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INTERACTIONS OF NEUTRAL K MESONS IN HYDROGEN~:< 

Gerald W. Meisner t 

Lawrence Radiation Laboratory, Berkeley, California 94720 
and 

Physics Department, University of North Carolina 
Greensboro, North Carolina 27412 

and 

Frank S. Crawford 

Lawrence Radiation_Labor.atory, -University of California 
Berkeley, California 94720 

ABSTRACT 

The reaction"'-+p-+.L\+Ko in the 72-inch hydrogen chamber 

was used to produce 7220 KO mesons as sociated with a visible de-

cay .L\ ...... p + ". ~. The time dependence and absolute yield of the sub

sequent strong interactions of KO and KO in hydrogen were used to 

determine all the parameter s of the neutr al K system, without the 

assumption of CPT invar-iance or other assumptions about the weak 

interactions of neutral K' s. From the time distribution of 5gevents 

of the type K P + p ...... hyperon we find the r;nagnitude of the K; - K
L

o 

mas s difference. We then determine the mixing parameter s p, q, 

p', q' of the neutral K system by means of the time dependence and 

absolute yield of 11 charge-exchange events,Ko+p ...... K++ n, and the 

absolute yield of 49 two-body interactions, KO + 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 find the Biswas ratio R == (J [KLP-KSp]/(J[KLP-+hyperon] 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 et al. Our a,bsolute yields for RO+p-+ hyperon +pion are in 

good agreement with the predictions of charge independence and 
/' 

the measured rates for K-+p-+hyperon + pion. For the front- back 

-0 + /. asymmetry of the A in K +p-A+7T we find (F-B) (F+B) = -0.48±0.18, 

indicating that P wave cannot be neglected relative to S wave in our 

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

thesis K O + P - A7-7T + + 'I, we obtain a branching ratio 

.. 

, 
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1. INTRODUCTION 

-0 
We have previously used the time dependence of K + P ...... hy-

peron to obtain the magnitude of the KS~ KL mass difference, 1 and 

used the time dependence of K t l+p ...... KoS + p to find the sign of neu ra 
. . 2 

the mass difference. In this article we analyze the absolute 

yields of J:?> + p ...... hyperon and of KO + p ...... K+ + n, and the time de

pendence of KO + p -+ K+ + n, in the momentum range 0 to 900 MeV/c. 

In the following sections we discuss the experimental arrangement, 

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

ingparameters p, pI, q, and ql of the neutral K system; and a de-

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

*0 ati ve decay of the Y 1 (1385). 

II. EXPERIMENTAL PROCEDURE 

A. Beam 

The Alvarez 72-inch hydrogen bubble chamber was exposed 

to a 'IT-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 resolution. The full width at half maximum 

of the beam momentum distribution is about 10 MeV/c. 

At 1170 MeV/c about 9X 10
4 

triads of pictures were taken, 

and at 1030 MeV/c about 3X 10 5 . Approximately 17 tracks per pic-

ture entered within a chosen fiducial area. The bubble chamber 

magnetic field strength was 17.91 kG for the 1170-MeV/c beam and 
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15.70 kG for the 1030-MeV/c beam. 

B. Scanning 

The film was scanned for as sodated production events In-

volving a visible· A decay: 

7T - + p -.A + KO , 

7T - + P _ ~o + KO 

A-p+7T 

~o - A + ,{, A- p + 7T 

(5860 events), (1a) 

(1360 events). (1b) 

These events were measured with "Francke~stein" film-

. . 4 
plane projectors, and sent through PANG and KICK. When reac-

tions (1) were thoroughly processed, a special"scan along the direc-

tion of the missing KO was performed. Scanners searched along 

the calculated direction of the missing neutral for interactions or 

decays that may have been missed in the initial scan. We required 

no minimum length of the neutral K, since the topology for as soci

ated production with visible A decay, plus a zero-length KO inter-

action or decay, is so striking that such an event would not be 

missed on the rescan. 

We consider AKo and ~oKo production separately. 

