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INTERACTIONS OF NEUTRAL K MESONS IN HYDROGEN*
| Gerald W. »MeisnerT |
Lawrence Radiation Laboratory, Berkeley, Cahfornla 94720
Physms Deépartment, Uniscelr.sﬁy‘of North Carohna
Greensboro, North Carolina 27412
.and . |

Frank S. Crawford

Lawrence Radiation L.aboratory, *Un1vers1ty of California
Berkeley, California 94720

ABSTRACT
Theb reaction m +p—~A+K’in the 72-inch hydrogen chamber
w‘as used to produce 7220 K° fnesons:_associated with a visible de-
cay A~ p + 'rr_,. The time dependence and absolute yield of the sub-
sequenf strong interactions of K° and K° in hydfogen wefe used ‘tol
determine all the parameters of the neutral K system, without the
assumption of CPT invariance or otherr assumptions abogt the weak
interactions of neutral K's. From the time distribution of 59 events
of the type K°+p — hyperon we find the {nagnitude of the KS? - KLO
mass difference. We then determine the mixing parameters p, q,
p', q' of the neutral K system by means of the time dependence and
absolute yield of 11 chax;ge—’exc}iange events, ‘K°+p ~>K+;l— n, and the
absolute yield of 49 two-body interactions; K+ p = hyperon +pion.
The results are consistent with CPT invariance and with values of

the mixing parameters determined by means of weak interactions.
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We fiﬁd the Biswas ratio R =0 [KLp_—»KSp] /U[KLp—¥hyperonj to be
R =0.41%0.13 averaged over KL momenta from about 200 to 600
MeV/c. This agrees with Solution I of Kim and with the results of
Kadyk _e_E. Our absolute yields for T(0+p~> hyperon tpion are in
good agreement with the predictiéns of charge independeﬁce and
the measured rates for K-+p—’";h/yperon+pion. For the front-back
asymmetry of the A in _K°+p—.->A+TT+We find (F—B)/(F+.B) = -0.48+0.18,
indicating that P Wéve.cannot‘be neglected‘relative to S wave in our

momentum range. On the basis of one event satisfying the hypo-

thesis K%+ P "’A:HT+ + v, we obtain a branching ratio

1_‘[Yﬂ;o(1385)'—>A\(]/I‘[ Yﬂ;°(1385)—+ all] = 0.17.

i~
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I. INTRODUCTION
We have previously used the time dependehce of KO + p ~ hy-

peron to obtain the magnitudé of the KS— K. mass difference, 1 and

L

used the time dépendenqe of K +p—>K(é+ p.to find the sign of

neutral
thé mass differen’ce.‘2 In this_article we aﬁalyze the absolute
yields of R+ p-— hyperon and of ko +p—> K++ _ﬁ, é.nd the time de-
pendence of K°+ p ~ K'+ n, in the momenturn range 0 to 900 MeV/c.
In the following sections we discuss the e'xperimental arrangerﬁent,

scanning procedures, and data analysis; a determination of the mix-

ing parameters p,p', q; and q" of the neutral K systerh; and a de-

termination, based on one event, of the branching ratio of the radi- .

ative decay of the Y’;" (1385).

vII. EXPERIMENTAL PROCEDURE
M B A. Beam |

The Alvarez v72.—inch hydrogen bubblé chamber was exposed |
to a 7 beam of 1030 and 1170 MeV/c. The beam-transport system .
has been described previously, 3 and has as its most important
characteristic a good résdlutio\n. The full width at half maximum
of the beam momentum distributio'n is about 10 MeV/c.

At 1170 M»eV/c abo.ut'9>< '104 triads of pictures were taken,
and at 1030 MeV/c aBout 3% '105. Approximately 17 tracks per pic-
ture entered within é chosén fiducial area. The bubble chamber

magnétic' field strength was 17.91 kG for the 1170-MeV/c beam and



15.70 kG for the 1030-MeV/c beam.

B. Scanning

The film was scanned for associated production events in-
volving a visible A decay:
T+ p - A+ K°, A—>p+ T ' (5860 events), (1a)

T +p—>2®+K° Z°>A +y, A=p+ 7 (1360 events). (1b)

’

These e&en’cs were measuréd w;ith YFranckenstein' film-
plane proj'ector.s, and sebnt through PANG_ and KICK 4 When reac-
tions (1) were thoroughly processed, a Special'écan along thé direc-
tion of the missing K® was performed. Scanners searched along
the -caiculated direction of the missing neutral for interactions or
decéys that may have been missed in the initial scan. We required
- no minimum length of ‘the néutral K, since the topology for associ-
ated production with visible A de;cay, plus a zero-length K° inter-
action or decay, is so striking that such an event would not Ee
missed on the rescan. |

We consider AK® and Z°K° production separately.

