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I. INTRODUCTION

In the fall of 1966 an exposure of 250,000 pictures in the
T2 inéh chamber wés obtaihed primariiy'to study w and n pro-
duction in the momentum range 1.1-2.4 GeV/e.  The'resul€s of
this-paft of the éxperiment will be-réportéd elsewhefe. This
report is a study of sqmé.of the properties-éf fhevstrange'
pafticles ﬁroduced in this exposure.

‘Mbst.of the stfange—parfiélé statesférising'from‘tﬁe feaction

of a pion with a neutron in the deuteron have been:analyzed in the

‘ charge¥Symmetrié n—p reaction elsevwhere with better statistics.

(See Refs. 1 and 2 and papers quoted therein) An exception is
I e " . :
1t n—pK K , this is one of the reactions considered in this
report. The ‘reactions od a protoh have not been studied with .

statistics‘cOmparable to ours, and we can hope to expand the

knowledge of these final states and learn something about the

production mechanisms.

In Sectioﬁ,II the exﬁerimenfal procedures usedvin obtaining
and reducing the data are described. 'Secfion IIT éontains
total deuterium cross_secfions for all final states with one
or less unob;érved neutral particles. The magnifudes and energy
variaticns of the cross sections are consistent with production
of £ a4 single nucleon in the deutéron. Three-final statés are

investigated in detail. The nAK n final state is dominated



* : - _
by ¥ (1385) production, and this production is well described

near threshold by a simple K exchange model., The-nZJr'Kon+

: B s
final state is also analyzed and found to be primarily nZ'K .
¢ and A{(1520) production are seen in the ppK&K- final state,‘
and the decay distribution of thé‘¢ indicates that it is pro-

duced highly aligned.

e



'II EXPERIMENTAL PROCEDURES.

A. Beam and deuterium properties.

The experiment was performéd'at ﬁhe,Lawrence Radiation ILabora-

tory.Bevatron facility.l The deuteriumffilled-72-inch.bubble chamber was

exposed to n+ mesons from a singlé-stage separated beam transport system.
ThlS system is: descrlbed in detail elsewhere.( ) For determination of
the deuterium index of refraction and range-momenfum scale factor see

Ref. 4.

B. Scanning and measuring procedure. .

The entire exposure was scanned twice for e&ents with a visible
neutral decay_(Vee).::A iist was’made of all events on which the two scans
disagreed'aé td-the ékistence of anbeVent or its eVent—type; these events
were léoked at again to resolve the conflict (conflict scan).

"The events were measured and fed into the standard Group A
thfee-dimeﬁsiohal réconstructionvand'kinematic fitting program SIOUX.
Eventsvwhiéhvfailed to*get‘én acéeptable'fit*_on the firsf measurement
were'remeasured once énd twice if they failed the sécond measurement.
Afterithe'évgnt had failed three‘times if was‘looked ét cafefully on
the écan table and the reason for failure ésceftained. If it ﬁas not
a legitimate»éyeﬁt‘it waé deleted from the Maéter IList of events; if
it was a legitimate event but ﬁnmeasurablebfor some reéson it was so

noted If 1t was the wrong evenu—type the event -type was changed and -

the event remeasured; if there was a small-angle scatter or decay on

one of the tracxs it was noted and also remeasured.

1

*
For a llot of which final states were tried for each torology

see \”Jh“ A Vemo .o.'RSO, o. 19-27.
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C. Scanning efficiency.

With all the checks onvfhe broper event—typeb(cOnfliéf,scan,
examinétion of all failing events and operators beiﬁg'able to»ndte wrong
event—typeé) if thé'event Was foﬁnd at all it was eventually dssighed
the correct event-type;/if it was not a legitimate eveht it was
deléted. Therefore it has been assumed that éfter this procedure all
events have ihe corfect eVent—type'ahd’therefofe thé;scénning efficiency
is merely the probability of finding a &eé{q'évent on the film.

Assuming_independent prdbabilifies fo} the twq scans we find -
that the combined scanning efficiency on events which paSs_our:fiduéiai
volume cuts is 99 °/o or gfeater.'-The assuﬁptibn of'indépendent‘prob—
abilities fpr theétwo-scans is not necessarily correct; some events
might be‘inherently less visible.thgn others, e.é._vees Wiih the decay -
plane at a small éngle to the cémera_axis. Iosses due to these—gffects
were investigated ahd found to be‘negligible*in'all caseé:but two-short .
tracks on vees and Z+ decays; for these two cases the réméining events"

were weighted to accdunt for the loss. See SectionvE;

D. Exposure size.

The exposure size (events/microbarn) was determined by fhree
different methods:

i) DPath length determination.

Ten rolls of film at each momentum were seiééted and on

every Tifth frame the numbers of tracks entering and interact-

" ing, or leaving the ends or sides of the chamber were record-

ed. This was used to determine the number of centimeters of

'
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track at each momentum which was then converted to events/
microbarn.  These results are given in columns 2 and 3 of
table I; whars the events/microbarn has been reduced

by 3% to account for estimated muon contamination.
Normalization o total cross section.

On these same rolls, on every 25th frame,; all inter-
actions were recorded. This was used to give the total
number of interactions at each bean momentum (after correc-

L . o . R
tions for events missed - primarily small angle 1 d -» n pn
' . s +
with an invisible proton). Comparison with the known n d
total Cross sectlon(S) then gives the events/microbarn.
(See column k4 of table I.)
Normalization to a x p cross section.

