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INTRODUCTION

The production of strange particies in w proton interactions
st high energy (Pn_zyrv ) GeV/c) has been first studied in bubble
chember experiments at Dubna ) and at CERN(z), These experiments
have demonstrated that Ao hyperons, and to a lesser extent L hyperons,
show a pronounced backward peaking in the cm system of n~-p; that the
Ko mesons are significantly peaked forward, and that the mechanism .
of production is therefore a “peripherél“-rathef than a statistical

one. However, these studies were based essentially on events with

only one strange particle decay visible in the chamber, so that the

K& events eould not be separated from the YK events and it was not

possible to draw any more detailed conclusion about the mechanism of

different channels of strange particle production.

In order to get more detailed information about the associated
production of strange particles, in 1961 an exposure of the 81 cm
Saclay hydrogen bubble chamber to a 10 GeV/c % beam was carried out

and only. those photographs studied that showed a n —-p interaction

' " together with the decay of two strange particles in the chamber.

Preliminary results were presented at the 1962 Conference on High

Energy Physics at CERN(3),
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At that conference the results of two other "2V" experiments -~

AN Lo

performed with heavy llquld bubble chambers - were presented""".

The Dubna group(4)has studled a sample of 52 A K and 37 K °%° events

produced by 7 GeV/c % s~ The CERN—Parls group(s)has studied K A and

K K productlon by n at 6 11 and 18 GeV/c. Two more papers on the

production of strange partlcles by hlgh energy n in hydrogen were

published later, Bertanza et al, (6) have studled the problem at
4.7 GeV/c and Ferbel and Taftm at 11 GeV/c.

This paper contains our results on KY production by 10 GeV/c
n in hydrogen, The analysis of KK production is presented in a

8
separate paper .

EXPERIMENTAL PROCEDURE

- The -exposure, of the 81 cm Saclay hydrogen bubble chamber to a

tahighlenergyrn- beam from the CERN proton synchrotron. yielded about
83000 photographs with an average of 10,5 beam tracks per picture,

The beam momentum was, measured to be (10.0 x 0.6) GeV/o...The’Con-

tamination of u  and K - were estimated .to be ~~14 o/o_and,.(~l o/o

“respectively.

+
A1l photographs were scanned twice for V and V_ decays. associated

with a beam 1nteract10n in a fiducial region of the c¢hamber, Several

:ithousand decays were'fOund, ‘among them 325 events with both ‘Vts

decaying in tle chamber; The efficiency of scanning was ‘¢alculated

.. separately for different types of V decayp(see Appendix),J

:Allheﬁents with 2 Vis Wefe'measdred using the CERN Tep measuring

‘méchines. Geometrical reconstruction and kinematical fitting of

(9)

" V's was done on an IBY 709 computer using the GAP programme .

‘U31ng the )ézjvalﬁe for testing thé goodness of different fits it was

in most cases poss1ble to 1dent1fy the V's, In ambiguous cases
(x° or A°, Z— or ¥) ionisation measurements using the mean gap length

method(lo) were carried out,

Kinematic quantities that are not given by the GAP.programme such

as cms momenta and angles, Q - values for pairs and triplets of secondary

particles.etc. were: computed by-a ‘special analysis programme (SAP)

on’ the. IBM 709 computer,
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For the final analysis events with a distance
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¢ 20 con from the

N

far end of the chamber were omitted in order to have no events with

a“big Wéight fof escape probability, The resulting average weight

of events (excluding events with a charged kaon) was 1.45.

3, EXPERIMENTAL RESULTS

3.

1 Cross Sections

The total number of events obéervéa>and corrected in each

K = Y production channel is giveh in Table I.
Table I
Event fypé - Number Number® c(mb)ﬁe
‘ observed corrected : :
w4p = 42(2°)+8%+nn 95 595t 61 | 0,472 %0.048
A% (%) 4k an 11 " 539162 0.422 fo,127
24k 4nn 32 104t 22 | 0.097 %0.017
At ey 5 et 55 | onos 20.041
£ 4K 4 43 2027 31  0.158~iOwO24‘m
£k 13 206t 66 | 0.161 To.052-
= 2K 12 10.8%5,7 | 0.0155%0,0045
T+T 4+ 3 8.1%4.6. | 0.006320,0036