1. AK? Production
The missing K°® direction ié known typically to within 0.4
.deg in dip and azimuth, éﬁd thg missing K® momentum to £1.5%.
VWe scanned along the missing K° direction, using a protractor,
and provisionally accepted all interaction candidates within>ﬂ:5 deg
in azimuth of the predicted direction. We believe our scanning ef-

ficiency is essentially 100%.



2. =°K® Production

T_he missing K° direéti_on is poorly known (because of the
unde’tected v from =0 > A+ Y). We rescanned fhese pictures only
for neutral K iﬁteractidhs followed by.a pr decay. | The pictures
are clean (about 17 beam per picture), and er believe the
second-scan efficiency is 100% fér thesé secondary events. The
'background_is negligible, and there are no spurious or ambiguous
events. | |
We dd nof use any events for which the A broduced in asso-
ciation with the K° in,reacf:iOr; (1) doés not decay visibly. If we did,
we could guarantee 100% scanrﬁﬁg efficiency for K interé.ctions,
independent of K° proper time, only by scanning the entire film
many times. ‘No bias is introduced if we find all K interactions as-
sociated wi’éh_ our sample of visible A's in reaction (1). By defnanding
visible A's in reaction (1) we thereby eliminate the possibilityofan am-
biguity between two possible production verticés;the informafion from the
A decayalso eliminates some kinematical ambiguitiés that might'otherv.vise

remain.

C. Data Processing
All neutral K interactions of the following types were anal-

yzed:

R +p~ A+ ot (22 events), © (2a)
+

=%+ n (18 events), (2b)

_Z++ w0 | , ({9 eyents), - (2c)



A+at +0° | (5 events), (2d)
2++ T 4+ —ﬁ-+ o . (1 event), (2e)
A+ 'rrf+ v (1 even‘c),. ) (2f)
K +p — Kt +n - : _ (11 events), (2g)
K tp>K____ _+p, - |
neutral ~neutral . (23 events). (2h)
K =7+
neutral

There are slight differences between the numbers of events
here and ih Ref. '1‘ due to the different fiducia'l”volurnes»use‘ed in the
two expefiménts. Measurements and kinemafical analysié of re-
actions ‘(2) were done in a manner similar to that used in the anal-
ysis of reactions (i). For those events which prqved to be espe-
cially troublesome, the Alvarez Group QUEST systern5 was used.
We use XZ cutéffs, at the 0.3% proba-.bility.r level, of 8.6, 11.6, 14.0,
'and 16.0, for one;-,r two-, three-, and foﬁr-constrai_nt fits, respec-
tively. |

In those cases in which the strange particlé préduced. in re-
actions (2) does not decay, random recoil protoné .give a bac_k—
ground; this is because the positive track in reactions (2) is.some—
times indigtinguishable on the scanning table from.a recoil proton
arising frofn an n—p scattering due to random neutron baékground.
There are about 900 such candidates (i.e., ‘abouf 15% of(the miss-
ing K°'s have a random recoil proton lying within :f:5. deg). We mea-
sure the neutral 'track'' from the production point to the recoil and

reduce the amount of background by rejecting recoils that have a



neutral differing by more than five standard deviations from the
predicted K° direction. 6 The remaining 300 events are fitted (one

constraint) to reactions (2).

III. MIXING PARAMETERS OF THE NEUTRAL K SYSTEM

A, Introduction

The mixing parameters p, pi, q, and.q' of the neutral K sys-
tem are defined by the following relationships among -

K. [Kp), [K°), and [R%):

it

|Kg) = p [K) + q‘R"ﬂ
IK; ) = p'K%) - qK?,

CcPp invariaﬁce demands p = p’ = qi q', Whereas CPT invari-

(3)

ance demands p=p' and q=q', but does not restrlct ‘p/ql or lp /q! l
to be 1. Normahzatmn conditions ‘pl + Iq !2 = |p lz Iq |2 =
abéolute phase convention of IKS) and |KL), and relative phase
convention bétween |K°>_"and rI_{()) reduce the number of real inde-
péndent parameters fr(;m eight to three, which we can take to be the
comp.lex number (p/q)/(p‘/q) = | z ’ei¢;=— x +1iy and eitﬁer \p/q‘ or
|p'/q‘ ' Alternatively, we can take them to be ‘p/q ‘, lp'/q‘ ‘, and
b.