1. AKo Production 

The missing KO direction is known typically to within ±O A 

deg in dip and azimuth, and the mis sing KO momentum to ±1. 5 % . 

We scanned along the missing KO direction, using a protractor, 

and provisionally accepted all interaction candidates within ±5 deg 

in azimuth of the predicted direction. We believe our scanning ef-

ficiency is es sentially 100%. 

.. 
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2. ~o KO Production 

The mis sing KO direction is poorly known (because of the 

undetected y from ~o -+ A + y). We rescanned these pictures only 

for neutral K interactions followed by a piT' decay. The pictures 

are clean (about 17 beam iT' per picture), and we believe the 

second- scan efficiency is 100% for these secondary events. The 

background is negligible, and there are no spurious or ambiguous 

events. 

We do not use any events for which the A produced in asso

ciation with the KO in,reactibn (1) does not decay visibly. If we did, 

we could guarantee 100% scanning efficiency for K interactions, 

independent of KO proper time, only by scanning the entire film 

many times. No bias is introduced if we find all K interactions as

sociated with our sample of visible A's in reaction (1). By demanding 

visible A's in reaction (1) we therebyeliminatethepossibilityofan am

biguitybetween two po s sible production vertice s; the information from the 

A decay also eliminates some kinematical ambiguities that might otherwise 

remain. 

c. DataProcessing 

All neutral K interactions of the following types w,=,re anal-

yzed: 

1<0 + p ...- A + iT' + (22 events) , (2a) 

~o + iT' + ( 18 events) , (2b) 

~++ iT'0 ( 9 events), (2c) 
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-+ 
A + 1T + 1TO 5 events) , (2d) 

+ -L: +1T +1T 
+ 

1 event), (2e) 

+ 
A+1T +y ( 1 event) , (2f) 

KO + P - K+ + n (11 events) , (2g) 

K +p- K neutr:al + p, } neutral 
(23 events). (2h) 

+ -K -1T+1T neutral 

There are slight differences between the numbers of events 

here and in Ref. 1 due to the ttlifferent fiducial volumes used in the 

two experiments. Measurements and kinematical analysis of re-

actions (2) were done in a manner similar to that used in the anal-

ysis of reactions (1). For those events which proved to be espe-

5 
dally troublesome, the Alvarez Group QUEST system was used. 

2 
We use X cutoffs, at the 0.3% probability level, of 8.6, 1,,1.6, 14.0, 

and 16.0, for one-, two-, three-, and four- constraint fits, respec-

tively. 

In those cases in which the strange particle produced in re-

actions (2) does not decay, random recoil protons give a back-

ground; this is because the positive track in reactions (2) is some-

times indi1i!'tinguishable on the scanning table from a recoil proton 

arising from an n-p scattering due to random neutron background. 

There are about 900 such candidates (i. e. ,about 15% of the miss

ing KO,s have a random recoil proton lying within ±5 deg). We mea-

sure the neutral Iltrack" from the production point to the recoil and 

reduce the amount of background by rejecting recoils that have a 

" 

• 
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neutral differing by more than five standard d~viations from the 

predicted KO direction.
6 

The remaining 300 events are fitted (one 

constraint) to reactions (2). 

III. WXING PARAMETERS OF THE NEUTRAL K SYSTEM 

A. Introduction 

The mixing parameters p, pI, q, and ql of the neutral K sys-

tem are defined by the following relationships among 

IKs)' IKL ) , IKo) , 1-0 and K): 

IKs> = p IKo) + q IK~, 

I,KL ) = ,p'IKo) q'IK~, 
(3) 

CP invariance demands p = p' = q = q', whereas CPT invari-

ance demands p=pl and q=ql, but does not restrict Ip/ql or Ipl/qll 

to be 1. Normalization conditions Ip 12+ Iq 12 = Ip ' 12 + Iq ' 12 = 1, 

absolute phase convention of 1Ks) and IK
L

), and relative phase 

convention between IKo) and IRo) reduce the number of real inde

pendent parameters from eight to three, which we can take to be the 

complex number (p/q)/(pl/q) =Iz lei<j>==x+iy and either Ip/qi or 

ipl/q'l· Alternatively, we can take them to be ip/qi, ip'/q'l, and 

<j>. 

