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Production of w' and x' Hyyerons by Pions of Beam MonMnta
1.12—1.32 BeV/c *f

T. O. BINFQRD, f M. L. CrooD)$ V. G. LIND, () D. STERN,** R. KRAUssp AND K. DETTMAN

University of 5'isconsin, Madison, , 8'isconsim 53706
(Received 6 November 1968)

Total cross sections, angular distributions, and polarization distributions have been measured for the
reactions ~ p -+ h. K and x p ~ Z E' at beam momenta of 1.12, 1.23, 1.27, and 1.32 BeV/c. Legendre-
polynomical expansion coefBcients for angular distributions and polarization distributions are presented
and compared with other data. Two approximate cross-section equalities are demonstrated among I=)
total cross sections over a wide range of energies: 01 1/2(&K)~(AX), and o (yE)—cr{AK)+oq &/2(ZK)
where &(gÃ) is the total cross section for ~ p ~ qe. Hyperon decay asymmetries observed in the reaction
m p ~ hEO are difBcult to reconcile with a value of ay=0.66.

ESULTS of a study of the reactions x +p —&

A'+E' and ~ +p ~ Z'+E in the LRL Alvares
72-in. hydrogen bubble chamber for beam momenta of
1128, 1235, 1277, and 1326 MeV/c are reported here.
The reaction x p~ Z—E+ in the same film has been
measured by KoQer. ' The beam was designed by
Crawford. ' Beam momentum width was &1%and each
momentum interval represents an average over ap-
proximately &20-MeV/c incident momentum because
of beam energy loss in the chamber.

Film was scanned twice for the neutral V decays
Ao ~ p+x and K —+ ~++x, with an average scanning
efficiency of 97% for each scan (minimum neutral
track length 0.2 cm projected, approximately 0.35 cm
in space). Track reconstruction, geometrical cutoffs,
and kinematic fitting were done within the PANG-KzcK

system. ' Strange-particle decays were rejected under
the following conditions:

(1) The decay vertex lay outside a fiducial volume
selected for decays.

(2) The interaction occurred outside an interaction
fiducial volume (slightly smaller than the decay
volume).

(3) The neutral track length was less than 0.7 cm in
space.

(4) The opening angle of the V was less than 3' or
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greater than 165', or the lab momentum of the x
from decay was less than 34 MeV/c (0.8-cm range).

(5) For the decay E0~ ir++ir, the c.m. cosine
of the production angle of the associated hyperon was
greater than 0.6.

Criterion 4 eliminated configurations which might be
dificult to detect in scanning. Criteria 2 and 5 elimi-
nated events for which detection efBciency was small and
which were, therefore, not corrected for adequately in
the event-by-event weighting for escape corrections.
Detection-eKciency corrections included eGects of all
these cutoff.

Events were rejected if the frame contained more than
35 tracks, if the incident beam track failed the template
test for track count, ' or if beam azimuth, dip, or
momentum varied from mean values by more than three
standard deviations. These selection criteria were chosen
to conform to procedures for evaluating total track
length.

Total pion track length I- was estimated from

I.=alt(&r ~'r~r)(1 fe f.)—(1 —f.), —(1)
where n is the average number of tracks per frame,
estimated from a track count with a template'; t is the
average pion track length in the fiducial volume, cor-
rected for attenuation'; Xf is the number of scannable
frames; Ez~~ is the number of frames with more than
35 tracks, estimated from the track count; f, Lapproxi-
mately (7~2)%$ is the fraction of beam contamination
by leptons, obtained from a scan for knock-on elec-
trons too energetic to have come from pions incident';
f„Lapproximately (5&1)%] is the fraction of pions
included in the track count which failed tighter selec-
tion criteria for beam tracks ot events (taken from

+p + Z +E+ events)'; f, is the fraction of satellite
beam (which entered when the chamber was insensi-
tive), measured by gap-counting in the film section
most aGected, and scaled for other film sections by
estimates from the film edit. Table l contains values of
quantities for calculation of total track length at each
beam momentum.