From weak deca}s alone, and with no assumption of CPT
invgr‘iance, we have the rela'tions_hips7 | \

la'/p'| = 1.00£0.016, (zb 97y < |a/p| <(=1.03),
(= -0.03)< ¢ < (® +0.03).

We shall now determine these parameters using only strong inter- -



actions. The results must of course agree with those determined,
using weak decays alone, for a consistent two-component theory of

- neutral K mesons.

B. K°+ p Charge Exchange

If at t = 0 the neutral kaon system is pure K°, then at a later

time t, the probability amplitude LpK of the system is given by

- 1 ON[ (it 1 . ' I | .
1 sy o, 1 .
H - - - - - -
+|I_{°> (q'q)[exp( > )\St 1mst) exp( > )\Lt 1mLt)] .
(4)
Here )\S and )\L are the decay constants and mg ?.nd- m, are t}he
masses of KS and KL, respectively.8 When the IK‘°> component
from (4)is projectedlo'ut, the probability dp of K° +p charge exchange

at proper time t within an interval dt is given by
dp (x t) = ko | (K°, y )|2 P /rn ce(t)dt
p s Vo A ’ K K K ’
where k is a constant [= 1/(28.6% '103 mb c¢m) in hydrogen], o is the

cross section in mb for reaction (2g) at a K° momentum PK’ my

= 498.0 MeV/cZ, c =3X 1010 cm/sec, and € (t) is the geometrical de-
tection efficiency for reactions (2).

If we integrate over dt from 0 to the p.otential proper time T,
and sum over reactions (12), the expected number of chargé-exchange

events n is given by

A |
n=k Z Uiﬂigi, (5)
i=1 | . -



where [ is the potential path length of the kaon, and where g, the
probability for the neutral kaon to be a K° along its potential path,

is given by

T
- 2
g =—‘.f§ (K, b [ e,
0 ' ’ (6)

, T
4 : 2
e=r —5— | 3"" #y%) exp gt hexp o ¢
(1+x) " +y 0 '

+ 2 exp|- —%(XS+-)\L)1;][X cos mt- y sin mt] } €(t) dt.

Of the 11 observed K’ + p chargé-exchange interactions, five were
unambiguously identified as having a K+n final state by kinematical
fits. (Two of the five were tagged by x* decays.) Examinatioﬁ of
relative ionization on the scanning table identified five more K+,b

and the remaining event was resolved by gap counting. A list

of these 11 evenfs is given in Table I. The expected time diSfribﬁtion

of these events is given by N(t) € (t), where

N(t) = (x2+ yz)exp(—)\st) + exp(- )\Lt)

+ 2 exp[-—;—()\s+ )\L)'t] (x cos.fnt -y s;'in mt). -

The time distribution of our 11 events is shown in Fig. 1. The
smooth curves are expected distributions.
We use the method of maximum likelihood to find our most

probable values of x and y. For a given x and y, the likelihood



L (x,y) for our experiment is

| N(t,)
Lx,y) = 1 —g——,

i. Ti
g N(t) dt
- Jo :
wheré t, is the proper time of interaction, and where T is the po-
tential proper time of K°. Results are shown in Fig. 2 (a), where
_thé solid circle gives the value of x and y which nﬁaxifnizes
I(x,y): x = -3, y = +4.2. The closed:curves corr‘eSpond to values’
of eqﬁal.‘likelihood given by L = exp(-nZ/Z) Lmax’ where n = 1 and 2.
There are two n = 2 contours. The smaller n - 2 contour surrounds
a '""hole' and passes very close to the values x =1, y = 0 .predicted
by CPT iﬁvariance_. |
For a given value of x and y; we calculate the expected num-
ber of K° + p charge-exchénge evénts from Eqs. (S) andu(()).. The
path length as a function of momentum over which the neutral kaon
is a K° is shown in Fig. 3, using fhe assximption p=p' =qg= (j’ = 1.
T.he ax}erage momentum of K%s from.reaction (1a), weighted by
their potenﬁal path length, is 527 MeV/c. We assume charge sym-
metry and use the measured cfoss vsectiong at 530 MeV/c for
K'4 n— K°+p of 6.60+0.56 mb. We plot the results in Fig. 2b as
contours olf equal expected counts, as a function of x ahd y. Be-
sides the 11 unambiguous K'n events, we have an additional 1.3
events, prorated from six ambiguous évgnts on the bas_is of kine-
matic and ionization information. The resuit is a total of 12.3 in-