From weak decays alone, arid with no assumption of CPT 

invariance, we have the relationships 
7 

Iql/pll = 1.00±0.016, (::::0.97)~ Iq/pl ~(:::: 1.03), 

( :::: - 0 .0' 3) ~ <j> ~ (:::: + 0 .0 3) . 

We shall now deternline these parameters using only strong int(~r-

'~ 
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actions. The results must of course agree with those detern1ined, 

using wea~ decays alone, for a consistent two-component theory of 

neutral K mesons. ... 

B. KO + p. Charge Exchange 

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

time t, the probability amplitude l\J
K 

of the system is given by 

~K=(pql !plq) 1IKO)Hq 'p) exp(--t ASt - imst) +(qpl) exp(--t ALt - imLt)] 

+1K~(q'q)[exp(--t ASt -imst) -exp(--t Ai} -imLt)]I· 

(4) 

Here AS and AL are the decay constants and mS and m
L 

are the 

80 masses of KS and K
L

, respectively. When the I K ) component 

from (4)is projected'out, the probability dp of KO +p charge exchange 

at proper time t within an interval dt is given by 

2 ' 
dp (x, y, t) = kal (Ko -' ~K) I PK/mK cE(t)dt, 

where k is a constant [= 1/(28. 6X 10
3

mb cm) in hydrogen], a is the 

cross section in mb for reaction (2g) at a KO momentum P
K

, m
K 

= 498.0 MeV/c
2

, c = 3X 10 10 cm/sec, and E (t) is the geometrical de~ 

tection efficiency for reactions (2). 

If we integrate over dt from 0 to the potential proper time T, 

and sum over reactions (1a), the expected number of charge-exchange 

events n is given by 

n=k 

i = 1 

a.f.g., 
III 

(5) 
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where P, is the potential path length of the kaon, and where g, the 

probability for the neutral kaon to be a KO along its potential path, 

is given by 

T 
1 S 2 g = T I (If, 4;K) I E(t)dt, 

o . ( 6) 

+ 2 exp [ - i P."S+AL)t][x cos mt - y sin mt] f E(t) dt. 

Of the 11 observed KO + P charge-exchange interactions, five were 

unambiguously identified as having a K+ n final state by kinematical 

fits. (Two of the five were tagged by K+ decays.) Examination of 

relative ionization on the scanning table identified five more K+, 

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

of these 11 events is given in Table 1. The expected time distribution 

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

2 2 
N(t) = (x + y )exp( - ASt) + exp( - ALt) 

+ 2 exp [- iP,s+ AL)t] (x cosmt - y sin mt). 
(7) 

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 



- 8-

L (x, y) for our experiment is 

N(t.) 
1 

L (x, y) = n . T. 

1. So 1 N(t) dt 

where t. is the proper time of interaction, and where T is the po
l 

tential proper time of i<:0. Results are shown in Fig. 2 (a), where 

the solid circle gives the value of x and y which maximizes 

L(x, y) : x = - 3, Y = + 4.2. The closed1curves correspond to values 

of eq~allikelihood given by L = exp(-n
2
/2) L , where n = 1 and 2. 

max 

There are two n = 2 contour s. The smaller n = 2 contour sur rounds 

a "hole" and passes very close to the values x = 1, y = 0 predicted 

by CPT invariance. 

For a given value of x and Yi we calculate the expected num-

° ' ber of K + P charge-exchange events from Eqs. (5) and (6). The 

path length as a function of momentum over which the neutral kaon 

is a KO is shown in Fig. 3, using the assumption p = pI = q = q' =1. 

