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ABSTRACT

The. .KO}B charge asymmetry has been measured to be (6.0+1.4)

X103,

The error contains a major systematic contribution. Large
corrections were made in order to exclude neutron-induced background

events and to correct for the range difference between p.+, and p.
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The zcharge asymmetries in the semileptonic decays K‘L ~ ntety
are the onlyv known manifestations of CP viol;tion aside from the decays
) K‘L - 7w, :A.ss‘uming 'CPT‘ invariance an:d that the semileptonic decays
proceed by first-order weak interactions only [1], i£ is .possible to re-
late the chafge asymmetries to €, the CP mixtﬁre par@eter of the
neutral K-meson states, and to x,, the AS = AQ v‘ivolation vparam-

eter [2]:

8y =0, -T )/, #+T )=2RecF,,

Fp=(-]x, |2/ ]1-%,%.
Here I', is the rate for decay to a1ty (£ is either a muon or an
electroxi).- If the AS = AQ rule holds in weak interactions, F! is
equal to 1 and Re € = (61/2).
We report a new measurement of the muonic charge asymmetry[3].
The result of this experiment should be compared to the previous .re sult
for the K£3 asymmetry [ 4], the best value of the K°e3 asymmetry ( 5],

and the prediction of the superweak theory|[ 6] :

this experiment: SP- = (6.0£14) X 107",

previous Kdy: 8, = (5.721.7)X 1073,

best value K‘(’e3: &, = (3.22%0.29)X 10’3,_
3

superweak theory: 6§ = (2.80£0.08)X10™ " .
The superweak prediction holds for both charge asymmetries if the
AS = AQ rule is valid.

From £he K‘;3 charge asjrmmetry measurements and a. measure-
ment [ 7] which yielded F _ = (0:96*0.05), we obtain:

Fp = (6p./5e)Fe = 1.79*0.46.’



A difference between Fp. and F, would not necessarily violate p-e
universality because the F's could depend on the 1epfon mass, for ex-
ample thfough the well-known presence of the f{ form factor, which is

important only in the muonic decay mode. If we as sume that Im(xp)=0,

‘as is consistent with the previous measurements [ 8] of X, and as is

implied by T invariance in the muonic decay inte‘ria.ction, we obtain
Re(xp.) =0.27+0.12.
The experiment was located at the end of the second channel of the

external proton beam at the Lawrence Berkeley Laboratory'é Bevatron.

- The 7° ne\itr-val beam (solid angle about 0.2 msr) was defined by a series

of tapered collimators and by four sweeping magnets. The detection
a.pparafus [ 9] consisted of 154 scintillation countebrs (fig. 1) monitored
by a PDP-9 computer. KIS decays were identifiea by an up-down co-
incidence of the lai'ge triggér counters " P" siv.tuateyd outside the neutral
beam. T;‘hé 1K&3 component was identified by re.qui.fing muons to pene-

trate a ‘6-1,cm lead wall. The system was up-down symmetric: the

pion couid-_be up and the muon down, or vice versa. The system was

. designed to accept Kf"3 decays which had a vertex in the decay volume

and produced a muon with sufficient momentum to penetrate the lead

~ wall, but for which both the muon and the pion had sufficient transverse

fnomentum to get out of the beam (i.e., cross ov}gr the beaméide edgbe of
the a.ppr'-opzl'iatc; P counter). The expected muon track would contain
P,S,R,T, L; M and perhaps N counts. The preé'ence of a pion was
indicate,dvb}.r’ a P count opposite the muon track. .Additional counts