teractions of type (2g). Using Eqgs. (5) and (6), the above cross



sectiqn, and the values of x and y correspolxvlding to CPT invariance
(x =1, y=0), we predict 16.1 K° fp chafg_e exchanges, which is |
in reasonable agreement with the corrected experimental numbef of
12.3.

Using Eq. (7), we .form a likelihood function as described
above‘.’co determine |m| with our 11 events, assuming CPT invari-
ance. We show L(x= 1,‘ y;“-O, Im]) in Fig. 4 for the 14 events. L
is maximized at lm| = 1.3)\8. The limits indigated by the horizon-

max

tal bar correspond to L = exp(- —%)L . Our data are not incon-

sistent with the world average of im| = 0.46 )\S.

C. Inelastic K° + P Reac‘tionvs

The probability dp that a neutral kaon will scatter inelasti-

cally to produce a hypefon'is given by

. o P
dp (x,y,) = Ko | (B, )l (rffk

where o is the appropriate cross section, and where LpK is given

) c e(t) dt,

by Eq. (4). When dpis integrated as before, the total number of
expected counts n 'is given by

N NZ |
(8)

5
1
-
=
[}
oa |
ql
>
+
o
o
o
W
=
pury
o |
pod
Q|
[

i=1 i=1

where NZ iﬁdicates that the second summation is over reaction
(1b), where the factor 0.663 is the branching ratio I'(A~ pr_)/T'(A~all)

and is there because for Z°K°production we demand a visible A decay,
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and where g, the probability for the neutral kaon to be a K° along

the potential path, is given by

T 2
g T ~§0 (®°, wK)! e(t) dt,
TNt
- H , +exp'vL - (9)
T (1492 +Y , _ -

-2 exp[v.— % (Ag + At ] ¢9s m’tg € (t) dt.

Since the Aintegrand to Eq. (9) is independent of x, vy, |p/q ‘
and |p /q" , we can use events of type (2a-2f) to determine the mag-
nitude of the mass difference, without assuming CPT invariance.
Our resle.l’c1 of 0.65 +0.30 )\S’ in a‘greéfnent-with the world averagei
of 0.46 )\S’ indicates that our. scanning and data-ana‘lysis procedures
are free from biases.

De”no‘ting»the cross .s.ections for .reactions’ (2a) (2b), and (Zé)

by o, 0., and o_, and those for the processes K+p—> A+r°

b
- — - + T > T - >0 0 :
K +p Z+4m, K+p=>Z 47, and K+p—=2Z"+w pyo1,02, 03 and
04: We can use charge independence to get the relation
o, +>ab+ o =20y +o, + os- 20,]. (10)

When the K° momentum from reactiqné (1a) and (1b) is weighted by
its potential path, the average K° rr;ofﬁentum is 527 and 345 MeV/c,
respectively. In Fig. 5 we show the measured values for the right-
hand side of Eq. (410), using data from Watson et al., 10 Bastien and.

Berge, M ond Wojcicki. 12 From the smooth curve through the
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points, we read off cross sections at 345 and 527 MeV/c éf

= 25.0 :ES.O mb and 15.0 £3.0 mb, respectively. Inclﬁding correc-
tioné for ambiguoué events (an additional 3.5 counts) and corrections
to reaction (2¢) via ZK productién (2.16 £0.74 events), there is a
total of 55.88 £7.52 events of iypes (2a), (2b), and (2¢). Using this
information, the cross sections mentioned above, and Eqs. (8) and
(9), we can solve for Iq'/p" for given values of x and y. If CPT
invafiénée holds (x =1, y =0, or q/p - q'/p", we find lq'/p'l

= 1.16i0.12, in good ag'r.eement with |q'/p'l = 1:00+0.016, obtained
from weak interactions without‘as suming CPT'invarianc'e. Our val-
ue is also in agreement with the value expeéted if CP invariance
holds (|q'/p'.| = 1.0)... If we use the values of x and yv which max-
imize thé likelihood function (x = 3.0, y = +4.3), we get 1q'/p'l
=2.75%+0.29, in considerable disagreement with the‘weak—inte_rac—
tion value. Because of the large statistical uncertainties in our
v.aluevs of x and vy, this disagreement is not significant.