Limits on X' for acceptance of decay and production
hypotheses were taken from events in which both Eo
ii34
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TABLE I. Data relevant to total-cross-section determination,
1

Beam momentum (MeV/c)
c.m. energy (MeV)
Frames accepted, (Ef lV'g~g )
Average tracks/frame, A
Fraction of tracks accepted,

(1—f —f.) (1—f.)
Events per mb denominator for

total cross section
Corrected total events

~-+p ~ ao+E
x +p~ZO+E'

Total cross section (p,b)
~-+p xo+Eo
~ +p -+ Z~+E

1128.6
1742

48 200
16.56a0.13
0.889

2885

170?
756

592%22
262&15

1235
1797

14 490
18.46&0.25
0.850

968.9

470
256

485+35
264+25

1277
1823

41 720
8.81~0.13
0.862

1370

612
314

447&28
229&20

1326
1842

23 770
8.66a0.17
0.844

796.6

293
168

367&33
209&25

and A.' were observed (double V events). Approximately
3% of strange-particle decays failed these criteria.
Since readily identifiable background was only 1%,
barely failing events were included after examination;
1% of decays failed repeated remeasurement. A few
of each of the following classes of events were accepted
after inspection and diagonostic tests:

(a) identified' three-body decays of Ao,

(b) events consistent with strange-particle two-body
decays followed by a small-angle scatter in one track,

(c) events which could not be measured.

These categories included all the remaining events.
Just before final selection, the entire selection process

was checked. A11 rejected events were examined. Less
than 1% of the events had been lost. These events were
restored and a correction of —,"%%uo was made for system

efficiency.

Separation of double-V and single-K' events into the
production hypotheses s-+p~ Ao+Ko and s-+p~
Z +E' or into three-body production modes was
unambiguous on the basis of X'. Separation of single A
events was made on the basis of missing-mass squared

200

sn Igp
C0
w+!20

Q 80

~ 404

II28 Mey/c

Note scale change

MM' of the neutral system recoiling from the A.
Figure 1 shows the spectrum of MM'. A handful of
three-body production events were identified beyond
the kinematic limit of MM' for x +p~ Z'+E;
corrections were made for the fraction of the three-body
missing-mass spectrum buried within these kinematics
limits. Events selected for s. +p —+ Z+E' were re-
quired to have two consistent measurements. The
selection procedure contained an automatic measure-
ment of the mistaken identiication of the two hypoth-
eses, since A's from double-V events were ana]yzed
with single-V events. Relevant quantities for total
cross sections for s +p~A+It ands +p~ Z'+E
are displayed in Table I. In Table II, data on three-body

TABLE II. Three-body production.

Number of events

0
.2I

In

C
5 40
w

.25
I

,30 ~4p
MM from h (Bey )

.50

Momentum
(MeV/c)

1128.6
1235
1277
1326

none
2
2
6

none
1
2
2

none
none
none

Single E'
Single Ao Double V A K+x

~ 200
O p

.2I .25 .30
MM from h

I.40
(Bey )

Total cross-section estimates' {pb)
Momentum m +p-+4+K+m m +p —+A'+E++m

(MeV/c} @min 0 +max o'min 4' 4'max

1235 1 4 21 0 0 6
1277 2 4 23 0 0 5
1326 3.3 15 38 1.2 4 15

a Minimum and maximum cross sections are based on Poisson statistics
on the single-Ko and double-V events, with 2.5% probability of exceeding
either extreme.
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.30 .40
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' V. G. Lind, T. O. Binford, M. L. Good, and D. Stern, Phys.

Rev. 136, B1483 (1964). FIG. 1. Histograms of MM' recoiling from g,
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production modes

n.-+p I A'+E++Ir,
Ir-+P -+ A'+E'+s'

are given. Because the highest beam momenta are just
above threshold for m +p —+ 2'+E +Ir, events con-
taining a AOEox final state are assigned to x +p —+

AI+EI+s . Upper and lower limits on cross sections
are based on Poisson statistics for single-E and double-V
events, assuming 2.5% probability for exceeding each
limit.