@ e o . . S
To'calculate the correction we made use of:

o

. A.H. Rosenfeld, UCRL 8030 (1960))

b)

the known values of life—time for strange particles (W,H, Barkas,

Ko?é 2n‘

the value of the branching ratio EEf;rgll'ﬁodes

= 0,335 % 0.014

. (J.L. Brown et al., Phys, Rev. 130, 769)

&

® Do normalise our data the total cross section tht =

o 0
the assumption that the value of branching ratio is Ki /K2 =1

0 0
A= gm +n

the branching ratio 20 5 a1l modes

1/3

scanning efficiency for 7° and Vi, as calculated in the Appendix

(26,5 £ 0.5) mb

at this momentum was used (von Dardel et al., Pﬁyg. Rev. Letters §,

173
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in dlsagreement w1th the assumption that for a glven K - Y pair
every p0031b1e comblnatlon of charge has the same probability,

that is:

Yo 0\, 0 N 0/.0v,+ 7 N - - '
A(ZU)K A (E7)K K LK 'K LXK

~ though the statlstlcs of the K channels are too small to prove

these equalltles. Nevertheless,_ ssumlng theSe equalltles to be true,
we find : : 5

o(n p —4°K) *

0. 10) mb
0.07) mb

(o 94
(0.51

i
1

26(m p —?A?(ZO)KO) I
o(npr 1K) = 20(n7p > %K°) z

]
Il

(1,45 £.0.17) mb

is compared in Table II Wlth the results obtained in other experi-

The total observed cross sectlon o(n p-—bYK)

ments,
Table II
Cross sections for n + p->Y + K +om
Momentum - (o} - Laboratory
GeV/e - o(n.p~;2Y k) | oln p-;;YK) and reference
| (6)
4.7 |- . 0.80 1.11 Brookhaven
7-8 0.80 = 0.25 - pubna’l)
10 0.94 £ 0.10 | - 1.45 ¥ 0,17 CERN = this experiment
16 0.68 T0.10 |  1.32 7 (2).

0.15 CERN®

Though no fit was performed to the interaction point the

_ mlss1ng mass, energy and momentum as calculated in SAP allowed to

Ps/4195/dac

establish the number of produced- neutral pions to be O, 1 or
> 2. The classification of Y h'K events according to the

number and charge of produced pions is given in Teble III. It

. o
‘should be remembered, however, that this classification is for = !'s

rather statistical and not based on absolute certainty for each

individual event,

o
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Table III
'Evenf type Number of events
: observed corrected for o}
escape . mb
probability

4D —?A°}K° 3 7.29 0.026
2%4%°%+5° 2 3,18 0,011
1%4x%+ 3 25° 11 19.95 0,072
"AQ;K9+ﬂf+ﬂ_ 8. . 9.54 .0;034 o
204 1217 14,82 0.05%
2%+ 4n 4 2n® 26 35.83 0.129
£%4x2ntron” 2 2.21 ©0.008
2°%4x%+2n 4on +n° 15 18,07 0.065
2%4x%s2n 420"+ z2n° 14 17.62 0.063
1°4x°% 437 43 0 0 -

 1%4K°43n 43 1 1.45 0,005

2°48° 437 30+ 5 20° 1 1.39 0.005

Total n 4+p — A 4K + pions 95 141.%5 0,472

noAp =T K 2 3,69 0,009
24k 4 40 7 15.36 0.036
£ 4K 4+ 2n’ 10 13,51 0,032
5 ko 2 3,68 0,009
£k 2n 4 +n° 9 12,11 0,029
£k 42+  2n” 8 9,29 0.022
£ k43 +2n 0 0 -
Z-+KO+3n_+2n++no 2 2,65 0.006
LK 43 2+ y ond 3 6.27 0,015

Total n +p=E +K +pions 4% 66.56 0,158
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B 0. =0 =
R PP 5. 6,62 . 0.016
thalm ey T 8 10.23 0,024
I VYT 2 2,06 0,005
£k 42n +n +n° 10 12,90 10.031
TCson e y 2n® 3 3.60 0,008"
CETarC4sn o 0. 0 -
.szK°+3n‘+2n++m° 5 4,19 0.010
.Z++Ko+3n—+2n+;l;>./2no 1 1.23 0,003
Total m +p—y I +K +pions: 32 40,83 7. . 04097
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The further analysis of the Y - K production is based on

AOKQ,.Z+K?:and Z?Kq events,

a) 1%¢° events

We =hall call these evento AOKO events thoﬁgh,a large number

of them may in fact be ZOKO.events.