The average momentum of KOIS from reaction (1a), weighted by 

their potential path length, is 527 Me V / c. We as sume charge sym

metry and use the measured cross section 9 at 530 MeV / c for 

K+ + n- KO+p of 6.60±0.56 mb. We plot the results in Fig. 2b as 

contours of equal expected counts, as a function' of x and y. Be

sides the 11 unambiguous K+ n events, we have an additional 1.3 

events, prorated from six ambiguous events on the basis of kine-

matic and ionization information. The result is a total of 12.3 in-

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

• 
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section, and the values of x and y corresponding to CPT invariance 

(x = 1, y = 0), we predict 16.1 KO + P charge exchanges, which is 

in reasonable agreement with the corrected experimental number of 

12.3. 

Using Eq. (7), we form a likelihood function as described 

above to determine Iml with our 11 events, assuming CPT invari-

ance. We show L(x= 1, y=O, Iml) in Fig. 4 for the 11 events. L 

is maximized at Iml = 1.3A.
S

. The limits indicated by the horizon-

1 tal bar correspond to L = exp(- -2)L Our data are not incon-
max 

sistent with the world average of I m I = 0.46 A.
S

· 

C. Inelastic 1<0 + p Reactions 

The probability dp that a neutral kaon will scatter inelasti-

cally to produce a hyperon is given by 

P 
dp (x, y, t) = k<rl (Ko, lfJ

K
H2 (~) c €(t) dt, 

m
k 

\ 

where (J is the appropriate cross section, and where lfJ
K 

is given 

by Eq.(4). "Whendp is integrated as before, the total number of 

expected counts n is given by 

N~ ] 
0.663 \' .e.-g.er. , L 1 1 1 

i = 1 

( 8) 

h N :6 ·00· were 1 lcates that the second summation is over reaction 

(1b), where the factor 0.663 is the branching ratior(A-+p'TT-)/r(A-+all) 

and is there because for ~o KO production we demand a visible A decay, 
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-0 
and where g,the probability for the neutralkaon to be a K along 

the potential path; is given by 

T 

g = ~ (' 
.lo 

E(t) dt, 

2 . T 

1 I '/ 'I S ~ -Ast g =g ~l 2 exp + 
T (1 +x) . + Y 0 

. - A t . L 
exp 

-2 exp[- ~ (A·S + AL)t] cos mt f E(t)dt. 

(9) 

Since the integrand to Eq. (9) is independent of x, y, Ip/ g I, 

and Ip /q'l, we can use events of type (2a-2f) to determine the mag-

nitude of the mass difference, without assuming CPT invariance. 

1 Our result of 0.65 ±0.30 AS' in agreement with the world average 

of 0.46 AS' indicates that our scanning and data-analysis procedures 

are free from biases. 

Denoting the cross sections for reactions (2a) (2b), and (2c) 

- 0 
by O"a' O"b' and (J" c' and those for the processes K +p'- A+rr , 

K - + "" - + K- "" + - d K- ",,0 +. 0 b and p- £...J +1T, +p -£...J +1T, an +p.-+-£...J 1T, Y'O"1'0"2' 0"3' 

(J" 4' we can use charge independence to get the relation 

(10) 

Wben the KO momentum from reactions (1a) and (1 b) is weighted by 

its potential path, the average K O momentum is 527 and 345 Me V / c, 

respectively. In Fig. 5 we show the measured values for the right

hand side of Eg. (10), using data from Watson et al., 10 Bastien and 

B 11.31 W . . k' 12 F th th th h th erge, anQ OJCIC 1. . rom e srooo curve roug e 

• 
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points, we read off cross sections at 345 and 527 MeV/c of 

::::: 25.0 ± 5.0 mb and 15.0 ± 3.0 mb, respectively. Including correc

tions for ambiguous events (an additional 3.5 counts) and corrections 

to reaction (2c) via L:K production (2.16±0.74 events), there is a 

total of 55.88 ± 7.52 events of types (2a), (2b), and (2c). Using this 

information, the cross sections mentioned above, and Eqs. (8) and 

(9), we can solve for I ql/pl I for given values of x and y. If CPT 

invariance holds (x = 1, Y = 0, or q/p = q'/p'), we find I q'/p'l 

= 1.16±0.12, in good agreement with Iq'/p'l = LOO±0.016, obtained 

from weak interactions without assuming CPT invariance. Our val

ue is also in agreement with the value expected if CP invariance 

holds (I q'/p'l = 1.0). If we use the values of x and y which max

imize the likelihood function (x = 3.0, Y = +4.3), we get Iq'/p'l 

= 2.75 ±0.29, in considerable disagreement with the weak-interac-

tion value. Because of the large statistical uncertainties in our 

value s of x and y, this disagreement is not significant. 

