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ABSTRACT

Evidence is presented that the long-lived neutral K is heavier

than the short-lived.




-1- | | UCRL-16938

- We have performed an experiment to measure the sign of
m, - m, using the method suggested by Camerini et al. Y We find Kg '
to be heavier than Kg Our statistical confi_dence level depends on the
unresolved Fer;ni-Yang - type (F-Y) ambiguity that exists at present
in the KN (strangeness S = + 1) phase shifts in isotopic spin state |
‘1= 0. If the F solution (large positive p3/2 phase shift) is the correct
solution, we obtain Monte Carlo betting odds of 45 to 1 for m, > rri1,

assuming |{m, - m2| = 0.57 T4 If instead the Y solution (large

1

positive pj; phase shift) is correct, our betting odds for m, > m, are
2

5to 1. 2 We have not resolved the F-Y ambiguity. 3

The experiment uses 6040 KO mesons produced in the Alvarez

72-in. hydrogen bubble chamber via the reactions

T 4+ p-- A+ Ko (4771 events) : D)
and
- 0, .0 0 | ,
T +p—>Z + K , Z" >A+ vy (1269 events), (2)

where the A »decays. viis.ib‘ly via A= p+ 7™ . This is the same sami)le
of KO we used in a previous experiment to determine |m1 - mzl by
méans of secondary hyperon production, 4 except thatkin the present
experirﬁent we discard KO with momentum greater than 600 MeV/c,
because of present lack of information on the 1= 1, KN (S=-1) scat-
tering amplitudes‘ ébove 600 MeV/c. |

The predi;ted KO direction from reaétion (i)‘is known to within
about * 0.5 'deg; ‘that from reaction (2) is known fo within Iabout. %20 deg.
In the case of reaction (1), we scan along this éredicted direétion, with-

in a cone *5 deg wide;  for reaction (2), we scan within the entire volume
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. downstream from the vertex. . We look for elastic scatters

— 3
Kneutral P Ki t P (3)

where the final KO is detected by its visible decay Kci) -t (double-

1

vee events). - There is no cutoff on the length of the recoil protbcrm_. We
find 23 double-vee events yvith initial KO r.nomentum P_K< 600 MeV/c;
these are summarized in Table I. Six similar events with PK > 600 MeV/c
are not used. Our demand for a visible A decay gives us essentially |
100% detection efficiency for finding double-vee events. ). There are no
ambiguous events and no background.

We also find 13 single-vee events corresponding to KO pro;-
d.u?ct'ion via reaction (1), with a visible A decay, and with-an associated
recoil proton from elastic K-p scattering without a subsequeﬁt visible -
Kg decay. For single-v.ee events we impose a 1.5-cm mini_mum-length
- cutoff on the recoil proton, thus reducing ouvr‘background due to random
proton rec;)ils to an estimated 0.2 events. The absence of a visible Kg
decay can correspond either to 1{2 - 270 or to K(Z)‘leavin.g the chamber .
without decaying. This ambiguity leads to a washing out of information

on the sign of m, - m,, and we therefore do not use these 13 events in

1

g " M. We do include them in tests (described below) of

determining m

.the predictioﬁs made by the various sets of phase shifts, .
For a K° produced at t = 0 with c. m. mome@turﬁ %k, the proba-

- bility P(x)dx that an elastic scatter of type (3) will occur at‘proper ' .

time t in lab distance; interval dx and with c.m. scattiering'angle ) |

(of the outgeing K with respect to the incident direction) in differential

solid angle dfi is given by |

P(x)dx = }g_n(t)l(t, G, k)ndxd .. | _ ' (4)
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Here n is the number of protons per unit volume, and x lies between
0 and x___, with x_ __ determined for each event by the fiducial

max max
volume. The factor mn(t) is an escape correction factor given by
n= 1-exp ( —;\‘1’1"), where T' is the escape time of the scattered Kg,
and is a known function of t for each event. (For most events n(t) is

approximately 1 except near t = tnax = T.) The remaining factor is

ax

| : : 2
I(t, 0, k) = ‘f“ exp(—lwit) + f12 e:fp(—lwzt)l
. 0 ol 2 v
+ lgii exp(.-1wit) + giv'ze‘\p( 1w2t) I , , : (5)
with w, = m, -1 i?\i and w, =m, - %ikz, where )\1 and }\2. are the

inverse lifetimes of K(i and Kg Amplitudes vfii. and g4 correspond

respectively to non-spin-flip and spin-flip scattering amplitudes for

Kgp - Kg P; fié-and giz are non-spin-flip and spin-{lip amplitudes
0 —

: 0 '
“for sz—**Kip. Thus f11=-§—(f+f)