In Fig, 1 the ?L-—pi plot with its different projections

- gives information on the AO distribution in the cm system of

anp. There is a remarkable resemblance between the presented
distributions and those for protons from the reactions of x°x°

. . . . 0 . .
production . The main characteristic featuresof A" emission

are as follows:

1, Limited transverse momenta which are much lower than

allowed by phase space,

2. Strong backward-forward asymmetry. Pifty percent of A°
hyperons are emitted with cos G% less than -0.9 and the
.average longitudinal cm momen tum ef Ao is ~0.70 GeV/c. The

lack of the fast forward 2° ~hyperons is. statlstlcally

A s1gn1flcant and cannot be due to experlmental blas. The

: backward forward ratio corrected for detectlon probablllty

is B/F =4,5 1.1,

The cms distributions for K mesons are presented in the same

form as for A° "hyperons in Fig, 2, It can be seert that.
1. The transverse momenta are limited to 10W'va1ues.

2, KO mesons are emitted predominantly forward. The average
longitudinal cms momentum equals +‘O.27'GeV/c.
As already discussed<3), there exists a strdngﬁedrreiation
between A° and K° from the same interaction, In about 70 o/o‘"
of the events these particles are emitted into opposite hemispheres.
If one tries to describe the interaCtioﬂ.in ‘terms of the one

partlcle exchange model, the process of A K productlon would be

descrlbed rather as a strangeness carrying partlcle exchange and

PS/4195/dac
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 The pions‘(Fig. 3) have still smaller transverse momenta and
a nearly symmetric distribution in pi. Mosf of them have low

*
values of P in 65 o/0 of cases below 0,5 GeV/ec.
b) -E+Kq events.

The L' hyperons (Fig;‘4)'gi€eva correéted backward-forward ratio
:of‘B/F,= 5.0 t.2.4;~the;average@p§ ism—0.61 GeV/c.- Contrary to what

was observed in AqKoaeventstthere‘eiist some fast. forward hyperons.

Phe ‘emission 6f kaons (Fig. '5) and pions (Fig. 6) show the same
mein features as in A K eévents. ~In particular, the same strong
angular correlation of a kaon and & hyperon from the same event is

also observed.
"8) IR evénts'

The emission of I hyperons'(Fig; 7)‘is Quitejdifferent from the
| general “trend of baryons t6 Have' ‘the eameEGms'direction as the proton
before the collls1on. The “distribution in PL is almost symmetric
about PL = 0, 4 canle seen from the average of pL which is equal to

~0,22 GeV/c. The backward=forward retio B/F = L,T - to.s.

For both E and Z the pL dlstrlbutlon extends to larger positive

values of p than for A

The dlstrlbutlons for K mesons and plons produced together
with % hyperons are shown in Flg. 8 and Flg. 9 respectlvely.
d) =7 events

Eleven out of 12 ObSGerd _ hyperons are emltted in the back-
ward hemlsphere. The average cms 1ong1tud1nal momentum equals

~0.68 GeV/e.

Indeed, in any mechanlsm of = exchange (or generally no strangeness
carrying meson exchange) A and K will be emitted at the same eriex
 ‘and therefore.go together in spite of the fact that the phase space favours
acthe emission of the two heav1est partlcles produced in the Opp031te
‘directions. : ' R
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LD Tavapdinnt mose digtributiona

The distributions of the invarient mass for all two and three
particle combinations were studied. The "background" was not
oaloulated according to the normal phase space formiilae #s 1t seems =
to have litile meqningffor high energy interactidns”beoéusé of?their
strong non-statistical nature. The results on the production of bound

states have therefore a qualitative'cnaracter.