The four prongs-on the film were scanned and measured,
as were the threé prongs at all momenta except . 1.7 and
1.9 GeV/c. The number of -

+ o+ -
7 d - Ppx =n
+ -0
PPt W o
+ -
Pprt ¥
ppﬂ 7 (missing ma“P)
in the three and four-prongs combined was compared .to

(6)

the chargs-symetric cross section to ﬁ n:
- . 4+ -
T.P—-naar
Lt - . .
o (missing mass).
After lowarin ng ‘the cross sectlon by 5 /o to account for

screéning of the neutron by the proton ws get ﬂnothv*,

crt, Of track gives 1 ev/ub.



Table I. Exposure size.

‘Beam mdmentum
(Gev/c)

1.12

1.30
1.53
o 1.58‘
1.70
1.86
2,15

‘~'2;37-"

Path length o ﬁvénté/ﬁicfobéfn
en(ac®) »i '»v oo iii | Faverageﬁ -
12.00 0.4k 0.42 + .01  0.38 + .0k 0.43
11,u“ o ;_b.ue 0.43 + .01 - 0.Lk + .0k 6.&5
68.0 o5l 2.57+.07 2 + .2 2.53
12k 0.4  0.46 + .01 0T ¢ 05 0.L6
78.0 2.88 2.97 + .07 2,01
8.1 . 2.87 2.9 : .06 | 2.90
B ' 85.2 . 3.07 2.88 * .06 ‘5.2: + .3__ 2;93
L25.9 0.96 0.8k % .02 1.0 +.1 093

|



though less accuraté, estimate of the events/microbarn.
See column 5 of table I.
The last column in table I gives the exposure size used to

caléulate the cross sections. -

E. Detection corrections.

.If a KO or a A is produced neér the bubble chamber walls theré
is a chance it will decay outside the visible region and be iost. Also
if it decays foo close to the production vertex it will appear to be a
~ non-vee event and also be lqst. In order.to-corQectly account fbr‘iosées
bdue to_these effects fiiducial volume réstrictionslwere imposed‘on the events.
Events which héd'a vee near onevof the walls were flagged and treated as if
they'had ﬁéver been found. It was determined fhat events with decay ver-
tices'closér than 6 mm td the prdductibn vertex also wére missed. Therefore
; 'all events with neutral decay 1engthsllessvthan 6bmm were also flagged and
vﬁréated as if‘never.found.

When‘a A of laboratory momentum 120 MeV/c decays with the proton
going backward in the A rest_frame, the proton is at rest in fhe laboratory.
Also if-thé>A is very low momentum in the laboratd}y, the veelwill have'é
very large opening angle and will be mistaken for a stray track. We
therefore have 2 loss of low momentum A's. If.the A has 800 MeV/c
momentun and the 7 goes backward a similaf situation oceurs - the
is very low momentum -and interécfs o;.decays.before going very far.

Fig. 1(a) shows this effect. The loss of events was varameterized by
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ThévZ+'s produced in.this experimeht typically have dvér 1
GeV/c laboratory momentum. If the Z+ decays ihto pﬁo‘the proton makes
“a small angle with respect to the Z+ line-of-flight ( <150) and also
has little change in jonization density. Under these circumstanceé the
scanners have difficulty identifyihg fhé event as a‘charged decay instead
ofva proton scatfer.‘lTherefore, for purposes of érbss‘sectioh‘calcula—_
tion, we have used only the nn+ deCay mbdevbf.the Z+ and corrected the
numﬁer of events to accéunt fof the pﬂo ﬁode. The nﬁ+ évents were also
weighted ﬁo try to account for low momentum i ts (és in A decay) and
scanning losses for high momentﬁm colinear decays. The correction for
 these latter two wés taken as 30%. Becaﬁse of uncertainties in this

procedure there couldvbe systematic errors of the order of 20 ©/o in the
cross sections for final states contéining 5hrs,

The events which passed the fiducial volume tests were wéighted
to account for thesé losses. For an observed neutral decay the weight
was |

W =

[(e-rc/T _ eﬁTf/T)(l _' f)]-l’ |

for an unobserved neutral decay

e;rc/% -1,/

- r, T /% T -1
e f ~e F ><f>>] ;

1-br

+(

W= [1'+

and for an observed charged decaying particle
' [ -Tc/%]-l
W= le 5

vhere 1 1s the parficle mean lifetime, 1 is.the proper time for

f

the particle to get to the fiducial volume walls, T, is the proper time

to go the minimum lergth (6 mm), br is the branching fraction into px~ for



a A and ﬂ+ﬂ— for a KS (taken &s 2/3‘in each cas e) and f is the function

shown in fig. 1(t) for a A and is zero for a K-

F. Separation'of hypotheses

1"

For each hypotheses that had an acceptable fit a "badness
function was constructed.

B o= X -5¥N + (x2 : - F

k kL

where X?k is the kinematic chisquared,;NkAis the nﬁmber‘of'kincmatic con-

straints,,XgI and NI are the same for the track ionization density, and

F,. =0 for a A, or ¥ _ = 10 for a K.. See Ref.(7) for a description of

kL : . kL S

the ionization chis quared routine. Approximately oné-third of the events

‘had passing measurements on the Spiral Reader measuring machine, and

therefore had ionization information.

Because of the decay kinematics it is possibie for most A's

to pass as_KS's, but very few Kﬂ’decays can fake a A. ‘(Because of the

higher Q—Value for KS deuay, the KS tends to have a much larger openln7
angle in the laboratory than a A). Therefore we chose to bias against

the FS flts, a factor of lO added to the "bad"eos" of the hs fit was

. N “

found to proquce essent ially per Tect A- AS separation.