- 1 . -
’gii )’ fiZ - a(f f)’

and 842 = %(g - g), where f and g are non-spin-flip and spin-flip

amplitudes for KOp - Kop, and f and g are those for I—{Op - I_{Op.

w|

1
=3(g+

One can show that the terms in Eq. (5) that are proportional to

sin(m, - mz)t, and hence that give the sign of m, - m,, are proportional

1

1
to Im(f:'?+ g:'E). For .Ko-p scattering we have 1= 1, so that f = -f]

(single subscript now refers to I-spin state) and g = _g_i. For Ko—p scat-

tering we have both I = 0 and I = 1;. thus, f = é— (f., + fi) and

0

: g = %(go + gi); We write fI and g1 (where I = 0 or 1) in the partial-wave'
expansion - ‘

s

-1 v - .‘
g2k [ T 1.t LT . | Pplcos0)
-
»

gI = k-1 i 1T - T =) 1'(COS Gy, :
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|
1
i

|
where the sum is over L =‘O 1, and 2, and L+ and L~ refc'rjito J=L+s3 |
and L - ~1-; Expre551ons analogous to Eq (6) also hold for. fi and é’i
The phase shifts & are given by T=e 6 sm6, with appropriate sub-
scripts. |
To obtain the S=+ 1 phase shifts we use the SPD so'lutio.ns o_f
Stenger et al. > The 1= 1 phase shifts are well determined'l, ‘Sbut the .
I A=v.0 phase shifts contain .the‘ F-Y ambiguity. To obﬁsin a_sirlr;moth de-
‘pendence oh k (ne‘._cessary because each of our .events has 'its,;own K
morrientum),we fit fhese phase shifts to a _t\vo¥parameter effective-range
expansion KoLt 1'cot6 N 1 k% The results are in footnote 6.
For S =-1 amplitudes we draw on several published K‘-p interaction ex-
perlrnents,—i 8‘ 9,10 on rrece.n_t ,Kg-p interacfion results, s and on parts
‘o‘f our own data. The partiai-wave amplitudes are gi‘v‘en by

L,
T;kL+iA/(1 2Lt

\), where A is a complex scattering 1ongth ‘
(we suppress indices). We- have examined allbavailsa_'blc solutions, (’l‘hose
and o_thei'v details will bo published elsewhere.) We describe 1>1o_re three
sets of soidtiOns which wo label T('Tri_pp), KT (Kim-Tripp) and KT'..
Solution T is solution I of Watson et al. 8 Solution KT consists of |
s.olution Iof Kim™0 for L =0, I=1, and solution I of Watson et al.

'for L=1%1and 2, I= 1 -Our preference for Kim' s S-wave scattelrm"
length is based partly on r‘ecent;, results of Kadyk et al. b for the ratio

R= U(Kgp ».Kgp)/[o(K—gp—*A TT+) + Z_O(Kgp =0 »)] , and partiy on our

| ow-n data. | |

: We te.s"c-'a set of.solut.ions b).r..cofnparing the prsdic_t'e;d witvh' the

observed number of events produced by our sample_"of neutral kaons for

. -each of the following six catcgories: charge-exchange production of K ;

At
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| inelastic scattering of RO (hyperon production), and forward- and
ba.ckward-scat’cer:ed neutral kaons in double-vee and single-vee .e.vents.

. In using varioué seté of scattering amplitudes to make predictions for

" the elastic scattering,‘ we first integrate Eq. (4) over x from zero to

X ax for each KO from reactiqﬁs (1) and (2) ;nd sum the results.
Oscillatory terms from the integrand ;chen average essentially

‘to zero.v This fact plus the fact that the potential path ié usua_lly iafge
compared to the mean Kg decay path length (the median potential proper

time is about 15Xx10” 0

sec) lead to predictions that are insensitive to
the magnitude and sign of m, - m,. We can thergfore test the scat-

. tering amplitudes before using them to determine m, - m,. The results
are gi\/;en in Tablé IL. E“of the solutions T + F and T + Y we obtain

XZ = 46.7 and 2Q.0, respectively. For KT + F and KT+ Y we find ¥ ‘_2= v28.8
and 15.0, which,althéugh an improvement, is still a poor fit for b‘oth
_solubtions.‘

We have searched fbr solutibns that give better Cpredictions for
our six ’rnass—inciependent data'. We arbitrarily leave the S =+ 1 éolu—
‘tions untouched, and vary the S = - 1 amplitudes. Ouf present best
solution of this kind we call KT', whichis solutioﬁ KT modified by
changing the real part of the p3/Z scattering length fl‘om‘+0.0409,to
-0.0409, and by changing the p_é_ scattering length from -0.042
+10.0092 to -0.1 -liO.(.):tS. We then ébtain XZ : 10.4 for solution KT! +F,
and 7.0 for KT' + Y. When solution KT’ is compared with the data of
- Watson et al. (replacing T) we find that the major effe.c:t is to increase.their
XZ for do /dQ fér K -p elastic scattering a.f 390 Me.V/c from 35 to 53

