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K P Interactions at 2 BeV/c - Elastlc Scattering and Total Cross Sectlons
W, Chlnowsky, G. Goldhaber, S. Goldhaber, T. O'HHlloran,* and B. Schwarzschlld

Lawrence Radiation Laboratory and Department of, Phy31cs ‘
University of California-
Berkeley, California .

Sﬁudy of 1.96 BeV/¢.K#p interactions in the Brooghaveg'zo—inch liquid
hydrﬁgen bubble-chamberlhas &ielded‘a measurement of the elastic scaftéring
cross sectipn d‘§.7,5 + 0.7'mb.“'A'fit to the diffefential cross seéﬁioﬁ
vs.momentum fransfef'of ﬁhe form 9 é—om glves, for the 1nterval 0.01 (BeV/c 2
: <'~£"<o'6o (BéV/c Z, Sa= 3. 1 %o0. 3 (Bev/c) and o a 8 + 0. 6-mb. The
total cross sectlon obtalned is 19. h * 2.0 mb w1th single pion productlon

dominant.

I. * INTRODUCTION

. At energies sufflciently above the threshold for 1nelast1c processes,
all elastlc scattering shows 8 characterlstlc large- forward "dlffractlon
peak. It 1s.thoughtthat thelcharacteristicslof the dlffractiqn-scatterlng
may nbt.depend on the propefties of the.particular par%icles iﬁ;qlvéd.
Unified descriptions of high energy elastic scattering have been.sﬁggestéd 
by'yaripus authors and asymptotic formulas have been cqnstruﬁted.; To |
deterﬁiné the‘validity of such-descriptions,_it is of ihferést to_comﬁaré
'the diffraction scattefihé éf various parficles on protbns, in thé same
regiﬁe of momentﬁmrfransfef. “We present here the reéults of é sﬁudy of
‘K%p elastic interact;ons in thelzo—inch‘hydrogen bubblé'chambef expoéed'to |
é sepafated K beam‘of momentum 1.96 * 0.02 BeV/c from the Brookhaven A.G.Sf2

We include‘also chss sections for the various inelastic reactions.

* Work done under the auspices of the U. S. Atomié Irergy Commission
t Now in the Department of Physics, Harvard University

§
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' IT. THE TOTAL WLASTIC CROSS SECTow .
‘ All'two—prong events were measured on digibized projectors and -
analyzed withjthe reoonsbruction ana fitting program PACKAGE.3 After -- | -
‘correctiné‘for soanning biases and ambiguous interpretations_we arrive
at a total number of.elastic scattering events NT = 1094soccurring'within
a predetermlned flduc1al volume of the hydrogen chamber. (For details see

Appendlx).‘ - In the same volume were 164 T decays from whlch we find the

5

+
~ dinecident K flux. From these data we evaluate the total elastlc K p )

scattering cross section

op = 7.5 £ 0.7 mb

: F T B . - .
- where the error is statistical. Cook et.al. . have reported a total elastic

cross section of 5.6 + O.% mb at'l.97 BeV/c,l-'

"'III. DIFFERENTIAL CROSS SECTION

~ The observed angular distrlbution of the elastic scamterlng is shown |

~ in Figs. 1 and 2. . We find the. expected.predominant dlffractlon peak in

the forward directlon. In the backward hemlsphere the data are too sparse
for detailed study No attempt is made at a phase shlft analysis. Gulded- ‘

by Regge theory and an optlcal model dlscussed belog; we seek to £it the

' observed angular dlstrlbutlon, below some upper limit of the momentum trans—

fer squared t, by an exponential form

do ‘= g é«at
ae o

where t +2P (l—cose), and I’and 6 are respectively the c.m. momentum and

scatterlng angle. This is seen in Fig. 1 to fit the data well in the forward

‘hemisphere. Because the average measurement error of 't 1s not negligibly small. Com— .

: Arl

pared with the width of the rapidly decrea51ng angular distrlbutlon, it is incd¥rect
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to obtain o nmerely ffom the slope of a least squgres straight line fitvto
the histogram of Fig. 1. The.finite momentum transfer resolution results
in a net shift of the meésured 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'cf, the pest estimate of
a; from a maximum likelihood procedure which takes explicit account of
the measqremént erTors and makes optimum use of the experimental infor—

mation. The likelihood function has the form
L{a) = P(t., 0., O . : . : (2) ™,
@ =TT sy, o 0 | (2)

where I}'is a product over all events in the t interval t to t
dJ min max

being'fittéd to é4xt; t, and 03 are respectively the measured t (from the

J

kinematic fitting program) and its uncertainty for the jth'event. For
convenience.we take the error distribution in € .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