In summary, we use Eq. (9) and the time distribution of in-
elastic K°+ p reactions to give. us a value of IrnS - le , and the
time distribution of K%+ p charge exchange to obtain values of x
and y through Eq. (7). Wé use abéolute cross sections for addi-
tional information on x and y as well as a dvetermina'tion_of lpf/q’ I,
by means of Egs. (5), (.6), (8); .and (9). Our data give values. of the
kaon mixing parémeters in agreement with CPT and with values

determined from weak interactions.
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IV. PARTIAL CROSS SECTIONS
In this section we ‘assume that CP invariance holds (x =1,

y = 0;.0r g/p=aq'/p'=1).

A. KL—p Interactions

Biswas13 first pointed 6ut the importance of the ratio
R = o(KL' P~ KS p)/[o (K_Lp-—f’ hyperon)] in resolving the twofold |
ambiguity in complex S-wave scattering ien_gths ‘obtained from low-
energy K + p elastic and charge-exchange scattering. The sensi- "
tivity of R to the variéus solutions is due to the interference terms
between amplitudes corresponding to elastic scattering of different
strangeness states.

- Taking a time cutoff of three Kos lifetimes, we can calculate
the partial cross sections for KL+ P SCatt'eririg into thé Atw, Z4m,
and KS+ p channels from our data for reactions (2’. We restrict
ourselves to K° m;)mentum‘less ’than 600 MeV/c to avoid the pres-
ence of large P waves. From Table I of Ref. 4 there are 17 inter-
actions of the type (2#) satisfying these criteria. Two corrections
are necessary for reactions (2a) where the A does not decay visibly.
The first is from ambiguous events, which contribute 3.5 events.
Since we scanned for reactions (1b) and (2) only where the A decays
. visibly, we have an additional co~rrection of 3.2 events, resulting iﬁ a

total number nAof reactions (1) in which the K_ interacts to proAduce‘

L

A+ 1r+, giving nA = 23.7+£5.3 events, Similar considerations for

the number nzo of reactions (1) in which the KL interacts to
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0 + .
produce "+ 7 result in ns, =

© - 45.3+4.1.. Also, the number n_+
of reactions (1) followed by the reaction KL+ P~ T4 0 becomes

n2+ = 8.5_#3.5. Including reactions (2d), (2e), .and (2f), which
satisfy our criteria, and correcting fof neutral hyperon decays,
we have a total of 53.4+8.2 vevents of type (1) followed by KL+ p
hyper'on; o

| Using the data from Ref. 2, 1% we find a total of 22.0%5.7
events of type (1) followed by the reaction KL+ P~ KS+ p.- Com-

bining this data with the above, we obtain

R =0.41%£0.13,
at an average momentum of 500 MeV/c. This value of R agrees

with the éxperimental values of Kadyk et al., 15 and with the pre-

16

diction of Solution I of Kim.
+ +
The partial cross sections for KL+ p into the A +7 , =%+ ,

Z++ wo, K++ n, and KS+ p channels, as well as the total inelastic

hyperon cross section [reactions (2a) through (2e)], are given in

Table II for the momentum range 0-600 MeV/c. In Fig. 6 we

show some of these values as well as those from Luers et al. 17

B. Charge Independence

1. KN Channel

Using Ref. 1, and including. corrections mentioned in Sec.
IV.A, we find that the total number n of reactions (1) followed by

reaction (2b) is 20.41+4.8. Similarly, the number n, of reactions
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(1) folllowed by r‘ea‘ctiovn (Zc)_ is 12.8i4.'3. The ratio no/nJr
= 4.57%0.65 is in reasonable agreemevnt with the value 1.0 expected
if charge-independence invariance holds. |

The left side of Eq. (10), based on 55.88+7.52 events and at
an average K’ momentum of 483 MeV/c, is equal to 22.50 £3.03
mb. The right side, from Fig. 5, is equal to 17.0+4.5 mb. The
ratio of these two numbers, 1.32+0.39, is in good agreemeﬁt with

the charge-independent value of 1.0.