farther downstream might occur when the pion stayed close to the beam.
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The ch.arge-re solving magnet (M5) imparte_fi aviv:ransverse mo-
mentum of about 500 MeV/c to the particles pas s1ng through it. Since
the ma.x1mum transverse momentum of a muon in K:.)l.3 decay is 216
MeV/c, }.L- wére given a complete angular sepa'r:ation from |.L+. One —
method of muon charge determination was to 'observe the muon position
at the Lvho.doscope. In the absence of multiple scattering this method
would have been completely unambiguous. The charge was also de-
termined by measuring the muon bend angle in the M5 magnet, usiﬁg |
the S, R, and T hodoscopes (fig. 1). The S-R-T determination was
often a;mb‘iguous if an extra coﬁnter were on, or 1f a track had high
enéugh mémentum that it looked essentially straight in the apparatus.
The charg“e determination was excellent; as a fraction of the total
number of events, only 0.3% had a disagreement’between the two
methods.‘ The S-R-T ﬁethod was chosen to determine the muon charge
when péssible. Whefe the S-R-T method failed, the L method was used.
The wrc’)ng‘ ‘charge was chosen for only about‘ 1Q._-.6 of the events in the
final sample.

The ratio of high-energy neutrons to long-Iivéd K mesons in the
neutral béam was large, about 200:1. In order to avoid contamination
by neutron interactions, all mass was removed from the neutral beam -
in the decay volume. The anti counter (A in fig. 1), actually a set of
six cou_n_tgrs, was logically equivalent to a single large counter with a
hole in it slightly larger than thevbeam. An event was accepted only
if counts were observed in both P counters but not in the anti counter.
The entire decay volume was kept at vacuum (typically 10'2 tofr), and

the A, P, and C counters were inside the vacuﬁm tank.
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Frequent reversal of the charge-resolving mégnetic field was re-
lied upon to cancel the effect of possible geometrical biases. Thé
magnetic field was reversed approximately every 10000 events. A
major advéntage éf having used only counters is that their counting
efficiency was measured very accurately. We have demonstrated that
their counting efficiency-didnot change with rnagh’etié fieldreversal to an
~accuracy of one part in 104.

The K&:,’ signature criterion was satisfied by 9 million events. Of
these, ﬁbout 5 million were taken in the normal cbnﬁguration, and the
remaining v4 million were taken with mas s‘ added. in various portions of
- the apparatus‘. After all cuts and randoms subtractions, 4.1 million
normal events remained.

\ Theré were two known flaws in the trigger system. First, neutrons
in the beam halo could have interacted in the anti counter itself. If
charged particles were produced sufficiently close to the downstream
anti-counter edge, the particles would not have ‘regi‘stered. If these
charged particles also counted in both P counters, such a neutron-in-
duced éveni:'would have been accepted. To measure this effect,
scintiliator_ was placed just downstream of the anti counters, to in-
crease the inactive volume. A linear extrapolation was then made to
zero mass. The measured correctidn to the charge asymmetry is
(3.8+1.7) X10™ %,

The second source of error in the trigger 'syétem was that it did
not take into account neutron backscatter. Halo neutrons could have
interacted in the walls of the downstream vacuum snout and spfayed

low energy particles backward into both P counters. To measure the
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number and charge asymmetry of such events, thé walls of the snout
were lined with counters (labeled C, fig. 1). Counters also were placed
below Pup and above Pdown to detect interactioﬁs‘ 'in‘ the P's themselves.
For a neutron interaction to have backscattered from the snout into )
both P's, both an upper C and a lower C must have counted. This was
true even if the interaction occurred in a C couﬁter. Anothér means of
detecting neutron interactions in the snout was the counter labeled sVi’
nearest the beam on the muon side next to the downstream snout (fig. 1).

‘The main éverit category (" single-track events'' ) was that in which
no ambiguities occurred in the counters c':ompris-ingv the muon track. Té
demonstrate the effect of the C coincidence on these events, fig. 2 shows
the distribﬁtions of the number of events and charge asymmetry vs.
muon bend‘ angle for single-track events with and without a C coincidence.