The hypothesis with the lowest badness was tenuaulvely accevtad

as the 'bes*" fit. 1If there was any othe er njpoth is which hed a badness

- within 10 of the vest fit, and if it was possible to distinguish betwsen

the two hypotheses on the basis of track ionization, the event was looked

at on the scan table. Any hypotheses which were inconsistent with the
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III. ANALYSIS AND RESULTS

‘A. Cross sections

It is not necessary (or even p0851ble in some cases) to do a
separat1on on an event by-event ba31s‘to get the Cross sectlon, all
that is requlred is the number of events that should be a851gned to
‘each hypo*he51s. The. cross sectlons were determlned in the following
way;f”Final'states with the same visible particles were lumped together
(e.g. [nAK+n+'and nZOK+ﬁ+] or [pAK+,‘ngK+, pAK+ﬁ°, and pZOK+ﬁOJ R
etc.).v Mass and angular distributions for‘these events were then
vexamlned to. determlne how many amblguous events to assign to one or
. the other flnal states _Two examples will serve as illustrations:
li)u Many of the final states-in thisvexperiment are one-censtraint

'-(one missinc non-decaying neutral) with a decaying A. The
correspondlng missing-mass (zero constraints) hypothes1s is

B the same fnnal state with the A. replaced by a z° 5 which means

- that we are now missing the original neutral plus_a y-ray.

o However, any event w1th a low energy 7-ray will have‘a per-
fectly acceptable one- constralnt fit, making it’ 1mpossibleb
to tell the two hypotheses apart. Therefore to get the cor-‘
rect number of one and zero- constrarnt e>ents the missing-
mass dlstr1bttlons for events with a best fit to either

»the»one-conotra;nt or the zero—constraint;hypothesis were
plotted together and_the_number of one-constraint events

estimated. See fig. 2 for an example of this procedure.
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nAK+n.+ or (ny)AK+nf The missing mass distribucion

- for (n?)AK+n+ was assumed to be of the shape given

by the curve.
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ii) The states pAK+ (four-zonstraint) and prK+ (twoiconstraimt)
were'aléo imposgible ﬁo'distinguish on an event—by—evént bagis.
When the 2° decéys.with'the y-ray ébing vackwards along the
line of fligﬁt df‘fheizo,vfhe'firay hes very little laboratory
mdmentum-aﬁd éﬁergy and it becomies difficult (because of the

measurement errors) to tell it from no particle at ali-i.e.

1¢5)

a pAK+‘evént. When the proton has a laboratéry momentiwn las
than about 80 MeV/c it does not go far enough (~2 mm.) %o
leave a Visiblé traékfahd this in.effecﬂ.adds on another 50
T.MeV/p.or S0 inva'random direction_ﬁo the méasurément error.
Uﬁder these circumstances it is.impossible ﬁo tell‘a\ZO with
a backward-going y-ray from a A event. The "badness" function
biases rather strongly iﬁ favor of the fouf—constraint it and
thérefofe eventé with a soft y-ray will preferentially be
called A events. Fig. 3 (a, b) shows ﬂhe 3° decay distridbutions
for events with a ”best?‘fit'to a s° hypothesis; in the odd-
prongs (events with an invisible protbn),'the loss of events

with backward-going y-rays is especially conspicuous. This

distribution was plotted for each beam momentum and usad o
>.L ,.4" - : - - o N N .l ’
determine how many 2 events had been called A's.

The cross

)]

ections determined in this way are given in table II

and figs. 4=-16 . Errors quot=d take into account uncertainties in

ct

separating different final states; the cross sections quoted for final

- . . + : Caneas o, ' .
states containing a ¥ could have an additional 20 1/0 systematic error.

(See Section E.)




' NUMBER OF EVENTS

Distribution of the y-ray in the ZO rest frame with-

- respect to the Zp Iine.of flight. a)vodd pfdng'eveﬁts :

(events with an invisible proton) 'b) even ‘prong events

(events with a visible proton)
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Table II. Total cross sections (ub)

Beam momentum' (GeV/c)

A9

Final ;
state 112 1.30  °  1.53 1.58 1.70 1.86 2.5 2.57
pax” 368 +55 475 +55 - 292 +20 248 £50 246 +20 167 +25 121 +25 101 £ 30
=kt 19 £ 45 178 £ A5 132 +18 135 k0 10615 152 £27 11k 25 17 + 25
pE'K® - 39+39 254 £90 23 tk5 270 +90 188 £39 17k £33 1k2 +33 52 + 33
pAK C - 079 £ 10 89+22 1kt 9 151+ 9 151 + 12 150 + 22
okt 9+ 7 69+ 7 73 + 18 8L+ 7 104+ 8 160.+10 126 + 17
OO - a1 s 1 0 +18 19+ 9 3L +£10 55+ 15 74 + 29
ak't e 7 72412 6522 108:12 1helh 118 +12 67 £16
A ’ 7$15 62 +21 110426 160 + 60
PPKK 1.9+ 1.2 0.0t k.0 17:5: 3.5 18.6+ 3.5 28.6¢ 4.5 18.7+7
- PPRgKg 6.2+ 3.1 Bk 3.5 13.2¢5.1 5.2t 5
prix’x° o : S bo28 1rll 204+ 6 25+ 6 4+ 9 67 + 18
4 4 - ]
PAK 5 x 10t 3 18 + & e 7 s8t1s
.pAK°n+1r° +
3.3t 3.3 9.7t 5.5 28 ¢ 63 + 2k
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If we assume that the réactions we observe can be explained in
terms of the 5 interacting with one of the nucleons, we can compare
. . . o ‘ . ! . (1.21819)

the deuterium cross section with the corresponding =N cross section.

