished 

from elastic scattering by observation of track bubple densities. This 

procedure was not useful for the hypothesis of single ~0 production if 

neither outgoing track had momentum between about 400 and 1300 MeV/c or 

stopped in the chamber. + 0 . The ambiguous K p~ fJ.ts, however, almost invariably 

posited a ~0 of cos e <- 0.95 and·P < 100 MeV/c. Since this pattern was 

+ 0 also exhibited by the K p~ fits rejected on the basis of bubble density 

and was inconsistent with smooth extrapolation of the distribution of 

+ 0 
uniquely identified K p~ events, it-is likely that such fits are spurious, 

resulting from inaccuracies of momentum measur~ent. The 80 ambiguous events 

.,' of this type were thus included in the elastic scattering group. In this 
> 

·. " 

. ' .. 

· way 636 events were accepted as elastic scatters. 2 The X distribution is 

c . 
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in good agreement with that expected for four constraint events. Of the 

two-prong events which failed to fit the hypotheses· of either two or three 

particles in the final state, 34 were classified to have two neutral particles 

in ~he final state and 49 were immeasurable for technical reasons. The four-

body final states were identified by computing the missing mass from the 

unbalance in momentum and energy. The number of events whose missing mass 

* * is consistent with either a. neutral K or a neutral N is in agreement with 

the number expected from charge independence and the number of such resonant 

4 states found in the analysis of the four-charged-prong events. Assuming 

the observed ratio of elastic to inelastic two-prong events to be the same 

for the immeasurable events, we take 22 of these to be elastic in our cross 

section determination. 
.::-

Extrapolating 'the observed distribution of Fig. 1 to zero momentum 

transfer assuming for the differential cros.s section an exponential depen

-at dence e , vrhich is in excellent agreement with observation for t < 

0.6 BeV/c, gave 19 events to be added to.the sa.niple. Correcting for the 

azimuthal angle cutoff and the estimated fraction of elastic events which 

were immeasurable, we arrive at a total NT = 1094 events for all t and ¢. 

,J3. Pion Contamination 

+ We evaluated the ~ contamination in the beam by fitting all fo~prong 

+. 
events to the hypotheses of an incident ~ • Four-prong events were used 

+ . 
because the ~ p cross section for this topology is about three times as 

+ great as that for K p, thus giving an enriched sample of beam contaminants. 

Only one event satisfying entrance angle and momentum criteria was found to 

+' 
favor incoming pion kinematics, yielding an estimated ~ beam contamL~ation 

+0.5 a!. ·of 0.25-o. 25P which we neglect. This estimate is. consistent with that obtained 

from the measured K-~ separat1on2 in the beam. 
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FIGURE C~IONS 

Logarithmic dis.tribution of 636 elastic scattering events 

vs momentum transfer squared t. The straight line shows 
•.' t:·. 

dcr/dn = cr exp (-a*t) where a*= 3.1 (BeV/c)-2 is'the maxi-
. 0 

·mum likelihood estimator (Eqs. 2-6) for interval I 

. 2 I (.01 ;§; t ;§; .6 (BeV/c] ), and cr
0 

= 4.8 mb sr. The line 

is dashed in the extrapolated region beyond the fitted 

interval. 

Angular distribution of 636 elastic scattering events. 

Shaded area indicates events deduced by extrapolation 

below.cutoff e = 7°, assuming angular distribution em 

,... exp (-at) • 

Logarithm of likelihood function L(a) (Eqs. 2-6) used 

to fit Interval I (.01 ;§; t ;§; .6 [BeV/c] 2) to.the hypothesis 

dcr/dn ""' exp (-at). * The estimator a is obtained from the 

from the maximum of the likelihood function, and z, the 

R.M.S. variance of L(a) is the half width of ln L(a) at 

' * 1 ln :I;.( a)) - z• 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expre-ssed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in thi~ report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent. that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or con~ract 
with the Commission, or his employment with such contractor. 