In summary, we use Eq. (9) and the time distribution of in

elastic 1<:0 + p reactions to give us a value of I mS - m
L 

I, and the 

time distribution of KO + pcharge exchange to obtain values of x 

and y through Eq. (7). We use absolute cross sections for addi-

tional information on x and y as well as a determination of I p'/ q' I, 

by means of Eqs. (5), (6), (8), and (9). Our data give values of the 

kaon mixing parameters in agreement with CPT and with values 

determined from weak interactions. 
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IV. PARTIAL CROSS SECTIONS 

In this section we 'assUllle that CP invariance holds (x = 1, 

y = 0; .or q/p = ql/pl = 1). 

A. KL -p Interactions 

Biswas 13 first pointed out the iniportance of the ratio 

It := cr (K
L 

p -+ KS p)/[u (K
L 

p - hyperon)] in resolving the twofold 

ambiguity in complex S-wave scattering lengths obtained from low

energy K- + P elastic and charge-exchange scattering. The sensi- . 

tivity of R to the various soiutions is due to the interference terms 

between amplitudes corresponding to elastic scattering of different 

strangeness states. 

Taking a time cutoff of three K~ lifetinles, we can'calculate 

the partial cross sections for K
L

+ p scattering into the A+ 'If, ~+1T, 

and KS+ p channels from our data for reactions (2). We restrict 

o . / ourselves to K momentum less than 600 MeV c to avoid the pres-

ence of large P waves. From Table I of Ref. 1 there are 17 inter-

actions of the type (2a) 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 correction of 3.2 events, resulting in a 

total number n
A 

of reactions (1) in which the KL interacts to produce 

A+ 'If +, giving n
A 

= 23.7 ± 5.3 events. Similar codsiderations for 

the number n~ 0 of reactions (1) in which the KL interacts to 

• 

I~' 
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produce L;0+ 1T+ result in nL;° = 15.3±4.1. Also, the number nL;+ 

of ,reactions (1) followed by the reaction KL + p~ L;+ + 1T O becomes 

nL;+ = S.5±3.5. Including reactions (2d), (2e), and (2£), which 

satisfy our criteria, and correcting for neutral hyperon decays, 

we have a total of 53.4±S.2 events of type (1) followed by K L + p-+ 

hyperon. 

Using the data from Re£'2, 14 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 

15 
with the experimental voalues of Kadyk et al., and with the pre-

diction of Solution I of Kim. 16 

+ ° + The partial cross sections for KL + P into the A + 1T , L; + 1T , 

L;+ + 1TO, Kt + 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 

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

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 20.1 ±4.S. Similarly, the number n+ of reactions 
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(1) followed by reaction (2c) is 12.8 ± 4.3. 

= 1. 57 ± o. 65 is in reasonable agreement 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 

-0 / 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 agreement 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 KO momentum of 

527 MeV/ c, of 4.50 ± 1.36 mb, in good agreement with the meas

ured9 charge-symmetric cross section of 6.60 ±0.56 mb at the 

same energy. 

C. A 1T Front- back Asymmetry 

In Fig. 7 we show a scatter plot of P
K 

vs cos e A-Jf. K' for the 

22 events of type. (2a). e A):K is the c. m. scattering angle between 

the outgoing A and the incident KO. The front- back asymmetry is 

given by 

F-B 
F+B = -0.45±0.27, 

where F is the number of A I s with cos e A):<K greater than zero in 

reaction (2a), and B is the number with eA~<K less than zero. 