+ : _ _ , :
For x n reactions (final state with a proton) we have plotted the charge-

.- : + :
symetric nt p cross sectionj for =w p reactions (final states with a .

_ N . . . o
neutron) we have plotted the n p cross sections. These nN cross sec-

tions have beeh plotted with the =nd cross séctions in figs. 4-11 and

figs. 15-16. The < cross sections at a particular momentum should

be an'average of the nN cross séctionioverf-0.2'GeV/c centered at the
same momentum. In all cases where this comparisonvis possible the nd

and nlN cross sections compare well.

+ + +
B. np—AKx

We can use the nAK r' final state to get information on the
reaction

x+p<—* AK+n+.

Assuming the impulse model, the reaction n'd —nAK %' can

be thought of as

+ o+
T.p — AK ¢t .

(n) — (n)

where the neutron is a spectator. As a chéck on the assumptions of .

the spectator model we can ccmpare the neutron laboratory momentum
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Laboratory momentum distribution of neutrons from

At L , e
nAK ' final state. The curve is the preaiction of

the Hulthen wave function.

:
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distributiéh to the pfediCtion of one . of the deuteron'wave-funcﬁions;
this is shown in fig.d7 for events with a:Best fit to nAK+n+. In the
rest of this analysis we have thrown out. events with'neutroﬁ momentum
above 300 MeV/c and assumed that the impulse'model was valid for the
rest (85 °/O of the total with best fits to this state). TIn order to
reduce:conﬁamination from thé (ny) AK+ﬁ+ final state the miséing mass

3 2 2 2 '
was required to be 0.82 (Gev/cz) <mm < 0.98 (GeV/c2 )~. Dividing

thé_femaining déta into foﬁr c.m.‘energy intervals, we get the AK+ﬁ+
Dalitz plots and mass projections shown in figs.l8 and19 . A maximum-
1ik¢lihood fit ﬁas made to.thevamoﬁnt, mass, and width of the Y*(1385)
assuming 3 p-wave Breit-Wigner,  The reéulté aré given in tablévIII.
Monfe—Carlo events,ﬁgre generated at fhe mean c.m. energy for each;
intefval and.thé results plotted over the mass prbjectioﬁ@ in figs.lB
end 19 . | | |

The préduction anguiaf distributions for events with 1.80 (GeV/cZ)2
< MAﬂ2 5-2.02 (GEV/02)2 are given in fig.20 aftef'sﬁbtracting the appro-
priate amount of isotropic backgréund. .The produétion angle i1s defined
as

-

cos(8) = P %P

Y T
[ 2T

. " v , - .
in the C.m. of the Y K system. '?&'is_the'momentum vector of the target

nucleon, defined here as

- . -

T =_Pdeuteron = Pheutron®

rgb
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Table ITI. Y (1385) amount, mass, and width.

Center of mass

. energy (Gev)

threshold -  1.98
1.98 - 2.06
2.06 -

2.16 - 2.3 -

2.16

Amount Mass - Width .

‘ (Gev/ce) (GeV/c?)v
0.92+.08.  1.3866£.00kk 0,049 +.011
0.80%.09 ;;.385oi.0031 0.045 ¢.016 |
;C.69i.07>,.1,3828i{0920 oioé55i.0046’l.v
0}591.06 ' 1.3868+.0020 o.oél7ihoo62>'
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40—

20
-.0 - 0.0 +1.0
40 T 30 T

20 | IS F
_‘J——'
0 — oL ,
.q.O 0.0 | 4.0 -1.0 0.0 +1.0

PRODUCTION COSINE  PRODUCTION COSINE

+ 20 Production angular distribution for Y (1385) in reaction -

.+ ¥ . . ‘ Lo *
' p—7Y K. Angle plotted is between the Y and. the target

, . x . _ _ .

proton in the Y X center of mass. a) Ecm<"l.98, b) 1.98<

E ., <2.06, ¢) 2.06 <E_ <2.16, d) 2.16 <E__ <2.36.
cm ° T em R " Tem

Curves are predictions of p-photon analogy of Stodoiski

and Sakurai.
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va we look for an]explanation of the production distribuiion in
terms of an.s—channel‘description, we fiod thar although thereAare
many reported % 3/2 xN resonances in thls mess reglon, (2 0 GeV/c )
none of them alone correctly reproduces the behaviour of the productlon
distrlbution.

The lowest mass particle ﬁith the.correct quantum'ndmbers_for
exchange in the t-channel is the K*(890), In general.the amplitude

~ for this process is made up of three independent parts (corresponding
to fhe three ways of couplidg the %+ pucleoﬁ, the l-Kf and some rela-’
tive orbital.angular momentum to make the.5/2+ Y*)l ‘However, there is
a model tﬁat ﬁakes a speﬁific predietion, the so—called p-photon

analogy of Stodolski and Sakurai.(1112)

For a descriptlon of the
model see Appendix B.
The p-photon analogy prediction for the differential cross

section is

do . sin ® - -
dQ 2.2 : |
- m¥*
(t va.)
where t is the square of the four-momentum transfer (p -'p;)g