ANGULAR DISTRIBUTIONS AND
POLARIZATION 8

Histograms of the angular distribution in the c.m.
system, corrected for detection eS.ciency, are shown in
Fig. 2 for the reaction Ir +p~ A'+Eo. A projection
method due to Crawfords has been used to obtain
coef5cients for a Legendre expansion of the angular
distribution,

d0'—(8) =Q A.P (cos8),
dQ

and the polarization angular distribution,

47—(8)aP(8) =P B P «&(cos8),
dQ n

A =C(2II+1)Q P„(P;)//E;, (2a)

8A 8A =C'(2II+1) (2III+1)P P„(II„)P (Pg)//EP, (2b)

C3 (2II+1)
I3„= Q comp; P„&'&(II~)/I;,

II(I+1)
C'9 (2II+1)(2III+1)

88„5B g cosIP;
II (II+1)III(III+1)

(2c)

where P(8) is the hyperon polarization and P„(cos8)
and P to(cos8) are Legendre polynomials of order II.
We define p, =cos9. We adopt the convention that the
asymmetry parameter for hyperon decay, n, is defined in
terms of the pion asymmetry. The coefFicients and
error matrices were determined from sums over ob-
served events:

l25
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Frc. 2. c.m. angular distribution of the A. in the
reaction 2i- +p ~ A.'+2P.

~ These results are contained in a series of unpublished reports
by F. S. Crawford, Jr.

E; and e; are over-all weight factors for the event for
angular distribution and polarization, respectively;
C ' is the number of events per microbarn, as deter-
mined by the track count (see Table l); and cosP,
is the decay cosine of the pion in the hyperon
rest frame, co&;=Rq Irs„,„,. with I4= (8b„mXA)/

~
8bogmX A

~
~ Contributions to the error matrix from

c.m. angle errors were ignored. These contributions
are quite small through order 3.

Detection eKciency D; for individual A and E
decays has the form

DI—B,(s lesl cfI S& N -e zf lc Tl POY I)d .

~here d; is the fraction of decays accepted by criterion
4 for opening angle and momentum (d; is approxi-
mately 0.99), D; is the branching ratio for charged
decay, 1. =0.7 cm is the minimum acceptable decay
length, and II is the potential path length in the
fiducial volume. r; is the proper lifetime of the particle,
and y,p;=P;/III; are expressed in terms of the particle
momentum P; and mass es;.

We have used, for angular distribution, EI.=DJ. for
single A's (which corrects for events with unobserved
A and unobserved Ea), Ex= 1 for single-E events, and
E2y= 1 for double-V events. For polarization, we have
used eq=Dz= &II and 1/Ix=0. These are slight modifi-
cations of the usual relationships. This and related
results can be readily obtained by picturing the classes
of events as areas on the square of unit probability. One
axis represents A' s, a fraction D~ of which are observed;
the other axis represents E"s, a fraction D~ of which
are observed. The lines Dg and D~ define four areas on
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TABLE III. Legendre coeKcients of angular distribution for ~ +p ~ Ao+EP. de/dQ=Z„A„I „{cos8).

Incident
momentum

{MeV/c)

1128
1235
1277
1326

Ag
(p,b/sr}

47.1a1.45
38.6&2.32
35.6+1.88
29.2~2.25

AI

—44.4&2.82 27.3 &3.65—39.0+4.38 14.0 +5.63—33.6a3.51 14.69a4.50—31.3~4.48 22.6 ~5.67

—16.1 &4.34 11.7 &4.92 —5.20&5.45 7.55~5.84—5.32+6.35 3.76+6.97 2.86~7.83 —5.45&8.84—7.90+5.38 2.48&6.08 —9.19~6.77 6.35~7.15—10.3 ~6.38 2.60~7.05 7.31&7.28 —8.78&7.89

TABLE IV. Legendre coefticients of oaP for w +p ~A'+E'. npda/dQ =&„B„p„&I)(cosg).

Incident
momentum

(MeV/c)

1128
1235
1277
1326

BI
(pb/sr)

41.8a3.16
29.4&5.11
24.0&3.99
25.4+5.16

Bg

—15.2 ~2.57—15.0 &4.00—13.0 &3.06—8.89&4.22

7.65m 2.14
6.49&3.38
4.33+2.65
5.59&3.60

—3.22~1.94
3.64&3.29
1.61~2.36—1.22~3.20

0.81 ~1.79—0.259+2.84
0.585+2.09—3.22 +2.82

the unit square which are equal to the detection prob-
ability of single-A, single-E, double V events, and
undetected events. Each observed event corresponds to
a known area on the unit square, and the problem is to
correct for the unobserved events by weighting of
observed events.