The invariant mass distribution -of Kon+ system -compared to a
"packground" distribution of K T, which cannot carry & posltlve
strangeness (Fig. 10, b,.c)'lndicates clearly that a K* is produced,
This comparison gives; however, only'a lower limit of K proéuction
because we were plotting for each event all possible Kon+ combinations
and therefore besides the "true" combinations there_is a 1srge back~
ground of -"spurious"-combinations. . The upper 1limit foer* production
can be obtained from the "enhanced" distribution (Fig. 10, a) in Which
all other combinations’of Kon+ were erased 1f in a. given event one
combination corresponding'to a K mass 888 - 50 MeV was found. 'We
conclude that in the Y ~ K events the p031t1ve K iS‘produCed'in

10 o/o to 25 o/o of the events,

The invariant mass distribution of Aon+ and Aon— combinations
(Fig., 11) shows a small pesk necr the position of Y§385' In the
distribution of Z+n— and E_n+ mass combinations (Fig. 12) there is an
indication of production of Y1405 and Y1520 The statistics of =,
events is too small t6 draw any definite conelusions but it is interest-
ing to notice that half of tho‘éz n combinations have the mass close

to the Y1535

5,4 Multiplicity of pions’

The number of neutrsi'pions produced per interacfion as estimated
from the missing mass, energy and. momentum is slightly higher than the
. value 1/2 n + expected from oharge symmetry., This is shown in Table IV
where the total expected average multlpllclty of pions 3/2 n o is
compared with the observed one n t + nﬁ. . The latter value represents
1n fact a lower limit for the number of plons because we are not able

to estimate correctly the number of neutral plons if r§ is greater
than 1 and all such events were taken as containing 21

PS/4195/dac
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mylde TV

Multiplicity of charged and neutral pibns

4+ 40.8

4.4

pi(Ao) interval - 5/2'hﬂi n t4n 0 Number of events
1.8 % -1,3 1.1 >2.6 17
~1.3 % -0.9 2,0 >3.0 16
0.9 + =0.5 3.4 24.0 20
e | e
0:0'+740.4 e 5.4 9
9 -

All n_+p:-aKo+Ao+ pionsv:’
All n—+p-9KO+Z_+ pions |

ALl 7 #p —K +5 4+ pions- .

5,49
3,43

3,66

w
43

52

PS/4195/dac

“gablé v

5, - s aspamionce

T

Particle

Average i

0.30
0,32
0.37
0.47
0.53

,0;58

[ L

¥ 0.02 geV/e
To.01
To.02 »
fo,02 .
Tow3 v
*0.06 "

n omitted

Three evgnt which are very probably purelés
n +p -4 K +A " have bee -

éog;éted'pféduc%ion
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The KOAO events for which the statistics were largest were
divided into six groups according to the longitudinal cms momentum
of thyperon, It can be seen from Table IV that the excess of the
number of n°’ measons occurs mainly in the events with fast back-
ward AO. In other words, the correlation between the multiplicity
of pions and the change of energy of the baryon in cms exists
but is less pronounced than one would have thought in looking at

charged pions only.

Tt could be thought that for svents with a low multiplicity of
charged pions the errors on the nissing mass are larger than for fast
‘jets with large multiplicity. This is not s0, because for the fast

- type of jets theAAo is slow in the lab system and therefore measured -
accurately so. that the errors in missing mass calculation are
practically the same for all types of jets. Hence, the effect found
on the multiplicity of n 's does not seem to correspond to a bias .

due to the uncertainty in the missing mass calculation.

%) Transverse momentum pJ'and total cms momentum p*

(3)

transverse momentum increases. with the mass of the produced particle.
(1(12) gy

At the 1962 CERN Conference it was shown that the average
This fact was confirmed later in other experiments
present data based on grezter statistiCs (Table V) confirms -~the
previous result and makesthe'ﬁ_L mass dependence even more significant.
Fig. 13 shows the Py distributions for different particles. The

" histograms are normalised to equal area. The average value of Py
‘for no'meésons was calculated on the basis of missing Py in 66
events (see Table IfI) for which the missing mass, energy and momentum

. célculaiidns indicate the production of 17°. This. is justified
because the large spread of the beam momentum (10.0 t 0.6 GeV/c)
influences Sfrongly the longitudinal component of nQ momentum but

' ‘does not change the value of the transverse momentum.