Thls is the functlon plotted over the productlon dlstrlbutlons 1n flg 20
(a-d). The fit is good at the lower two energies, poor at the higher
ones. The failure of thefmodel at higher energiésoié hot unexpected,
however - simple exchange models Witpout'absorption have always failed

to give the correct amount of forward peaking in production'distribu—.
tions at higﬁer energies. There is also the possibility of baryon

o . . ) o '
exchange (\ or I~ for exarple) prlaying a small role and givins a back-
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ward peek to the prodﬁctien distribution, as is indeed the case at
slightly higher momentum.(l5) |
| The -model alse makes predictions about the decay distributibn of
the-Y* these are most convenlently expressed in terms of the Y spin
'density matrlx elements.- In the rest system of the Y ‘we take the zZ-
axis parallel.to theeincomlng target proton and the y-axis is the
normal to- the ptoduction'plane. In terms of fig.21
| o By X B, "
I—ﬁK“b’pl

TS

With this choice of coordinate system, the density matrix elements

for the Y are given in table IV - and fig. 22 for the four c.m. energy

intervals. ‘The p-photon anaiogy predictions are Py = 3/8, Re(pal)

= 0, Re(p5 l) = JB /8 these are the stralght lines plotted on fig. 22.
Near threchold the ‘Stodolski-Sakurai p- photon analogy fits our

data very well; thls is similar to what is seen in the reaction

+_. (1 h; o

Kp - A K near thresholi nd the reaction x p —aA n at moder-

3 ate energleg Y reactlons to which the model is also applicable. Above

2.06 GeV this model fails to explain our data.
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* - ) g
Fig. 21 Coordinate system used for Y decay distributions.

2:incoming nucleon direction; ¥:normal to production
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Table IV. Y density matrix elements in

*+_ +

n+p—ﬂ—Y ‘K.
Center of maés . : ,

' ' Pz z Re(p,,) P
energy (GeV) _3f3 B 31 | 5-1
‘threshold - 1.98 ~ 0.39+.05 . 0.07%.05 0.17%.07
1.98 - 2.06  0.42£.05 0.02+.06 | 0.27+.06
2.06. - 2.16 0.12£.06 - 0.07+.06  0.2h+.06
2,16 - 2.36 0.21%£.06-  -0.05£.07 0.18+.07
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i : +.0 +
C. n+p-—a»2 K°x
.The nZ+K°n+ final state allows us to analyze the reaction

: S0+
n+p-—f+ Z Kon

Fig.23 shows the ZKn Dalitz plot and mass projéctions for all

*

. + _ . ,
events with a best fit to 02 K. Note the very conspicuous K (890).

Fig;24 shows the ZKrn center of mass energy for all events. Although
“the threshold energy for ZKr is 1.82 GeV_there are no events until
the energy is sﬁfficiént to make a K%I(around 2.05 GeV). Table V
gives the amount, masSé and width‘of the Kf in this final state. The
_curves plottéd_over the mass projections in fig.23,wére'obtained from
Monte Carlo events generated with thé KT ﬁaraméters’given‘in table V
and the'center of mass energy distribution shown in fig. 2k,
‘The_center of mass production distributién‘for K* events
(0.72 (Gev/cg)gs}nirs 0.86 (Gev/c2)2)' is given in fig.25(a). ALl
the angular distributions have been corrected for the small amount -
‘of background present in this K masé intérval. Within the limited
stafistics of the data the production distribution is consisfent |
wiﬁh isotropy.
The K. decay distributions are shown in fig.ZSI(b,_c) and the
‘density matrix elements given in table.VI . Theiéurves plqtted over
the data in fig. 25(b, c) cérrespond to the density matrixxelements

of tatle VI .
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Table V. K'(890) parameters in x fp—3s'k .

Amount | Mass (GeV/c) width (Gev/c%)
0.75¢.10 0.895+.006 ~ 0.051+.017
Table VI. K»(890) density matrix elements in
¥*.
n‘+_p —’,Z+K +.
0,0 P11 Pr-c1 Re<'°110)’
0.124+,082 0.4%8+.041 0.063+.074 - 0.097+.050
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D. x'n— pK+K-

As well as the obvious strange particle events with vees we were

also able to obtain the ppKfK_ final state. As another part of the

experlment, all of the U4-prong events have been measured and processed

be31des the non- strange partlcle flnal states possible for this
topology we also attempted to f1t~ppK K . Althoughvthe expected d,
number of these events was only a very small fractlon of the total
of that topology (~.1 / ), if both protons have alouvh momentum

to be visible the ppK K flnal state is a h-constralnt £it and very
‘hard for other final states to fake., Furthermore the measuring of
'511 of these events.was done on the Spiral,Reader which puts out
track ionizationvinformation. Requiring the event to.haveva:good
kinematic fit o ppK+K and also to have a low jonization X2 to this
hypotheS1s resulted in approx1mately 250 ppK K candidates. These

‘events were all looked at on the scannlng table and events whlcn

were not ppK K~ were deleted The ‘end result was 150 h constralnt
'events with negliglble contamlnation.
Defining the spectator nucleon as the proton w1th the lower

laboratory momentum, and making a cut on Spectator_momentum at 300

MeV/c reSnlts‘in the c.m. energy distribution shown in fig.26 . Here

: . L : e s + =
the c.m. energy is defined as the energy in the pK K . system, where
p is the non-spectator proton.
By comparing this c.m. energy distribution to a reaction with a
o s . + 4 - :
known cross section, the n n - pK K cross section can be determined

as described in Appendix A. In this case the reactions that were used
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were
+ . + -
R N—Pr =«
+ -
prc T Y
.+ =0
PR oW

o pr x (missing mass).