2. KN Channel

If CPT invariance is assumed, our data give a charge-
exchange cross .section, at the weighted average K° momentum of
- 527 MeV/c, of 4.50 % 1.36 mb, in good‘ag.reement with the meas-
ured9 charge-symmetric cross section of 6.60£0.56 mb at the

same energy.

C. Am Front-back Asymmetry

In Fig. 7 we show a scatter plot of PK VS cos OA K’ for the
22 events of type (2a). GA*K is the c. m. scattering angle between
the outgoing A and the incident R°.  The front-back asymmetry is
given by

F-B

-F\TE- = -0.45+0.27,

where F is the number of A's with cos BA*K greater than zero in

reaction (2a), and B is the number with GAXK less than zero.

This anisotropy, although based on limited statistics, is in~
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qualitative agreement with that seen by Kadyk et al., 15 and ihdi—_
cates, as does the front-back asymmetry for reactions (2h) (see.
Ref. 14), the need for substantial P wave in the. KN system at

low energy.

D. ¥,"(1385)

1. Production Cross Section

Included in the 59 events_listed in R,ef. 1 are seven three-

: A~ +
body final states: ‘A1r+'rr0 (5 events), Z+1r+'rr (1 event), and A7 vy

(1 event). The events with A production are partially summarized

in Table II. Both measured and fitted quantities are used as input.

In Fig. 8 we show the path length a\}ailable from reactions
(1) for inelasﬁc f{_o +p interécfions ais a funétion of momentum in
bins of 100 MeV/c. We also show the i’nomentum of the six A'Tr+1r° R
A'rr+y events. Note thaf the K° bmomenturn threshold for Y*Tl' pro-
duction is = 405 MeV/é, whereas _Av+1r° production can occur at
rest. In Fig. 9 we show the Dalitz plots for these six events.
Two evén’cs are shown on the same plot if the beam momenta of |
the pair are sufficiently close.

Three-body production at low K’ momentum is inhibited
because_ of phase-space and -symmetry considerations, which dic-
tate that the two pions be in a vi‘elativve. P-wave final sfate. Wé
take the fact that the loweét béafn momentum of these three-body

final states is 100 MeV/c above the Y1>‘<(1385)-1r threshold and

the proximity of these events to the YT (1385) bands on the Dalitz
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plots as evidence for Y1*‘rr production. On the basis of 6 Y °

sk A 18 \ . _ o
and 4 Y candidates;, we report cross sections for the reactions

Ko *o + 0 k4t o :
p>Y "7 and K"p =Y 7, averaged over the momentum

range 400 < P, < 900 MeV/c, of 4.9+2.0 mb and 3.3+1.6 mb,

K

respectively.

2. Ewvidence for Radiative Decay of YA>'<(‘1385)

- We have used TVGP and SQUAW 19 to kinématically analyze
the A1'r+y candidate. All three views are used in the feconst'ruction
of the. event, and the entire event may be fitted atvonce. For ex-
ample, we may fit the entire reaction T+ p~>A+K, A »p+ T,
.Ko"*' P~ =%+ '"'+, =%-A + Y, A—p + 7 atonce with 11 constraints.
.Similarly, we may check for Coulomb scattering on the recoil w
with 10 constraints if A+ nt are produced vat' the secondary vertex
or four constraints if =%+ nt are produced. Fits to all these hypo-
theses resulted in very high Xz's. We are also able to definitely
rule out =°+K° production. The kinematic fit as well as the ioniza-
tion of all the tracks in the event is consistent with the hypothesis
T+p—>A+K’, A»pt+ 1, R0+ p—-A +ntt Y, A= p+m ; the event
is further constrained by the stoppingk of both decay products of the
secondary A. The above hypothesis is the only one giving a XZ for
the entire event of less than 40; the 10-constraint fit to the A1T+'Y
hypothesis gives an overall xz = 6.4. Fits for each separate vér—
tex are also consistént with our hypothesis.

.On the basis of tﬁe kinematical fit and of Fig. 9(d), we can -

o + % )

interpret 1405053 to be either K°+ p— Y;o +r, Y'1 %> A+y or
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1 +Y, Y;H_ ~A+w'.  The former interpretation allows

for a more plausible explanation than iioes the latter.