We find that there is a difference in p“L between A 's enitted
strongly backwards -in the cms and the less "peripheral" A s (see
Table Vl). A similar and even more significant p_L - pL dependence

(12)

" was found in the case of protons emitted in tne KK produc1ng reactipns R
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" 1t should be noted that this effect 1S NOL & re6f16CUi0M -0l MOMCICUT

conservation as can be:.seen in Fig. 1.

Table VI
“Inferai;ef pi(Ao) 1 Avérege'pJ~ : Numberuof.eventsé
-1.8 ; —1;3-GeV/c v 0.37 + 0.04 CGeV/e 17
~1.3 & =0.5 " 0.47 0,04 v ' 36
_0.5 - +O.8 .n ‘ 0'51-: 0‘04 1" . » 39

" e transverse momentum — mass dependence is: probably a reflection
of a much stronger dependence of total cms momentum on mass. The

p mass dependence is shown in Table VII.

i

For all of the 1nvest1gated reactlons the p —m dependence can

be Well approx1mated by a linear functlon

l»pﬁ = am+D
Tt seems that the "slope" a is almost the same for all the

reactions (see Table,VII),__At.these energies the statistical
theory also predicis some pﬁ mass dependence but the_gloée‘g

" equals only about 0,30 instead of 0.52. observed. A p% - m dependence
as strong as that observed could be obtalned if the observed particles
were produced via certain intermediate states. ~The present experi~
ment shows. However, that none of the known resonances dominates the

- production of secondaries. The same was shown to be true for KK

" producing reactlons(8)<12), It.is interesting to notlce that even

“. assuming a. 100 o/o production of known resonances one gets a p§- m

dependence weaker than the -experimental one if the Qomentum spectrum

of those bound states is calculated according to phase-space.
3.6 Y - ¥ events

It is;impossible to draw any conclusion about ¥ - ¥ production

¢ Three events which verj probably represent pure associated production
n_+1)~>K°+A° have not been taken into account

PS/4195/dac
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on the basis of three eventé. It is interesting to notice, however,
that two_events are of the type: n_+p'—)A°+Ao+n++n-+n, with both

Ao and Ao emitted backwards with small p*. The third event is of the
type: T +p = A°+Z++n-+n, 2+ is emitted backwards, A° forward and

p* is also small.

PS/4195/dac
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4, CONCLUSIONS
4,1 Emission of baryons

As was already found (1)(2)A° hyperons produced in the collisions
at energies discussed are emitted predominantly in the backward. hemi~
sphere, The cdmparison of the cms distribution of AO hyperons with

those of nucleons (8)(12)(13)shows that there is a remarkable resemblance

o) .
between A and nucleon emlisslon,

_ The Z+ hy?erons are not so well collimated ih the backward direction,
We mean by this that there are some evéﬁfs with a forward emission of
fast Z+. In addition, the average transverse momentum is .somewhat
higher for E+ than for AO. It is interesting;to notice .that the
distribution of Z+ produced in high energy p - P collisions shows even
more clearly. the deviation from the distribution of AO‘fQBmtéﬂé:éaméx”

(14),

collisions

. The £ hyperons are much less peaked backward in the cms of
1 ~p. There is nearly no backward-forward asymmetry, Comparison of
I and A° production shows that the mechanism of collision with T

emission is different from that with A~ and nucleon emission,

For éxperimental reasons (identification of baryons) it is often
much easier to study hyperbn-emission than the emission of nucleons.
Aecording'to the present results the sample of Aocould be representative
for the collisions with nucleon emission, as was found by studying the
reactioné'with.K9£6 produced(B)(lz)and pollisions with 5 pions produced
The reactions with I hyperons are not representative for the no

strangeness producing collisions.
4,2 Bound states

At lower energies the inelastic collisions of elementary particles
are dominated by the production of bound states (resonsnces), This
geems not to be the case at energies as high as 10 GeV where we find
that bound states such as Kﬁ Y% Yﬁ YXT are produced in

888’ ~1%85' “1405’ 1520
several percent of the interactions only. A similar result was obtained

(8)(12)

in a study of KK producing reactions .
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4,3 p* - m and P, - m dependence ST

It was found that both the average total -cms momentum. and the
. average transverse . momentum of secon&eﬁﬁiﬁarticlesdepend strongly on
~their mass, It is poss1b1e -that this characterlstlc feature of strange
particle produotlon in T =p:collisions at hlgh energy can he well explained
assuming the existence of at least two "intermediate states“.
n +p - A+B, Here A and B may represent.in certain cases known isobars,
~but generally other states Which subsequently ﬁdecay" into the "final

secondary particles plons, kaons and baryons or known - 1sobars.