The sum of these four reactions should, by charge symmetry, have the. .
same cross'sectibn as
- + -
X p—enn x
. .
x x (missing mass), .
(6)

The cross section;fbr the suﬁ.df theée twpvreactionS'is known
and’allovs'us to determine the pK%K-'cross sectioﬁ. Di&iding fhé
c;m; energy distribdtibn into'three_intérvals we gét the-gfosé'sec;
tions given in table VII and fig. 27.

The pK+K5vDalitz plots and méss squared projeptigns for these three
é.m. energy intervals ére given in f;gE.ES.i‘The_@(lQEQ)_is;¢Vident';
in £he-K+K' ﬁaéé spectrum in intervals 1 and 3$'there is‘élsé indi-
éation_ofiA(l520)Aproduction in thé Pk~ mésé'spectrum of intérval 2.
Dué to the small number of evgnts'it was impossible to do a fit to the
.amount of ®.and A(1520) in each intérval; instead'the.nﬁmbervof events
above background was esiimated; Mbnte-Carlo events were genéfatea
with fhis estimate of ﬁhe amount of reé%nance éﬁd.piotted‘as the curve
over the data in fig. 28. The estimated amounts are givéh iﬁ tablevViII,

'Table_IX gives fhe'dross section for produétion of ¢ and A(l520).
 Fig. 29(a) shows the production distribution for events (1.02'(GeV/é2)2

< m§+Kf < 1.06 (GQV/%Q)e) aﬁd'fig. 29(b,c) shows the decay distributions.
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Table VII. Cross section for n n—epK K

Center bf mass energy

(Gev) o -Cross section (pb)
El: 1.9 - 210 = 387
B2 2.10 - 2.5 ” 6710
B 2.5 - 240 102419

Table VIII. Fraction of @f(1020) and A(1520)

Center of mass energy Estimated fraction

(GeV) ¢ A
El: 1.9 - 2.10 0.5 0.0
E2: 5.10 - 2.25 0.1 0.3

E3: 2.25 - 2.40 0.2 0.1
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Fig. 28 Dalitz plots and effective mass équared projections.

for pK K~ from ppK K~ final state. Center of mass
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- GeV, and 2.25 GeV - 2.40 CeV.
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| Table IX, Cross sections for x'n—=pf

a0

* Center .of mass ﬁ;,};*filgﬁvgcroszsection (pbardﬁ)?

- energy (Gev). "~ . . xtn—pd . wTn——A(1520)KT

Bl 195-210 0 3Bs1l - 015
':Eéﬁ;éab?éé57,;lf’ 1W?22fj;¢9y}§é5*ﬁ’

" Table'X. Density ratrix elements for §(1020).

'_'.pO,Oi_ f1ffi”5fP1,1[ i7:;1A‘“ 91,-1;i  ,j f:?e(ei,b)i_fff'rvw'{-" S

f‘f o;§§£;;§v'h7_f 9;185157 .f[,;-o.éhi;dg_, f f]-blzst;ds_lf* )
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ig. 29 Production and decay distributions for #(1020). a)
productioa cosine. b) decay cosine. c¢) Treiman-Yang
angle. The curves plotted over b) and c) correspond

.to the density matrix elements of table X.
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Table,x contains the @ den51ty matrix elements. The production is
'con51stent with an isotropic dlstrlbutlon, even wwth the llmlted
numbers of events'availaole, howeven it is clear from the decay dis-
trlbutlon that. the ¢ is produced hlvhly allgned The curves plotted
over fig.: 29(b c) correspond to the density matrix elements of table X.
:If the'¢ Was produced by Ap-exchange.lt would be highly allgned, howf |
ever 51mple P~ exchange without absorption predlcts a decay distri-
butlon of . the form s1n29, completely dlfferent from the observed
distrlbution. This fallure of a simple p—exchange model is very srmllar
to the 51tuatlon seen in w productlon 16 (same quantum numbers as the

- 0) where the density matrix elements are very similar to those of |

table X.




.

- 55 -

Iv. SUMMARY AND CONCLUSIONS

'Crdss'sections for production of strange particles by

o mesohs on deuterium have been presented. Three final states
have been analyzed in terms of the impulse model to obtain in-

formation on nN reactions.

Y (1585) production dominates the reaction n p—AK = and

. . U S
the production of this isobar is well described by ML K ex-

change near threshold,_but not at higher_eﬁergies,
The reaction x p——aZ+Kon+,is almost entirely n*p——-Z+K +
at the energies of this experiment.

Highly aligrned ¢'s are prbduced in the reaction ﬂ+n—;~pK%K-'

along»with A(lSQO); Simple p-exchange does not predict the

correct alignment.
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APPENDICES

A, Extracting Single—nucleon'Physics

from Reactions on Deuterium

»

There are some reactions that cannot be analyzed in a bubble
chamber because -of the presence of two or more unseen particles in the
final state. TFor example the reaction

: . R
TP NnWw, W K

cannot be analyzed because one cannot measure the momentum vectors of

. Ke)
either the neutron or the =n .