The polarization nJI'p as a function of c.m. cosine is
shown in Fig. 3, where oqI'o =3~; (co&;)/o—;j/~,1/o~j. Coefficients obtained from the data for the
Legendre polynomial expansion are given in Tables III
and IV, along with diagonal errors. Expansions in
cosine powers are sensitive to the order of Gt which
means that much information lies in the correlation
coefficients. In the projection method, Legendre coeK-
cients are independent of the order of the expansion, and
even with least-squares determination, coeKcients of the
Legendre expansion and their errors change little with
the order of 6t for any reasonable 6t. Interpretation is
simpler with Legendre coeflicients; to a good approxi-
mation, correlations between coeKcients can be
neglected.

ANALYSIS OP oo-+P~ Xo+K

I I28 MeV/c

I.O-

o .s-

-I —.8 —.6 —.4 —.2 0 .2
cos eq(c.m. )

!255 MeV/c
I.O-

CL
O

il

4

- I -P —.6 —.4 —,2 0 .2
Cos eh (c.m.)

.4 .6 .8 I

1 277 MeV/c

I.o-
~ ~ llo
il

Pii/~P~~, and ao is the A-decay asymmetry param-
eter. For the decay at rest, the decay orbital angular
momentum has no component along the A momentum
vector A.~. The component of Z polarization Pq along

The angular distribution for Z E is shown in
Fig. 4.

Extraction of Legendre expansion coeKcients for the
reaction or +p~Z +IP is similar to the projection
method expressed in Eqs. (2a)-(2d), for events for
which the Z-direction is determined (single-E'o and
double-V events). The A decay distribution is asym-
metric along Pg, the A polarization vector:

f(8x,y) = o (8s) (1+ay
~
Pa ( co~),

where Oz is the c.m. angle of the Zo, co+ %dery

Lo

o I I o I-I -.8 —.6 -.4 -.2 0 .2 " P .6 ",8 I

cos eh (c. m. )

l326 McV/c

I.O-

o I I I I I—I —.8 —.6 —.4 —.2 0 .2 .4 .6 "
I

cos eh (c.m. )

FIG. 3. Angular distribution of h. polarization in,
the reaction m +p ~Ao+E'.
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I g r ~ g I
—.4 -X 0 .2 .4 .5 .. .4

cos e&
l235 Me Y/c

I-. —.6

40 '

30
Ol
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Angular Distribution ~ ~m-t p~g +K
l l 2 8 Nle V/ce

1 r
(c'

0

For single-A events, the Z direction is not known; a
diferent treatment was used for this sample as de-

scribed below. Weight factors were chosen so that the
two samples provided separate estimates of the expan-
sion coefFicients. The double-V class was expanded
slightly; if one V was accepted, the other was rejected
only if it lay outside the decay fiducial volume. From

(3), the detection probability becomes

~
—Lf/crsys Ps+.

for the second V if one V was accepted. We have used
EK D» 1/e»=0 for single-E' events and

Rv= [DsD»+Dc(D»' —D»)+D»(Dq' Dq)]/D—q'

40

a 500
203
10

.2 .4 ,6 .8

l 2T7 Me Y/c

-.8 —.6 -P —.2 0
cos e& for double-V events. For the polarization, we have

~2v = p4D»+D~(D»' D»)+—D»(D~' D~)]—
For single-A events, we can extract only statistical

information about the A. To obtain expansion coefB-
cients for the Z, we use a method from Crawford. ' The
observed A angular distribution can be written

—.8 -.6 -.4 -.2 0
cos eg

.4 .6 .8
(i ~

40 l 326 Me V/c

4i

T
~ .

0 I ~ I-,4 -.6 -.4 —.2 0,2 .4 .6 .8'co' e&

Fzo. 4. c.m. angular distribution of the Xo in
the reaction m +p ~&+2P.

2dpsw(pq, lss)N (ps),

~here w(yz, ys) represents the decay transformation
X'~ A'+y. We have

A„'= (2l+1) $dpgm(IIg)P„(pg)

the A. momentum' is

Pg X~= (Ps((ds A )—= (Ps(cosp,

where 8 is the normal to the plane of production. Con-
servation of angular momentum implies that the A

spin must be opposite that of the Z', and the photon
spin along the spin of the Z. Thus, the distribution
function becomes

f(~*A)=~(e.)(1—«IP.(e.) I co4 co~). (4)

Accordingly, the projections for B„and the error
matrix are

C3(2n+1)8„=— P cosp, co&;E &'&(ps,)/e, , (Sa)
n(m+1) c

C'9 (2m+1) (2tw+1)
BB„SB P cos'p; cos'p;I(n+1)e:(m+1)