: . - min(Epay, ©+ 30)
P(t, 0, @) = ——s—— [ Q(t,&,0, Q)dE | (3)
. Nl VA
' g o= max(oft"‘30)

where £ is the true value of t for the jth event, and ¢ = 2.7% BeV/e

max

Y _
is the kinematic upper limit of £ at 1.96 BeV/c; Here N—Uiyf Q(t,g,c,a)dgdt
. oy o

is the probability that for a semple of events with arbitrary cutoffs tmin’

ot an event will have true momentum transfer squared iﬁ the interval df,

max

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

)

At e,00) = % & T )
M(U;E)

!
o T K e, -
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The normalization factors are

S0 min(e 8+ 30)
M(O’,E,) = f e"‘% Tcg ) dr . ' o (5)
T =_max_<0,§—3d) | |

and
L .min(gma£; 4+ 3q) -
Ny(e) = ,J/ o u/\ Q(ﬁ,é,c,a)dtdg | (6)
| t = tmiﬁ' ¢ = max(0, t~30) '

This maximum likellhood procedure yielded the results shown ianable I

~t

for three different intervals of momentum transfer.

TABLE T. Results of Fitting Elastic Angular Distribution to e O

Interval I Interval II Interval III
2 ' - _Oy . ' - __0
pmin(Bev c) - 0.0103(8=T7") 0.0103 0.025(6=11 )'
ot 0.6 | 1.0 0.k
max . : -
N(number of events) 510 ' 590 . 39k
* =2 : ' o ’
o *Z(BeV c) . 3.1 £ 0.3 2.9 £ 0.14 3.3 + 0.5
expected & 0.28 . oar 1 0.18
() 0.7 S 3

If L(@) has the Gaussian form L(a) ~ exp[ (?t9%> ] expected for
. %
' good statistics, 1n L will have the parabolic form ln L = ’%<é§a'> + const.

Then Z, the R. M.S. varlance of L, is given by the half width of the parabola

at 1nL(a) = lnL(a ) — E‘ The uncertainties, Z, quoted in Table I were



f.are of course iﬁdependent of the overall normalization.

determlned 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  1nL(a) for

the other two 1ntervals.

A pecullarlty of the exponentlal hypothe31s is that the numerlcal
value of lnL(a ) depends only on of and so cannot be used as a measure of
goodness of fit. We therefore calculated x ’s for intervals I and II by
comparing the histogram of Fig. I with c éqz t. fhe forward scattering

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

: ‘ . *
the intervals considered, and are gilven in Table II. The o 's and xz's

2 -P(xz), the pro-~

. bability the x° would be greater than that calculated if the nypothesis is

¥
t

correct, is listed in Table I, vcoé*a for Interval I hae been superimposed -

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

*
expected variance of O

expected I = %\-f f 1 <BP >2 at ' 7)
} . P\ %/
A t= min .
~using the approximation
P(t o, oz) e'fxt : - (8)

[-Oftmn __e“"‘tmax]

A fit to a distribution with the likelihood function of an incorrect

hypothesis geherally_produces 2 larger than expected. In this respect the

expected I's shqwn in Table I indicecate a good fit for all'three intervals.

* - : -
Using ¢ for Interval I we obtain the forward differentisl cross

sectlon

Tk



o = 1&.8:c0.6 mb

o st

From the optical theorem, with total cross section oy = 19.% + 2.0 mb,

 obtained from the present experiment, we have

. mb.
IR +- —
0.2’-}.3_..0.95

'It is seen that the forward scattering amplitude. is predominantly imaginary '
'as expected, and consistent W:Lth being purely 1magj_nary. We have compared

our data w:Lth ‘8 purely :Lmaginary high energy scattering amplltude of the form

. o —Eat ' " B (g ~t) A

£(3) == | a Al- + () £ b o(Ele ,2 S (9)
N | |

suggested by Mina.mi7' to explain both the increase of o with energy for some

systems (e.g. K D, pp) a.nd the. absence of this Regge theory predicted effect

for others (e.g. :rp, pp). In contrast +0 Regge theory Al is here taken to

be energy independent, as are ao and. Bl From higher energy K j¢) elastlc

scatterlng data, then, Mina.mi finds

8 = 182._.@1— | anaAl ='5.6 (BeV/c) ™2

BeV/c

Us:Lng these values we conclude that Eq_. (9), for which Minami finds evidence

!1n the region T to 15 BeV/c of K p elastic scattering, is 1ncon51stent w:Lth o

o]

our data at 2 BeV/ec.