If we assume that the interactidns'We are dealing with are in-

dependent of isotopic spin projection, however, there are other reactions

"which give us the same physics and perhaps‘are'analyzable;”in the example

above the charge-symmetric reaction is

+ ) + - 0
T N=py, W—3F T T ;

' . ; O . . . . s L <.
now with only the = missing the reaction is in fact over-determined --

four equations of constraint at the production vertex (3-momentum and
. ' 1 . . 2 O
energy) and only three unknown quantities, the n 3-momentum,
Free neutron targets are not available; however the deuteron

+

with its low binding energy of 2.2 MeV provides a source of "almost
free" neutrons. If the range of interaction and wavelength of the in-
coming beam are short compared to the separation between nucleons, the team

could interact with one nucleon instead of the whole deuteron, leaving

the "spectator” nucleon behind with the momentum it had before the inter-

w

action. This is ths impulse model. It is the basic assumption in using

deuterons as a source of nucleon targets. To see how good it is and what

x its predictions against

el
=

ty

experimantal distridutions. The most straight-forward check is to look

(4]
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at_its‘predictions_for the sPectator nuclédn.'_.

Tﬁe deuteron has been:exiensively studied and'ité wave
function determined féirly well.down to distances of ‘the order of
0.1 fermi. Va?ious popular wave functions tend to have fhé same _ ' -

behaviour over most of the deuteron volume, differing only at the

core. See'Ref.‘l7 for examples of the different wave funétipns. One
of the most popular wave functions is‘fhe "Hulfhen":wave'functioﬁ.‘
Its properties are showﬁ in fig. 30. |

| Looking at thé.momentum distfibution we see that the nuclé;hs' %
have a mean momentum of about 6QvMeV/cvwith sighific;nt'probability'ail ‘
the way out tq_about 506 MeV/c. WQ ére therefore‘dealing Wifh'a moVing |
' target. This Fefmi motioﬂ'causes a spread in thevbeamfnuéleoh Cénter of

mass energy for any particular beam momentum. Fig. 31 gives an 11lustra- ‘ ' é

tion of this for 2.0 GeV/c n's on deuterium. Since the beam momenfﬁm_in

the xd reaction does not specify the energy of the nN'state,iit is cuétomaryv
to divide the data in terms éf.éenter of mass eneréy rather thah‘beamvmomen—
o , :

This model gives the distribution in momentum (,fig. 30(b)) and
angle'(isoﬁropic) for'the nﬁcleons:in a deuteron. Even in the impulse
approximatidn hoﬁéver these are not the distributions One'would expecfv
for the spectafor nucleons in the laboratory. Two things modify this.
distribution: - |

i) Dependence of cross section on c.m. energy. For example if we’

!
i

have a 2 GeV/c n beam and threshold for the reaction of interest S

is-at 2.1 GeV/c for a stationary nucleon, only reactions where the

beam strikes a nucleon. coming toward it will have sufficient
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(b)

CM. ENERGY (GeV)

XBL 696-621 -

Predictions of the impulse model ‘for the center of |

mass energy distrivution for 2.0 GeV/c'n mesons on

deuterium.{Monte-Carlo calculation) a) all spectator

momentum - ©) spectator momentum greater than 80 MeV/c.
p ' .

1.8 L 2.0 2.2 2.4

Q
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energy to be above threshold. Therefore all spectators, which
have the opposiﬁe momentum to the target, wili be of high momen-
tum, and will be going forward with reépecthfo the bearn.

Flux factor. Even with a constaﬁt cfoss.section, the predicted

angular distribution of spectators with respect to the beam is -

‘not isotropic. The number of‘reactions/bnit_time is pro-

portional to the product of the flux and the cross section.
The flux factor is given by o ' i.lv
2.2 = =2 222
{F E- - (Ib.PT) - mme}

where Eb and ET are the beem and target energies, Pb and

ﬁ;‘afe their 3 - vector momenta, and m and mT are their

masses. This formula just expresses the fact that there

are goiﬁg to bte more reactions per unit time when the
. ) .
{

targets are moving foWard the beam than when they are moving

away from it. This factor also causes the spectators to go

preferentially in the forward direction, the effect being more

pronouncad the higher the spectator momentum, Fig. 52(a) shows

the expncted <pecua+or ancular distribution for all spectator

morentum; fig. 32(b) is the distribution expected for events

~with spectators above 80 MeV/b (corresponding to the minimum

momentum required for a proton to leave a visible track).

is the impulse modal pr&dL ticn for the sn-c tator nucleon

monmsntum. .

Although it is a reasonably'good approximation to reality it suffers

from one obvicus defect when compared to exporlment._ If one plots. the

laooruLo“y momentwn distribution of the spactator nucleon for a reaction

with a sensibly constan

cross section andé compares it with the pre-

of the medel, zood agreszment is found to 250-3C0 ¥eV/c, but
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‘Fig. 32 Prediction of impulse model for angle of spectator
with respect to beam for 2.0 GeV/c x veam. a) all .

spectator momentum b) spectators above 80 MeV/c.
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where the model predicts 1-2% of the nucleons should have momenta above
300 MeV/b, we find 154, See fig. 33 for two examples. Although it

is_difficult to make a quantitative prediction, the discrepancy can

be qualitatively explained by reactions outside of the realm of the im-

pulée approximation, reactions involvihg both nucleons. Although the
nucleons are loosely bound, the nucleons spend a certain amount of time
close together, at which time the incoming beam could interact with both

simultaneously. Also, after interacting with one of the.nucleons, the

- outgoing particles afe within a couple offérmis of the nucleon, and there

is a few percent probability of reséaftering."Both of these mechanisms‘

result in fast, forward-going nucieons, and probably are the cause of the

“excess of high momentum nucleons.

.. One could try to extract nucleon cross sections from an analysis

of the c.m. energy distribution, using one of the deuteron wave functions,

correcting for the effect of screening of one nucleon by the other (Glauber

: . 18 o
c9rrect10nl.), and attempting to account for the high momentum nucleons.