A more detailed kinematic analys1svof our events in terms of this

nmodel is being made.. . .
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APPENDIX

The statistics of "V" and "2V" events fouﬁd in a double scanning.were
studied carefully in order to estimate the efficiency of finding different
types of decay. For all two-body hyperon and kaon decays we have cons-

“tructed a Prop ~ cos_@EHE plot, being the laboratory momentum of the

Y
decaying particle, Qxg being theLaEfle of emission of the secondary particle’
in the cm system of the deccaying particle. On this diagram we have-plotted
the curves.of constant laboratory angle of decay (opening angle for Vo
partlcles), and constant laboratory momentum of secondary partlcles from
the decay.“ If there is no forward—backward asymmetry of emission of

-~Secondaries in the cms of the decaying particle, there should be a uniform
distribution of events along the cos QEE axis for all the sample as Well

as for a chosa1interval of pL b* One can therefore study scanning biases

for decays with glven laboratory characteristics.

Figs. 14, 15 and 16 represent pLab‘- cos 9 plots for the decays:

2° ~p+ T, Z+——6 p + 7 and Z+-‘ﬁ T +n
Considering AO decay one can expect lower scanning efficiency for "V ! with
a small opening angle (GU(SO) and for decays with very short pion track

(Pn'<50 MeV/c). However,'plotting A° events found in scahniﬁg on a plot
(fig,13) no deficiency of points in any part of the plot was found within
the statistical uncertainty., We consider therefore that A? events were
found in scanning with a constant scanning efficiency equal to about 99 o/o.

The same efficiency applies for x° events,

+
For ¥V decays the efficiency of scanning depends strongly on the

laboratory angle of decay., The dependence shown in Fig, 17 was- calculated
taking the number of events with a given angle of decay which were found in
both scannings and ﬁound only once, Integrating plots shown in Figs., 15
and 16 over the laberatory angles which occur for a I decay with giyen
laboratory momentum we have obtained the efficiency of scanning fef L
decay as a function of I laboratory momentum (Fig. 18), . This correction

was then applied to account for scanning loss of En and Zp decays.
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. Histograms are given for p ’ p , p and cos Q Broken lines give
- L i N

~ uncorrected number of events. Solld llnes include corrections for detec~-

tion probability
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P - pi plot fof E+'s from the reaction n* +'p--—‘7'KO + Z+ + pions-
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plot for L 's from the reactlon T +‘p —7K SR NS plons -~ -

P, - L plot for K 's from the reactlon n_ + p-ﬁ K + Z + plons

P, — P plot for charged. plons from the reactlon T + p-7 K + T + pions
Q-value spectrum of (K e )—8jstem (B) and (K T )—system (C) The

= latter serves as a background, (A) gives the enhanced Q-value spectrum

.+ Of, the (Kon+);system (see textﬁt

Fig, 12

Pig, 14

Fig. 15

Fig, 16

Fig. 17

Fig., 18

Figs 13 %p4ddi§tributions for‘diffenent particles;' Histogfamé-are,normalised to i

Combined Q-value spgctrum of (A9n+) and (A 3 )-systems ff

Combined Q-value spectrum of (Z—n+) and (I n.)—systems

{
equal area o ' AT

Prap ~ cos @** plot fon the decay Ao—% P+ 7 . “Linés of constant lab.

angle of pion. (s6lid), lab. ‘momen. of proton (dashed)jand_lab. momen.,

of pion (dash-dotted) are ‘given

pL b cos e » plot for the decay Z —e>p +- n (daShAdotted) are given,

Lines represent constant 1ab angle (solld) and’ lab., momentum (dashed)

~of proton

8 +
Prop ~ °°S Q plot for the decay Z —n+7n . Lines represent constant

lab, angle (solld) and Lab. momentum (dashed) of plon
Dependence of the scanning efficiency for E's on the lab ‘angle of decay

Dependence of the scanning efficiency for I's on the I lab, momentum
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