Neutron contamination is evident. There is a very large charge asymmetry

in the small bend angle (high momentum) bins, where very few muons
are expected from K°3. A strong correlation between the asymmetric
events and the C coincidence is seen, indicatingtﬂat many of these events
originated in the snout downstream of the vacuum tank. Apparently, the
culprit was the type of neutron interaction in which_'a high-momentum.u
hadron peﬁetrated the lead wall. These events appear to have left un-
contaminated much of the region where the real muons are exﬁected ' -
(bend angle bins 0.24 to 0.48). The asymmetric events with no C co-
incidence are due to neutron interactions in the anti counier, and are
treated by the anti mass extrapolation. |

The low momentum events in fig. 2 also show a charge asymmetry

correlated with the C coincidence. However, tlhese events represent




nc probl_cm'; therc é,re so few of them that their effcct on the charge
‘asymn.‘xetb‘r‘y is less than 1072

The bdaAta also reveal a marked difference between the evenfs in
which couﬁt'er SVi d1d and did not fire. The co_frelation of SV1 events
with th.e C-coincidence events was very high at.the small muon bend
angles. Us1ng these two means of identification ,Of '""neutron' events,
a cut ‘wvaf-s made in the muon bend angle distribution: the cut eliminates
all eve_n'tvs with bend angle =< 0.18, and all events in bin 0.24 with both
C coincidence and coﬁnter SVi' After this ”neutr,oﬁ cut,' the cfxarge
aéymmefry of the remaining events (or any pofti‘cn.of them) was found
to i)e independent of the state of the C coincidence to an accuracy equal
to the stafistical error of the sample. We have thcrefore a;ssigned a
systematic error of £5 X10_4, equal to the statistical error, to our
ability to exclude the effects of neutron interactions with this cut.

The effectiveness of the neutron cut is obviously due to the fact
that most of the neutron interactions which triggered the system wére
associ.ate'd" with a hadron penetrating the lead wall; such a penetration
apparently required a much higher momentum than was required for a
muon pen_e’t_rafion.

Multiple track events (i. e., events with an émbiguity in the muon

track‘) constituted 10.8% of the data. In order to be sure to exclude the
high-momentum neutron-induced events, when an ambiguity in the bend

angle arose, the track combination with the smallest bend angle was

chosen to represent the event. ‘This procedure, though necessary,

caused serious problems in the analysis_ofvevents’ with knock-on elec-

trons.
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Consider a .~ which makes a knock-on in the R counters, inside the
M5 magnet; The electron will spiral around in the inagnetic field and,

if it has sufficient energy, it may count in an R bin separate from that

of the muon. Since the knock-on has the same ‘charge as the p , it will .

always spiral in the same direction as the muon bends. Hence, the track

including thg knock-on will alwa:y's appear to have a higher momentum

(less curvature) than the real p~ track. By the same reasoning, a pL+

can only produce a knock-on track with apparenf_ly. lbwer momentum.

" Due to 'vthe above analysis procedure, knock-on.s \";V.ill shift &~ events to
smaller bend angles but will leave p.+ events in their:proper bins. Then
the neutron cut preferentially excludes n~ when applied to such events.

The knock-on effect was studied by isolati.ng various categories of

events with knock-on-type counter configurations (e.g., one extra R
counter firing). A scatter plot of.charge asymmétry vs largest and
smallest be_nd'angle for events with an extra R c‘ount shows very strong
knock-on-type correlations. About half of these events were due to »
knock-ons. Before the néutronvcut, the charge aéymmetry of these
events was about the same as that of the main data, but after the neu-

-tron t:uf the charge asymmetry rose to about 20% . Consequently we
canto a high degree of accuracy measure the knock-on correction for
such eventé by assuming that their entire charge“ asymmetry is due to -
exclusion of p~ knock-on events by the neutron cut. In this manner

‘the knock-on correction was measured to be 5.03 X10-3. '

i

Knock-ons in the R bank were also studiebd.with a Monte Carlo

calculation. The Monte Carlo was successful in predicting all relevant

| _
distributions and gave a knock-on correction of 4.06)(10-3. The final
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knock-on cdrrection to the charge asymmetry of (4.54% 0.5)X10" ~ was

taken to .bve.the average of the Monte Carlo and me‘ésured values with a
systematic error of half the difference.