If possible, however,_a‘better procedure would 5e fo compare the c.m. energy
distribution of the reactiol of interest to one whosé cross section is
known, making cuts'oﬁ spectator momentum in both reactions to eliminate

high momentum spéctators. If both have the same éeneral diétributions in
spectatdr momentum tﬁen this‘process should result inia fathef gocd deter-
mination of the cross section. For example, suppose we have the reactions

+ +. -
Tn-prox

and: +
T n - pw
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énd wé want'the crbss'section for the latter. If we kno? the cross
section for | |

%D - o
we can invokgvcharge symmetry to equate this tb the first reactipn.
Makinglidentical cuts on spectator moméntum we can then just take the
ratio of the nﬁﬁber bfievents in theupQ channei to th§t in the pn+ﬁ_’
channel to get the cross section; | |
‘For otﬁer physical Quantities (production»éndﬂdecéy distribu-

tions, invariant mass distributions, etc.) there is much less of a problem.

"As long as the events are restricted tb-those for which the impulse ép-:

proximation appears to be valid,‘i.e._low momentum hucleons, the physics

obtained should be fhat of the interaction with'a nucieon;
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B. The Rho-photon Analogy

Consider the dlagram shown in flg. ,h(a) The émpli-
tude for this dlaﬂram w1ll be the product of an upper vertex
factor and a lower vertex factor divided by the rho prop—
agator. The properties'of the upper vertex are just thdse
of p—nn. In gehéral, however there are three ways of
coupling‘at the lower vertex (just the number of ways to
couple a %. partlcle, a 1 partlcle, and orbital angular
momentum to get a.2+ partlcle) The p-photon analogy is
a model relating the lower vertex to photoproduction of
>a pion at a c.m. energy near the A(1256 ) mass. (Fig. 34(b))

Since the A has an isospin of it will be the isovec-

' tor’palt of the photon that part1c1pat°s in the reaction;
this part can be thought of as being mediated by the p-meson.
(Fig. 34(c)) , |

-This vertex_is exactly the same as the lower vertex
in fig. 3L4(a) and we can use the propertiés of the photo-
prdduétion amplitude to get the lower vertex faétOr,

The experimentai properties of -the photoproduction—- . - -

amplitude are well described by sayihg that the reaction
goes by an Ml transition
_ R o
Nt p-——»A —ep+ - ( p-wave ).
The wave function for the Ml photon will be denoted as §+l
depending on the proge0ulon of its anbalar mowentum along

its line of flight (z~axis).. What final J = = states does

each projection give when combined with a nucleon?
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(@)

(b).

(c)

(d)

vFeynman diagrams for a) A production by p-exchange, b) photo-

production of a pioh at a c.m. energy'cdfreSponding to the

A(12%5) mass, <) same as b) but mediated by the p-meson,

a)Y%(1385).production’by_K*(890)'exchange.
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If the.initiél photon 1is unpolarlbed then the final angular

i

e
,.<
/
g

distribution will be just the’ 1ncoherent sum of the states

arising from the +1 prOJectlons of the ML photon
12 1fl,l 2 21,012 l -1
o= 22 <l¥l )
2hn(5 - >cos e)

This is the photOproductibn angular distribution for unpolar-
 ized photons. However in the réaction given.in fig; 34(a) the
p will havé-it polarlzatlon vector ™ in the productlon plane.'
If we take the y- axis as the normal to the productlon plane
(coordinate system of fig. 21), then we want to calculate the
‘photoproduction distribution for photdns polarized in the X-
direcfion. The photon wave function will then be a coherent
combination of the two ML wave funcfions; the correct combin-

ation is
v T S
) ;Jg (&, +6&,).

Taking this, squaring it, and expressing it in terms of

the n-nucleon final state we get

1411 1'-1"2 2 o[2
2l + 2117 - S

5%; (5 - BCOSQG - 5Sin26c052¢) '

|

[¥

[

¥ Note the use' of ‘the words "polarization vector". When applied
to a spin-1 particle other than a photon; this should be

called "state vector”.
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Invoking S

ThlS then, by the p photon analocj is what. we predlct
2
bution in

for the A decay distribution for the reactlon in flg 34(a).
U, it is also what we expect for the Y

decay distri-
*+ +.
e p—eY 4 K
by K (890) exchange (Flg 34(a)).
predictions are

" In terms of the J—— spin den31ty matrix elements, the

_.é
-8
= :
2 . |
we can - also make predlctlons about the isobar production
~distribution. ertlng the linearly polarized ML photon in
tezms of the photons 1ntr1n51c Dolarlzatlon and ortital angular
momentum we get
0 :
' zation vector.

reduces to

where ¥ is the photon's momentum vector and ¢ is'its polari-

However Y (k)~k and the expression for W

since k has only a z-component and € only an x-component



S0 -

‘Remembering that

m
N
oy

+

| we get

2
|

"

- - 2
j|¢ lpfoKl
Up to this point all quantifieS'have'been'evaluated in
' the isobar's rest frame. . Transforming to center of mass -quan-

tities one can show that‘ -

- - 2 - =2

[BxBl - = clFxF

 vhere 5;,'Fk are the momentum of the x, K in the overall center -

of mass and C is independent of production.angle. Dividing

by the K propagator we get the production distribution in

thé overall center of masé

_ sin%g
2.2

(t - m*)

 do
aa

~

vwhere ® is the production angle and t the momentum transfer

from the x to the X.

4
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apparatus, method, or process disclosed in this report may not in-
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B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, ''person acting on behalf of the Commission
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such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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