K+p->Y

The reaction K +p > A +77 +17 has been most often used to
‘ E=S . :
study properties of the Y,1 (1385). Reactions which allow examina-
tion of the neutral Y “ include PP annihilation, K+p—=A trot T O ,
0 0 + . ' 20
™ +p-*A+K +7°, and K +p-—>A+Tr +7°. Martin et al al. who

used the last reactlon, were restricted to a zero- constralnt fit be~

cause of uncertainty in the beam morn_entum, and hence were unable

to search for y rays.

It was not possible to separate y vrays from m°'s in most of |
the experiments which have been execu’cedz'1 using the reactions’
mentioned above. Our experiment has sufficient beam momentum
resolution so that the small uncertainty in thé K°® momentum
(= 1.5%) allows us to distinguish y's from m°1s.

Assuming that all the events in Table III are [Y::(1385)]°‘

production, we find theibranching ratio (based on one event).
RsFHYfW—»Aﬂ/rUYfP»an]:047. (11)

The radiative decay can occur either by a magnetic dipole
or by an electric quadrupole transition. = The assumption of U-
spin invariance leads to a prediction of the radiative branching
ratio of the (»Y1 )~ . Lewnson _e_z_’g__a}_l.zz give the following relation
between the amplitudeé for the electromagnetic decay of the (Yi*)0

and of the [N*(1238)]0:

sk vv..__. ' >{<0
amp (N ° - ny) = 2/J 3 amp (Y ~-Ay). - (12)
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We make thé ansatz that the reduced \;vidth y(N>:.<+—> vp) for
the process (N*)+ -y +.pv equals the reduced width "\((N*O“—* yn) fo;
the decay'(N*)O - vy+n. Usihg the principle of detailed balance and
taking the photoproduction cross section for the reacfion Yy+tp—n f

23 we find that, at a c.m. energy of 1238 MeV,

from Kéillen,
0'('n‘n'+—'¢yp) :0.‘664 mbv. Charge independence equates N*(1238) pro-
duction cross section from -rr++n and ™ + p interactions, so that,
taking the cross section for the reaction T +p-—> N*('12738) of =200

me 4

at resonant energy, we have the branching ratio

[o(r n ~ (N")T> yp)l/o[nTn—>all] = 0.0033. Using a total width of 120
MeV, we have the experimental width I‘[(N*)t)* yp] = 0.40 MeV.
TQ relate T to the reduced width vy = cZIMI 2, where c2 is 'the SU(3)
Clebsch-Gordan coefficient, and where M is the effective SU(3)

. . 2
matrix element, we use the relations

I" = yD,
i [szzlz P o
b = Z/2 M (13)
1+P°/X

where P is the momentum of the decay products in the rest frame-
of the Y1* of mass M, [ is the orbital angular mofnentum in the
final state, and X is the ‘interaction length. Using an interaction
radius of (1.5 m“)-i, we find vy(N*—> Yp) = y(N*-* yn) = 4.8 MeV.
Using relations (412) and (13), we find T“[Yi*o—*Ay] ~ 0.3 MeV, so
that the predicted radiative branching ratio of the Y::O is R~ 0.007.

Our experimental value is 0.17 based on one event. The predicted

number of events is 0.007/0.47 =0.04 event. The a Eriofi
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_ prdbabi’lity of seeing our one event is therefore 0.04, according to

-the above prediction. Perhabps‘ we were lucky.

V. CONCLUSIONS
1. We have used the time distribution of 11 K° + p charge-
exchange events and the.ébsolute cross section for these events
and for 49 K° + p inelastic two—body.in.teractions to determine the
three indep.endeynvt parambt.ers of the neutral kaon system, without

assumptions of CPT invariance. Owur result for the value of the

complex number (p/q)/(p'/q') = 2 is consistent within the statisti-

calvuncertainties with the values predicted by CPT invariance
(Re z= 1, Im z = 0). We ‘then find the third independent param-
eter |q'/p'l = '1.1*6;0.'12, in agreement with the value obtained
from weak interactions Wi’thout assuming CPT invariance:
(1.00+£0.016).

2. We find inelastic cross sections in the K° +p and’ K%+ p -
channels which are consistent with charge sybnnde_try (for K° +p)
and charge independence (for K° + p). |

3. Partial cross sections of K_ + p give evidence that favors

16

L

solution I of the ambiguity in Kim's S-wave scattering lengths.
4. The front-back asymmetry which we observe in the reaction

(2a) indicates the need for P wave below 600 MeV/c inthe K° p

system.