Z .
({x ) = 18), and for charge-exchange scattering from 14 to 25 (<X2> = 9).
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- We find that it makes‘\.rery little difference to ourv subsequent .
time-dependence analysis (to find m, - mz) whether we use solutions
‘T, KT, or KT'. We proceed as follows. For a given event i we for.m
a normalized probability distribution function P, (t) = Ii (t)ni(t)/ﬁi'(t)qi(t)dt’
where the integral is from t = 0 to 'I‘i and where Ii(f) = I(t,'Gi,ki)‘from
Eqgs. (5). and (6), with a given set of phase shifts and with a choice for

m, - m To compare graphically the predicted and observed time distri-

1 2°
butions, we sum pi(t)'over the 23 events and plot the result in Fig. 1
for the four cases corresponding t6 KT + F and to KT + Y, each with v
| | -10

m, - m, = +0.57 and -0.57 (in units of T, ', assuming T, =0.88%10

sec). The observed time distribution exhibits an enhancement in the

first 2x10 10

sec and favor.s negative my - m,.

~To use all of the information, we form a likelihood function
Jf(mi - mZ) by setting t = t, in I,)i(t) and taking the product over the
23 events, i:‘ I} 50 pi(ti), for aL given set qf scattering amplitudes.
- (The factor 50 is a convenient normaliiation factor.) The results for
solutions KT + F and KT + Y are shown in Fig. 2. (Those using KT' .
are very similar and are not shown..) Thé fact that i(rn1 - mz) does not
have its maximum value neaf the known magnitude .|m1 - m, IF" 0.57 has
given us concern. We find that varying the phase shifts or scattering
lengths within ‘reasonable limits has little effect on the s_ha_tpe of,{(rn1 - mz).

Monte Carlo studies have convinced us that, with only 23 events, we

have suffered a reasonable statistical fluctuation; for a !'true!'t value of

m, -m, = - 0.57 we find that the probability that << will have a maximum
somewhere between m, - m, = - 1 and +1 is only about 33%.

1 2
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 Given the magnitude 6 = ‘m,l - rnzl, .we summarize our data

y3

by giving the 1ivkelihood ratio A (—6)/J\ (+8) = R(é), which is expected
to";be greater (less) than 1.0 for Kg heavier (lighter) than K? For
solutions KT + F and KT + Y w'ev obtain R(0.57) = 95.1 and 7.4 re- .
spectively., These likelihood ratios cannot be immediately interpreted
as st'atistical,”betting odds. ' To understand their statisticé.l’ signifi- N
cance we use a Monte Carlo (MC) method. We simulate many "experi-
ments' of 23 events each. In each MC experiment, each of the 23
events has the same values of momentum ki’ scattering. angle Qi’ .and
pqtential time Ti as one of the 23 events of the real experiment, but
the time of the scatter, t is chosen according to the a priori probabilityl.
functiqn pi(t) fér that real event. s For a given value of & we generate
iOOO MC experiments with the tiv chosen accqrding to m, - m, =+ 90,
and 1000 Vaccoi"din.g. to m, - rﬁz = - 0. For each. MC experiment we

j .

calculate .'f'\(rn1 - mz) as a function of ’m'i - m, (for a given set of

~ scattering amplitudes). Using the set of'éunplitudes KT + Y, we {ind

o~

that the 1000 MC experiments generated assuming m, - m, = ~ 0.57
give five >tin.1es as many experiments with R(0.57) = 7.4 (within a sma!llI
interval AR) as do the 1000 experiments generate.d assuming.
m, - m, =+ 0.57. We therefore assign MC betting odds of 5 to 1 for
Kg heavier than Kg, as.suming KT + Y. The corresponding MC betting
odds using KT + F are 45 to i for K, heavier than K, . (We obtain
vessentialrly the same MC betting odds if we use S = - 1 solution KT
instead of KT.)

We_'also use the MC exper'iments to estimate the '"goodness of

fit" in @ manner entirely analogous to the x ~ tests that one can use with

a larger sample of events. For phase-shift bset KT + Y (KT + F)
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the real experiment gives logioﬁ(-0.57) = 9,58 (10.0 0). The result of

the MC experiments is vthat if the hypo»thesis m, -m, = - 0.57 is cor-
rect, then the most probable value for log, 7§ _ (-0.57) is 9.85 (9.80),
with 2/3 of the MC experiments giving values between 9.20 and 10,55
(9.25 and 10.50). Thus the fit of the data to the hypothesis m, - m,

= - 0.57 is good. Similarly, the real experimeht gives lovgio,i (+0.57)
8.72 (8.02). The MC result is that if the hypothesis m, - m2;+o§57 :

1
is correct, then the most probable value for iogio ’f(+0.57) is 9.9 (10.2),

[vd
and the probability of getting log, j\ (+0.57) as low or lower than our

observed value of 8.72 (8.02) is only 0.027 (0.001). Thus the fit is podr

for the hypothesis m, -m, =+ 0.57.