This anisotropy, although based on limited statistics, is in 
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qualitative agreement with that seen by Kadyk ~t al. , 15 and indi-: 

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. Y 1 "(1385) 

1. Production ero s s Section 

Included in the 59 events listed in Ref. 1 are seven three

body final states: A 'IT +'ro (5 events), :~:/'IT+'IT- (1 event), and A'IT+Y 

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

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

In Fig. 8 we show the path length available from reactions 

(1) for inelastic :KD + p interactions as a function of momentum in 

bins of 100 MeV/c. . . + ° We also show the momentum of the SIX A'IT 'IT , 

-'-+ A'IT Y events. Note that the K'0 momentum threshold for Y"''IT pro-

ductionis;::: 405 MeV/c, whereas A'IT+'lT° production can occur at 

rest. In Fig. 9 we show the Dalitz plots for these six events. 

Two events are shown on the same plot if the beam momenta of 

the pair are sufficiently close. 

Three- body production at low K'0 momentum is inhibited 

because of phase-space and symmetry considerations, which dic-

tate that the two pions be in a relative P-wave final state. We 

take the fact that the lowest beam momentum of these three- body 

final states is 100 MeV/c above the y 1 ~\1385)-'IT threshold and 

the proximity of these events to the y~ (1385) bands on the Dalitz 
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* *0 plots as evidence for Y 1 'IT production. On the basis of 6 Y 

and 4 Y*+ candidates, 18 we report cros.s sections for the reactions 

", + ~'~+ 
K"0 p _ y"'0'IT and 1<0 p _ y' 'ITo, averaged over the momentum 

range 400 ~ P
K 
~ 900 MeV/c, of 4.9±2.0 mb and 3.3±1.6 mb, 

respecti vely. 

,', 

z. Evidence for Radiative Decay of Y f'''(1385) 

. 19 . . 
We have used TVGP and SQUAW to kinematically analyze 

the A 'IT + Y candidate. All three views are used in the reconstruction 

of the event, and the entire event may be fitted at once. For ex-

ample, we may fit the entire reaction 'IT - + P - A + K, A -p + 'IT -, 

KO + P - LO + 'IT +, LO- A + y, A- p + 'IT at once with 11 constraints. 

Similarly, we may check for Coulomb scattering on the recoil 'IT + 

with 10 constraints if A + 'IT + are produced at the secondary vertex 

or four constraints if LO + 'IT + are plloduced. Fits to all these hypo-

2 
th~ses resulted in very high X I s. We are also able to definitely 

rule out LO + KO production. The kinematic fit as well as the ioniza-

tion of all the tracks in the event is consistent with the hypothesis 

'IT - + P -+ A + KO, A - p + 'IT -, K"0 + p - A + 'IT + + y, A -+ p + 'IT - ; the event 

is further constrained by the stopping of both decay products of the 

secondary A. 2 The above hypothesis is the only one giving a X for 

the entire event of less than 40; the 10-constraint fit to the A 'IT +y 

hypothesis gives an overall X
2 = 6.4. Fits for each separate ver-

tex are also consistent with our hypothesis. 

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

interpret 1405053 to be either K'0 + p - Y to + 'IT +, Y t 0_ A +y or 

.I 
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° *+ ~:<+ + K + P -+- Y
1 

+y, Y
1 

-+-A+ IT . The forrner interpretation allows 

for a more plausible explanation than does the latter. 

- '+ The reaction K +p -+-A+lT +IT has been most often used to 

-'d: 
study properties of the Y

1
" (1385). Reactions which allow examina-

,,- - + - ° 
tion of the neutral Y;" include pp annihilation, K + P -+- A + IT + IT + IT , 

- 0 ° 6 + 0 . 20 IT + P -+-A + K + IT , and K2 + P -A + IT + IT. Martm et al. , who 

used the last reaction, were'restricted to a zero-constraint fit be-

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

to search for y rays. 