& "'(i s u' "'(I s)/e' (5b)

fl The following notation has been used. Superscripts refer to
the Larentz frame in which the vector is defined, using the usual
proper sequence of Lorentz transformations. Subscripts refer to

which is just a matrix transformation between the
coefficients (A ) and (A„'}.We obtain A from the
matrix inversion:

A '=P M A implies A =P (M ') „A„'. (7)

The matrix of products of Legendre polynomials can
be simply evaluated numerically from the kinematics of
Zo decay. ' Determination of A„' was identical to (2a),
the particle momentum defining the vector; some particle labels
are self-evident. Thus, A~ is the unit vector along the A. momentum
in the Z rest frame.

7Legendre coefBcients for the observed A. distribution are
independent; the Z distribution coef5cients determined from them
are not independent. However, the matrix of transformation is
nearly diagonal and diagonal terms are near unity. Consequently,
Legendre coeKcients for the Z distribution are nearly indepen-
dent. %e have determined coefBcients through order 3. From theI=) channel, we would expect terms up to order 6, but those
above order 3 are not above the level of measurement errors:
In ~ +p~Zo+E the contribution would be $ that of theI=) channel, hence negligible. Only very large higher-order
terms from I=$ would change these coefBcients.
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A„'=C'(2n+1) P;P„(pg;)/L;, where p,&; is the c.m.
h

'
h A from Z' decay. The detection efh-cosine of the zt rom

cienc E;=DJ„(1—D~') was calculated with an a gavera e
fo b d Ko Since the average prob-

ability for E decay o s
lesst an q, z

'
I%%u D ' is nearly equal to Plr, the

a roxim ationing ratio, and the procedure gave a good app
f D '

ffi
' t f ouP were calculated byLe endre coemcients o oo,

7'
n method, our extension of Crawford sanother projection met o, o

resu s. elt 'Thereremains anonvanis ing average o a
'

the incidentpio, = "
A 8b,. XA~. A much

f h A along the normal defined by
pion and the A, R~= (8b., XA)/~~b,

ge polarization remains in m +p ~ A

alon this direction; to eliminate the e e
which mi ht conceivably have been

x + —+A+X events were removed irom e o
ing calculations. e is ri. Th d' tribution function is given by

f(ns, P) =n(pz)(1+u~P~&) =n(ps
X[1—a,P, (6, Xs)(P n,)[],

d P are A and Z polarizations,A

~ 8 is the decay cosine of the pion with r pk= ~decay'
e roduc-toRA, and g is ed A

'
th unit vector normal to the p

b h.~ is the unit vector along the Ation plane. As above, is
velocity in eth Z rest frame. We write A. =cosy

sin co& 9+sing@s) in terms of the polar ang le
d the triplet (i,Z,As), wherethe azimuthal angle p, an

j=Eking. en y,
.n . Th 8 A~= sing sin@ defines one o t e

dot products in Eq. (8), and'

endre coefficients of angular distribution forTABLE V. Legendre coe

Incident
momentum

(Mev jc)
1128
1235
1277
1326

Ap
(p,b/sr)

20.8&1.2
21.0m 2.0
18.2~1.6
16.6&2.0

Al

0.74&2.0—1.7 ~3.6-1.2 a2.5—1.8 &3.1

15.2+2.7 —6.3~3.5
13.5&4.4 —12.9~5.1
9.9a3.2 —16.9a3.8
8.1+3.9 -13.9a4.7

integrals:

C dV g= —nA3 zd cosy
2x J@ 1

-', d&
0 271

to find

Xsin'P sin'? sin8s n(ns) PPs(pq),

C dX g = —~uA2B1. (13)

In the same way, we define h=—3gpA gEA-, and
find

15
nPB2= ——C dEh.

6

I

C dX g = ——,ag —,dnv[Z„„„y,1 1 E P u) )

XP"'(nz) = —-,'ng28g, (12)

(Ls.kg) =As (8b XL')/sin8g ——

qs L*
X h.s.8 X As+ps +Ebs ~, (9

As Rq)~sing sing sin8s Eq gs, ,Pq' '

d fi th ther in terms of the energy E ~of theAe nes eo
in the c.m.in the Z' rest frame PA', the A momentum in

8 —=x A.' in the c.m.(an observable), with cos8q= v?b

hd known from t es stem in terms of observables, ansys em in
. The very small second term from

(9) has been dropped. It could be included Uut is qui e
negligible. We have, finally,

As 8q) (As 8s) = sin"y sin'$ sin8s gzEq*/Pq' srn8q.