5." From one event of the type R° +tp—~A +1r++y, we find
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T Y1>'<° (1385) > A vy]

% = 0.17.
F[Y1° (1385) > all ]
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Table I. Summary of 11 K%+ pbcharg'e-exchange events;
t and T are the actual and potential interaction proper

tim_es*in 10~ sec, P., is the lab momentum in+MeV/c,
and QKK is tﬁ]:;:—c:.:am. Scattering angle of the K .
Event t T Py cos QKK
515386 425 - 19.93 555.0 10.23
562226  9.92  18.42 - 382.7 0.97
588069 0.70 28.34  587.0 - 0.62
725410 0.81 24.10  597.9 0.64
868369 0.43 11.93  537.3 0.39
1385305 0.15 13.24 : 778.5 0.64
1728083 10.89 22.25 575.0 0.99
1813 540 3.42 19.44 292.6 o‘.7i
1823566  7.84  12.82 464.2  0.64
1835095 12.97 21.88 624.8 0.12

1849589  0.45 11.67  338.6 -.73
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Table II. Cross sections for K, + p interactions over the
momentum range 0 < P,, < 600 MeV/c.. The fourth
“entry is the sum of the first three entries plus an ad-
ditional 1.4 mb due to reactions (2d) and (2e).

£

" Final state - Cross section (mb)
Axt 5.40 £1.21
20qF . 3.50£0.94
x50 1.94+£0.80
CoYn(m 12.18+1.87
Kgp 5.04£1.30
+

- K'n : 1.61+£0.72




- Table III." Missing-mass information for the.r_eactions
(1) followed by K%+ p~A+f +mm, A=-p+w . Under’
"Type' are the final-state products.

K

Event _ Type P (rnrn)2 + 6(nrnrn)2

1352419  An'a®  739.9%5.6 0.0210%0.0115
1405053 An'y 574.8+4.6  0.0026%0.0024
1462557 A 768.9+7.0 =~ 0.0121%0.0162
1722436 Am 517.5£8.6 0.010.8:*:07.0030
1754465 A 549.9+14.7  0.0185%0.0010

1821055 An'w 602.0+5.3  0.0186+0.0026
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FIGURE CAPTIONS

1. Tirri;a_diétribution of 11 K(I)+.p charge-exchange events.
Solid curve: the expeéted distribution for values of x and y-
de_mé.nded by CPT invariance (x = 1, y = 0). Dotted curve:
.distribu»tion thaf best fits the data (x = -3.0, y = +4.2).
Individual events are shown as solid ciréles; €(t) is thé geo-
metrical detection efficiency for the charge-exchange re-
actions,

‘2. (a) Contours of equal likelihood based on the‘time dis-

tribution of 141 K° +p charge-exchange events. Our most

' p‘robable value is given by the solid circle; contours mark

Fig.

Fig.

equal likelihood given by Lmax exp(-nz/.Z), where n = 1 and

n = 2. (b) Contours of equal expeéted number of K°+ p charge-

exchange events as a function of x and y.

3. Path length available for K°+ p charge exchange from

reaction (1a).

. 4. Likelihood function for 11 K® +p charge-exchange events,

with |m| a free parametér, assuming x = 1, y = 0.

5.  2( + 20 _ —>E°Tr0) as a func-

g
K*p—z nt K

tion of P Arrows indicate range of experimenters' data.

g
K p—~Ar’

Smooth curve is an ''eyeball' fit to the data.
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Fig. 6. Cross section for the processes KL+ p > (a) P TT+, '

() AnT, (c) Kip, and (d) Yr(m).

Fig. 7. Scattel{ plot for 22 K® + p—~A + nt events, showing PKO
and cos QAK for each event, where BXK. is the c. m. S(.tattering
angle. | ‘

Fig. 8. Ko_ path lengths avéilable‘for inelastic intex;a;:tions from re-
action (1) fd;‘ the case x=1, y=0. The momenfa of the six three-
body final- state events are indicated.

Fig. 9. Dalitz plots for 6 A1'r+1r° (y) final-state events. Events
1352419 (open circle) and 1462 557 (solid circle) are shown in-
(a), 1754465 (open circle) 1722436 (solid circle) in (b), |
1821055 in (c), and 1405053 in (d). The baﬁds correspond to .

(m + %F)Z for Yi*(1385).
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

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”
includes any employee or contractor of the Commission, or employee of
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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