, 0 ' 
It was not pos sible to separate y rays from IT I S in mo st of 

the experiments which have been executed
21 

using the reactions 

mentioned above. Our experiment has sufficient beam momentum 

resolution so that the small uncertainty in the RO momentum 

(:::: 1.5%) allows us to distinguish y's from lTo IS. 

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

production, we find the branching ratio (based on one event). 

( 11) 

The radiative decay can occur either by a magnetic dipole 

or by an electric quadrupole transition. The as sumption of U-

spin invariance leads to a prediction of the radiative branching 

ratio of the (Y t>o. Levinson et al. 22 give the following relation 
-,-'" ° between the amplitudes for the electromagnetic decay of the (Y 1 ) 

and of the [N~\ 1238)]° : 
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. ~:~+ 

We make the ansatz that the reduced width yeN - yp) for 

~:< + ~:::o 
the process (N) - Y + P equals the reduced width yeN - yn) for 

the decay {N~:~)o - y + n., Using the principle of detailed balance and 

taking the photoproduction eros s section for the reaction y + p - n + iT+ 

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

(J' (hiT+':"'yp) =0.664 mb. Charge independence equates N~:~ (1238) pro

duction cross section from iT + + n and iT - + p interactions, so that, 
.. -

taking the cross section for the reaction iT- +p"'" N"'(1238) of:::o 200 

24 
mb at resonant energy, we have the branching ratio 

[(J'{iT + n - (N~\!-- YP)]/(J'[ iT + n- all] = 0.0033. Using a total width of 120 
,>'; , 

MeV, we have the experimental width r[{N")o- yp] = 0.40 MeV. 

To relate rto the reduced width y=c 2 !M!2, where c
2 

is'the SU(3) 

Clebsch-Gordan coefficient, and where M is the effective SU(3) 

matrix element, we use the relations25 

r = yD, 

( 13) 

where P is the momentum of the decay products in the rest frame 

:{< 
of the Y 1 of mass M, 2 is the orbital angular momentum in the 

final state, and X is the interaction length. Using an interaction 

. -1.:{~ * 
radlUs of (1.5 m) ,we fmdy(N - yp) == yeN - yn) = 4.8 MeV. iT 

:{<o ] Using relations (12) and (13), we find r[Y 1 -Ay :::0 0.3 MeV, so 

:{-

that the predicted radiative branching ratio of the Y 1 '0 is R:::o 0.007. 

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

number of events is 0.007/0.17 == 0.04 event. The a priori 

} 
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probability of seeing our one event is therefore 0.04, according to 

the above prediction. Perhaps we were lucky. 

V. CONCLUSIONS 

1. We have used the time distribution of 11 K ° + P charge-

exchange events and the absolute cross section for these events 

and for 49 KO + p inelastic two- body interactions to determine the 

three independent parameter s of the neutral kaon system, without 

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

complex number (p/q)/{pl/ql) == z is consistent within the statisti-

cal uncertainties with the values predicted by CPT invariance 

(Re z = 1, 1m z = 0). We then find the third independent param

eter Iql/pll = 1.16±0.12, in agreement with the value obtained 

from weak interactions without .as surning CPT invariance 

(1.00 ±0.016). 

2. We find inelastic cross sections in the KO +p and KO+ p 

channels which are consistent with charge symmetry (for KO + p) 

and charge independence (for KO + p). 

3. Partial cross sections of KL + P give evidence that favors 

16 solution I of the ambiguity in Kim IsS-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 in the K O p 

system. 

5. ""';0 + 
From one event of the type K +p-+A +1T +,,{, we find 
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r [ Y 1*0 (1385) -- A '( l 
,'e = 0.17. 

r[Y
1
' 0 (1385)--all 1 
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Tabler. 
o . 

Sutnmary of 11 K + P charge-exchange events; 
t and Tare tfte actual and potential interaction proper 

) times j-n 10- °sec, P
K 

is the lab momentum in+MeV/c, 
and ei<K is the c. m. scattering angle of the K . 