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

dc'_ —0h . ' : |
o T 9%° S (1)

f: ‘ : ' ) ‘ . )
follows also from an opticel model in which it is assumed that the transmitted -
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amplitude a(b), for impact parameter b, is given by

2

1—ra(d) = (A + Bi) b/ < v > . (10)-
 Setting a(b) = -eix(b) in : _
. Chw e = .y 15
£(6) = X U/i J(2k b,sin-g){e1X(b)-1}bvdb’, o (1)
SR o) ‘ 275 - » _ o
'.-b'-'-_-vo.':l ’ o - ’
1t follows'that ,
' res L= % £15> ¢ I ' S ‘
= ge - '"' f o - o 1.(12)

N dQ o

where, < b2 > = Za is a ‘measure of the mean square radius ofjthe‘K-p.inter—
"action. " The region.of validity of the approximation.Eo. (ll) 13'5'2'23°.

- The results, in terms of both parametrlzatlono, are shown in Table II, where

/ .

- they are also compared w1th those of Cook et al.”

For comparlson we include in Table II the results of various elastlc
4
scatterlng experlments of K s T, ﬂ ’ P, and p on protons at- approx1mately

@he same  total barycentric energy}parametrized in terms of a.

TABLE II. Hlastic dlffractlon peaks of vaV1ous systems at E '“ 2.2 BeV

| fitted ﬁo gg coe"om ="coé" 7 < b >%
Experiment P (BeV/c Interval fitted a(BeV/c)~2 V< v? >(£) "cb(mb/sr)
S ' ] : o et
K%p .this 1.96 .1.0(Bev/c‘)“2 2.9 * Ak | .48 i..Ol(a) 4.58
exp'te o ' ST R , . '

K#p ! 51.96s,'" Sl 0.6 3.1 % .3.. | W9 s .02 4.8 £ .6
Kp " 196 | ok |3.3%.5°] .50 % .03

KiP. (e) 197 ] 0.2l o 3.9 £L2 | .55 % .15 3.6
Kp P 200 | o or P |iza
"Kp .(e)~” 1.95 0.6 7.9 .6 | .78 +.03 | 12.5%1
o ) 202 | o |57

«p (&8 2.0 5.0 & 4

'n"p"(f) 2.0 " 0.4 .1 7.8 £ .2

p ée) 1..95 ~ 0.36 8.1 .2 | .79 % .1 104 = 2.
p (R) 2,05 - " 0.25 7.84% 7

pp (1) 1.45 - 0415 . 10. . (D)

p  (3) .60 © 0.7 13.  (b)
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Footnotes to Table II‘
(A) Uncertainties in 4r< b > propagated from @ errors. This is Justified '
B if L(a) is Gau581an as 1nd1cated by Fig. 3 and similar log L(a) curves
~ for our other fitted t inteérvals. . |
(b)l Our fits to daf@'preeented by the qpoted authors.
(c) See ReferecCe 6. |
(a) See Reference 8f
'(é) See Reference 9.
.(f)AlSee Reference 10. 2}
(g)- See Refereﬁce’ll;;
{(n) See Refereﬁce 12.
.:(i) See,Reference-l3fl

(3) See‘Referehce'l&; -

It is quite clear that the simplest unified,models of'the'diffraction
scattering fail'at this energy.7 Some regularity appears, in that ‘the pos1tive
particle in all cases shows a smaller slope, with approx1mately a constant

vdlfference (- 0#) 3—& (BeV/c A

| . INELASTIC CROSS 'SECTiONs
In Table III are listed the partial cross sections for all open chan—
nels.z- Identifications were made on the ba81s of kinematic flt and bubble
density estimates. LThe qpoted errors are statistlcal-onl& and do not include
'uncertainties due to incorrect 1dent1fication, believed small compared to
the purely statistical uncertaintles. Detailed characteristics of these
reactions are discussed elseﬁhere.zf% The A. production cross section is

an-upper. 1imit, no hyperons having been observed.
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i

TARLE IIT. Cross sectioné observed for thé

K p interaction at 1.96 BeV/c.

Reaction product

Cross section (mb)

K#p elastic
Kpﬂ+p

K#ﬂop
Kxn
K%n’pn+

' Kpﬂopﬂf
'K9n+nn+
K?nonﬂf
K&ﬂ—ﬂoﬂ+p

O + — +
Knxnp
+ -+ +
Katxnan

4k
"K KA

“total -

+

e
b6

0.7
0.6

2.0 £ 0.3

+

1.6 £ 0.3
1.7 ijofz
1.3 £ 0.2
0.33% 0.1
~0.3

0.05% 0,02

0.02% 0.01

.0.0liZO.QO6.

< 0.01

»19.u + 2.0
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APPENDIX -

A, Correetions to the SeleetiOn of Flastic ScatteringAEvents.