We then define a projection operator

As above, the projection consists of evaluating t e
integrals as sums over the data.

R its from the single-A and the double-V-plus-esu s rom
sing e- ev1 -E vents were combined accor ing o e
squares result:

A=(H '+H ') '(Hr 'Ag+H2 'A2),

where A1 an 2 ared A the two independent sets of coef-
ficients, an 1 ana H d H are the corresponding error
matrices.

dis la ed inThe resulting Legendre coefficients are isp aye in
Tables V and VI.

We ave compareh mpared the data in this study to the
resutso o ere '

ion. a a1 f th xperiments in the energy region. a a
which are in good agreement are (1) n +P ~

TABLE VI. Legendre coefficients of os for
+p yp+~0 ~Peggy —g B~ (1) (cosy)

3& sin8q Pq'

QXSA.

We evaluate the projection in terms of elementary

~ ~'R. Hagedorn, Relativistic Kine»statics (W. A. Ben~am1n, Inc. ,
New York, 1963), p. 9.

Incident
momentum

(MeV/c)

1128
1235
1277
1326

B1
(pb/sr)

—0.4+4.2
4.7+6.1
6.9+4.8

10.2+7.0

2.2&5.4
11.5+6.7—7.52~6.0
6.7 ~7.6

0.32+0.32
1.1 ~0.7
0.7 &0.5
1.7 +0.75
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angular distribution at 1123 MeV/c, ' "polarization at
1170 and 1320 MeV/c" and the general trend of the
polarization, ""total cross section at 1123 and 1220
MeV/c, ' and (2) s +p~Z'+E angular distribution
at 1123 MeV/c" and polarization at 1320 MeV/c. "
For all data excepting those mentioned below, we have
X'= 30 for 26 constraints, testing equality of the sets of
Legendre coeflicients. We find mild disagreement with
the total cross-section values for m +p —+ Z'+E' from
the results of the Berkeley group, ' and with total cross
sections of the Pisa data at 1330 MeV/c. 's Our data are
in striking disagreement with the Michigan data" for
1220 MeV/c, with respect to both angular distributions
and total cross sections. The disagreement with some
previous results is not surprising, since they disagree
among themselves.

DISCUSSION

First, we note that the values of egI'q in the reaction
s. +p —+ A+En are uncomfortably large to be accom-
modated by the accepted value nz ——0.663~0.022.'4
This value of nz would imply 0.&E'&&0.663 everywhere,
a result that does not seem compatible with Fig. 3.
We have not been able to convert this feeling into a
quantitative statement about n&, because of lack of
knowledge of polarization and its angular dependence.

To make comparison of phases of the associated
production partial waves with phases in pion-nucleon
scattering, we must change the signs of the c.m. cosine
and the normal to the plane of production. The tables
have been prepared with the c.m. cosine of the hyperon,
and the normal defined by11r= (sbe~X Y)/~ nh, ~&( Yj,
where Y is a unit vector along the hyperon momentum.
Change of sign of the c.m. cosine changes the sign of the
odd A„and even B„,while changing the sign of the
normal to the plane of production changes the sign of
all B„.As a final result, odd A and odd B„change sign.

Thereactions« +P~Z +K+ and-sr +p-+-Z'+E'-
are isospin mixtures of I=a and I=). The I=a part
can be extracted for the total cross section, and is
given by

o(ZK,I= ', ) = s(oz x+oz -rr saz -x ), (15)——
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where O.q-~+, o.~o~o, and crq+E. + are the total cross
sections for s +P~Z +E+, s +P~Zs+Es, and
a++p ~Z++E+. World supply data for these quanti-
ties are plotted in Fig. S.s '~~ (Sources are identified in
Table VII.) The I= ', ZE-cross section climbs very
rapidly at threshold, and is approximately equal to the
AK cross section (pure I= ,') at-all energies above
threshold, as shown in Fig. 6. The data indicate that the
equality which we suggest is only approximate; it
appears not to hold within the errors, but the near
equality over a wide range of energies is striking.