U .1 ,'. 
Ev~nt t T P

K cos e~K 

515386 4.25 19.93 555.0 0.23 

562226 9.92 18.12 382.7 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 

1 385 305 0.15 13.21 778.5 0.64 

1 728083 10.89 22.25 575.0 0.99 

1 813 540 3.42 19.44 292.6 0.71 

1823566 7.81 12.82 464.2 0.64 

1 835095 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 KI + p interactions over the 
momentum range 0 < P < 6{fO MeV/c. The fourth 
entry is the sum of the Ifirst three entries plus an ad
ditional 1.4 mb due to reactions (2d) and (2e). 

Final state 

AT/ 
~0'TT+ 

~+'TT0 

Cross section (mb) 

5.40 ± 1.21 

3.50 ±0.94 

1.94 ±0.80 

12.18±1.87 

5.04±1.30 

1.61±0.72 



- 26-

Table III. -, Missing=-mass infor!pation for the ~eactions 
(1) followed by K O + P - A + t' +mm, A- p + 'IT. Under' j 

11 Type ll are the final- state products. 

Event Type P
K 

2 2 (mm) ± o(mm) 

1352419 A 'IT + 'ITo 739.9±5.6 0.0210 ±0.0115 

1405053 + 
A'IT " 574.8 ±4.6 0.0026 ±0.0024 

1462 557 A 'IT + 'ITo 768.9±7.0 0.0121 ±0.O162 

1 722436 A + a 'IT 'IT 517.5±8.6 0.0108 ±0.0030 

1 754465 A 'IT + 'ITo 549.9:11.1 0.0185 ± 0.0010 

1821055 A 'IT+ 'ITo 602.0 ± 5.3 0.O186±0.0026 
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FIGURE CAPTIONS 

Fig. 1. Time distribution of 11 K~ + P charge-exchange events. 

Solid curve: the expected distribution for values of x and y 

demanded by CPT invariance (x = 1, y = 0). Dotted cur ve: 

distribution that best fits the data (x = -3.0, y = +4.2). 

Individual events are shown as solid circles; E(t) is the geo-

metrical detection efficiency for the charge- exchange r e-

actions, 

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

tribution of11 K O +p charge-exchange events. Our most 

probable value is given by the solid circle; contours mark 

equal likelihood given by L exp(-n
2
/2), where n = 1 and 

max , 

n = 2. (b) Contours of equal expected number of K
O 

+ P charge-

exchange events as a function of x and y. 

Fig. 3. Path length available for K O + P charge exchange from 

reaction (1a). 

Fig. 4. , ° Likelihood function for 11 K + P charge- exchange events, 

with Iml a free parameter, assuming x = 1, y = 0. 

4)" Fi g . 5 . 2 ( a _ 0 + a _ _ + - 2 a _ 0 0) a s a func-
K p --+- A 'IT, K ~ P --+- ~ 'IT K P - ~ 'IT 

tion of P
K

. Arrows indicate range of experimenters' data. 

Smooth curve is an "eyeball" fit to the data. 
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Fig. 6. Cross section for the processes KL + P -+ (a) ~o Tr +, 

(b) ATr +, (c) KSp, and (d) YTr{Tr). 

. -0 + 
Fig. 7. Scatte17 plot for 22 K + P - A + Tr events, showing P-o K 

~ * and cos e~K for each event, where e AK is the c. m. scattering 

angle. 

Fig. 8. 
-0 K path lengths available for inelastic interactions from re-

action (1) for the case x = 1, Y = O. The momenta of the six three-

body final- state events are indicated. 

Fig. 9. Dalitz plots for 6 ATr +1T
0 (,y) final-state events. Events 

1 352419 (open circle) and 1462557 (solid circle) -are shown in 

(a)~ 1754465 (open circle) 1722436 (solid circle) in (b), 

1821055 in (c), and 1405053 in (d). The bands correspond to 

1 2 * (m± 2" r) for Y
1 

(1385). 

-, 

) 

r'. 
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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 represen tation, 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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