Two najor difficulties arise in the seieetion ef theielastic'events:
.(l) a low efficiency for finding events with short recoll protons, and 5
(2) distinguishing between elastic scattering and ﬂ production K P —>
K%pﬂ». To eliminate the first, a minimum progected track length was. deter—
mined which made the scanning eff1c1ency independent of track length. This
determined a minimnm‘scattering angle cutoff B = 70 corresponding te -
t & .01 (BeV) , 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 evalnatien of relative bubnle densities more relieble.
Events satisfying these criterie and the kinematics of elastic scattering
were usuaily kinemétically-consistent elso with‘the reaction K%'+ P ——
K" + 7° + p and often with the reactions K + P i %+ p + K and
K% F P K% + n+ + n., In all cases ﬁ+ production coulq be distinguished
from elastic scattering by observation ef track bubble densities. This
procedure was not useful fer the hypotnesis of_singie ﬂo production if
neither outgoing track had momentum between aboﬁt_%OO‘end l3OQAMeV/c or
stoppea in the chamber. The ambiguous K#pﬂo>fits,'however,falmost inveniably
posited a n° of cos 6 < — 0.95 a.nd_‘—l_’ < 100 MeV/e. Since this pa.ti:ern wa.s
also exhibited by the K%pﬂo fits rejected on the basis of bubble density
end was inconsistent with smooth extrapolation'of-fhe distribution of
uniQnely identified K%pﬂq events, if~is likely that such fits are spurious,
' resultingvfrdm inaccuracies of momentum measurement. The 80 ambiguens events
of this type were thus included in the elastic scattering group. AIn this

"way 636 events were accepted as elastic scatters. The x distribution is
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in good agreement with that expeqted for four constraint eveﬁts. Oflthe
two—prong events wﬁich failed to fit the hypofheseg~of either tﬁo or three
parﬁicles in the finai state, 34 were ciassified to have two neutral particles'
in the final state énd k9 were'immeasuréble‘for‘technical reasons. -The four;
56dy final states ﬁere identifieﬂ.by computing the missing masé from the
unbalance in moﬁentum and enefgy. The number of events Qhose missing.mass
is consistent with eiﬁher a. neutral K% or a neﬁtral N* is in‘agreeﬁentNWifh
the number expected f:om charge indépendence and the numbef of such resonant

' stafes found in the analysis of the four—charged—prong évents.11L Assuming
the observeq ratio of élaétic to inelastic two-prong events to be the same
for the immeasurable eventé, weltake 22 of these to be elastic in qur cross

Asection determination.

Extrapolatingfthé observed distribution'of Fié. l to,Zero‘momenﬁum
transfér assuming for the differéntial Cross section anvexponential depen—
dence'équt, which is in excellent agregment with obsefvation for t <
0.6 BeV/c, gave 19 eventsiﬁo be added to the sample. Corrécting for the
azimuthal angle cutoff and the estimated fraction of elastic_evenfs which
were immeasurable, we afrive at a total N =_lO94 events for all t and ¢¢

oT

B Pion Contamination

- We evaluated the ﬂ+ contamlnation in the beam by fitting all four—prong
events to the hypotheses of an in01dent ﬂ .' Fqureprong evegts were used
because the ﬂ hs} cross section for this topology,is about - three fimes‘as
great as that for K%p, thusvgiving'an enriched sample of beam contaminants.
Only one event‘éatisfying entrancé angle and momentum ériteria_was fouhd to
- favor incoming pion kinematics, yielding an estimated ﬁ+lbeam contemination
-of 0.25j8:g5% which we neglect. This estimate is.consistent with that obtained

from the measured K- separationz in the bean.
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 'FIGURE CAPTIONS

Logarithmic distribution of 636 elastic scattering events

Vs momentum transfér sQuared t. The straight line shows

_dc/dn 0 exp (=) where o = 3.1 (BeV/e)™ 2 is the maxi—
-mum llkellhOOd estimator (Eqs. 2—6) for 1nterval T
’ (.01 sts .6_[BeV/¢] ), and o, = 4.8 mb/sr. The line

‘is dashed in the extrapolatéd region beyond the fitted

interval.

Angular distribution of 636 eiastic scéttering events.

- -‘Shaded area indicates events deduced by extrapolatlon

below cutoff 9 7., assumlng angular distribution

~ exp (~ot).

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

to fit Interval I (.0l = t = .6 [BeV/c]Z) to. the hyrothesis

do/dQ ~ exp (-ot). The estimator o is obtained from the

from the maximum of the likelihood functlon, and Z, the

R. M.s variance of L(c) is the half width of 1n L(a) at .

. J"n L(a/') - -2-."-
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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, expressed 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 this 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 contract
with the Commission, or his employment with such contractor.