In Fig. 7, we also show the comparison between the
two I=-,' associated production cross sections and the
I= gt reaction s. +P ~ ti+ss. st ss The sum of the
I= ~ AE and ZE cross sections is equal, within errors,
to the cross section for s +p ~ ti+I We. have plotted
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a point with value twice the AE cross section. This point
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FIG. 5. Total cross sections. The arrows on the E plot
denote E*(1688)and E*(2190),respectively.

also is equal to the gn cross section at that energy. We
have, therefore, two empirical cross section relations:

Beam
momentum

(MeV jc)
905
922
959

1000
1020
1.035
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iili
1128
1155
1170
1206
1220
1235
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1277
1326
1390
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2700
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TABLE VII. Sources for total-cross-section data.
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The reactions x +p —+ A'+E' and ~++P ~Z++E+
are states of pure isospin ~ and ~, respectively. A
prominent feature of the total cross sections for these
reactions are the peaks at the known I=-', and I=-,'
pion-nucleon resonances. In the I=-,' associated pro-

duction, channel, there is a peak at 1690-MeV c.m.
energy with a width of about 100-MeV c.m. and possibly
a bump at about 2200-MeV c.m. , with a width of the
order of 200-Mev c.m. These correspond to E*~ess(-', +)
and 1V*»9o(-,' ), respectively. In the I= s channel, there
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FIG. 6. Momentum dependence of I=p cross sections:
~ +P ~h.o+Eo, ep ~ZE(I=) part).

FIG. 7. Momentum dependence of I=) cross sections for
the sum oz(~ +p~A +E)+or(~ +p~Z+K)l III and

+P n'++.
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is a peak at 1950-MeV c.m. with a width of about
200-MeV c.m. , corresponding to AIQJQ(Q+). Any in-
liuence from the I=aQ resonance LLQ4QQ(++) is much
smaller than the peak at 1950 MeV. The Z+E+ data
at high energies are too few to give more than a hint
of the energy dependence. The near equality of I= —,

' hE
and ZE cross sections might suggest that the energy
behavior of the I=-', ZE channel is also dominated by
resonances, but the strong backward peaking of A and,
at higher energies of Z+, certainly suggests a strong E*
exchange contribution.

It is probable that no one mechanism is dominant.
A comparison of the data presented in this paper with

that of Kof}er' on x p —+ Z E+ and Carayannopoulos

et al.30 on x+p —+ Z+E+, to test the triangle inequalities
of charge independence, has been made. "
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Total cross sections, angular distributions, and decay asymmetries have been measured for the reaction
~ p —+ Z X+ at pion beam momenta of 1.12, 1.23, 1.27, and 1.32 BeV/c. Legendre-polynomial expansion
coefEcients for the angular distributions are presented and compared with other data. Preliminary results
of a partial-wave analysis are discussed.

I. INTRODUCTION

HE purpose of this paper is to present data ob-
tained in a study of the reaction 4r +P ~Z +K+

at incident pion momenta of 1128, 1235, 1277, and
1325 MeV/c. At each of these momenta, total cross
sections, angular distributions, and Z -decay asymme-
tries have been measured. The data are compared with
other data' ' at diBerent beam momenta. The data
have already been combined with Z' and Z+ data to
test the charge independence hypothesis in strong in-
teractions. ' It is further hoped that these data, when
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combined with data from similar experiments, will aid
in understanding those processes responsible for hyperon
production.

II. EXPERIMENTAL DETAILS

A. General Procedure

The Z E+ events were produced in the I.RI 72-in.
liquid-hydrogen bubble chamber. The pion-beam trans-
port system has been described in the literature. ' A
total of 140000 triad photographs were used for this
experiment. Scanners were instructed to search the
photographs for any event which had the typical
appearance of a Z—E+ production: a two-prong topology
with a kink in the negative track corresponding to the
decay of the Z—

hyperon,

The events found as a result of two complete scans of
the film were measured on digitized microscopes and the
measurements were analyzed using the pANG and KIcK
programs. 7 The scanning, measuring, and computing
process produced 2325 Z E+ events. In order to main-
tain consistency between the sample of events and the

'A general discussion of bubble-chamber 61m analysis, with
speci6c reference to the PANG —KIcK system called PAcKAGE, can
be found in A. H. Rosenfeld and W. E. Humphrey, Ann. Rev.
Nucl. Sci. 13, 103 (1963}.