Two btherr experiments, both basedﬁon coherent regeneration,
ha;\v/e also reported evidence for Kg heavief than Kg{ 14,15

We are grateful to Ro.bert L. Golden for his help. during the early
part of the experiment, .to_ Edward A. Romanscan and Thomas H. Strong
for their help in writing computer pl;ograms, and to our scé.nric—_zrs and

measurers, especially Arlene D. Bindloss, for théir excellent work.

It is a pleasure to thank Luis W. Alvarez for his interest and support.
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Table I. Summary of 23 events. t and T are the actual and-potential
S . -1 .

proper times for the elastic scatters, in units of 10 0 sec, PK is

“the KO laboratory momentum in MeV/c, and 0 is the angle between

‘the incident and outgoing K in the K-p center of mass.

Event t T _PK o Cos 0
528328 0.55 11.74 © 490.5%6.4 0.0z
533615 21.63 28.51 ‘ 600.7+4.8 -0.33
557391 42.79 5347 322.945.5 -0.65
562253 0.41 11.43 413.&7,0»2 ~-0.62
583074 T 236 | 4.15 546.619.1._ © -0.08
591424 - 1.95  19.68 5634451 -0.91
602450 12.33 16.21 539.1x4.8  -0.96
683243 14.25 20.94 558,7+7.5 -0.97
691160 0.87 14,08  546.4%8.7 -0.95
773436 1.27 9.27 299.5%1.4 0.03
778418 427 25.76 260.5+3.2  ° -0.37
826368 13,58 . 15,94 349.427.2 -0.91
828583 30.89 57.71 © 305.3%1.6 . -0.17
837477 16. 46 29.63 408.6=2.4 0.39
1363048 433 8.48 195.6+3.4 -0.68
1479538  8.34 20.54 597.9%£3.14 . . 0.91
1738296 9.39 46.56 325.044.3 -0.61
1760182 11.06 16.83 454.8+3.0 073 ‘
1815424 24,42 . 27.09 392,2+4.1 -0.83
1867430 - 3.42 8.65 . 4313352 . 0.39 '
1882600 0.85 | 18.48 491.128.4 -0.14
1884143 6,63 32,83 329.521.4 | © . -0.28

1886184 32.01 43,66 274.9+1.4 -0.08
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Table 1I. Comparison of observed with predicted counts in six categories

for six sets of phase shifts. The only significant discrepancies are in

. 2
categories iv and vi. For a good hypothesis (x ) is 6.

Category?

; i iii iv v vi | x2.,
Observed®  914.3 44435 5 15 1040.6 3+0.6 ——
T+Y 9.4 45.6 4.3 5.7 8.1 9.6 20.0
T+F o 45.6 3.4 3.4 8.7  11.9 46.7
KT + Y 9.4 50.8 6.2 7.3 10.8 12.5 15.0
KT + F 9.4 50.8 5.3 5.0 '11.4 14.8 28.8
KT' + v 9.4 43.4 6.9 125 13.2 11.8 7.0 5
KT' + F 9.4 43.4 6.2 10.6  43.4  13.5  10.4

. a. The categories are (i) Kopj-'- K+n, (i1) R’Op - hyperoﬁ, (iii) double-
vee events with K scattered forwards (in c.m.), {iv) double-vee events
with K scattered backwards, (v) single-vee events with K scattered
 forwards, and (vi) single-vee events with K scattered backwards.

b. Nonintegers are prorated contributions from six ambiguous events,
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FIGURE CAPTIONS

Time .distribution of 23 events. (One event with t > 40 X 10—1Osec
is not shown.) ‘Labels F and 'Y on the curves refer to phase-
shift solutions KT + F and KT + Y, with superscripts + and -
referring to m, - m, =+ 0.57 and -0.57. The‘ curves are kcor'x-
structed by summing p.l(t) over the 23 events; 'th.erefore a dis-
continuity occurs at each time t = Ti (potential proper time for
ith event). The individual events are shown as vertical bafs.
Th‘e hiétogram gives counts per iOv_}G‘Sec, 1n the indicated intevrval.
The detection efficiency €(t) 1is the frac’cion of the 6040 KO

mesons having potential time T >t.

0 ,
Likelihood functionol\\(m1 - mZ) for 23 events.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, 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 information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed 1in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