" The SYSterh was triggered on fo,3 events and also on the two random

.. configurations which were most important: -a muon track with a random

pion’P count, and a decay vertex with a random LM signal behind the
lead wall. For each trigger, bits were re.corded'arid sent to the com-
puter not only in real time, but also in correlated delayed time (403 ns

later, the time of one Bevatron revolution). ThéAprobabi;lity that a

counter was on inthe delayed time interval was ty;pi-_c:'ally 0.3%. 1Itis -

belieVed that the randoms subtréctions were measured to a systematic
accuraéy ‘o'f +5% . However, because of small ef_fe‘c_ts' in some random
configuraf}ibns which were not measured directly, the error has been
increased to +2 ><10‘4 (£15% of the correction)., The statistical error
of the fandbms subtraction is negligible (~ 10_5),;: and thé correction
to the asymfnetry fof random-trigger events is (—121 :!:2.0)‘>'<__10-4. The
rando"m-tvriggv_er. events have been implicitly éubtracted (bin-‘by-bin where
applicable) throughout this paper.

In order to measure the charge asymmetr;r‘ in fhe ab_sofption of K|(.)13 ‘
pions before they could traverse the inactive lehgth.of a P counter, mass '

was added upstream of the P counters, and a linear extrapolation was

. performed to zero mass. The straight-line fit is. good and the charge

asymmetry correction is (+0.9%3.6)X 10"4

The-,;ﬁossibility of charge;asymmetrigtp{e__netration of the lead wall

0
L

counters on behind the lead wall. Our experience.’wit}} the neutron-induced

byv‘pions from K7 decay was studied by examining events with extra
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hadrons which penetrated the lead wall indicated thatv va significant
numbei' ofv such hadrons produced extra.counts after penetration. After.
the neutron cut, however, the events with such exfl{a'counts had no statisti-
' cally signifieant charge asymmetry. Ifa pion—-‘penetretion correction were
necessaiy,' we shoiild bhave observed an asymmeti'y in these eventvs.
Conseql!xentiy we have made no correction to our result beeause of pion

penetration.

1

A Morite Carlo calculation predicts that 14i2_% of the events were
actually due to pien decey in flight. The mechaniefn was Ki decay to a
mode yielding two charged particles into the acceptence;- one of these
would b:e a 7, which subsequently decayedtoa }i, which in turn penetrated
the leadi. wall. |

Using measured differences between nt and: ™ cross-sections, we
found that the calculated change in the charge asymmetry from differ-

" ential n¥ eb'sofption before decay is negligible'(abeut 10'4). Hence the
correction for asymmetvri'c events caused by decvay.-in-flight is entirely
due to the CP-violating asymmetry in K:L3 anci K:3‘ decay. The charge

asymmetry correction is (5.7+1.0)X 10-4.

An additional correction was
necessary (see Table I) because of the dilution of the event sample by
decays in i'light.

A bias on the charge asymmetry was created by mu-mesic x-rays
produce'd. when B~ stopped in the iron just upstream of the last required
counter bank (M). Essentially all stopped p~ piodticed such an x-ray
well within the 15 ns sensitive time. [_10] The. efficiencies for detecting

these x-rays in the M counters were calcﬁlated for the relevant transi-

tions in iron [11]. The main source of uncertainty is the lack of
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precise knowledge of the threshold of the M coun_te"r_s. The corrbectionb
to the charge asymmetry was found to be (+3.9:i: 1;5)X10-4.

A difference in the ionization losses é.‘nd hence. in the ranges of.
pL+ and p~ as they traverse material has recently been calculated [ 12]
and measured. [ 13] According to the theory, the fractional range dif-
ference [(iR‘__ - R+)/R] for momenta of interest 1n this experiment
(1.1 to 1.5.G.eV/c) is nearly constant at about 2 .X' 10_3. Using the value
of 1290 MeV/c (calculated by Monte Carlo) for the average initial mo-
mentum of muons stopping near the last requirgd Hodoscope (M bank),
and assigning a £4% accurac.y to the theory, we fiﬁd R_ - R+)
= (1.63£0.08) g/cm?® of iron.

The fraction of muons which either stopped in the last steel plate
between the M and N hodoséopés or otherwise fniésed the N hodoscope
(fig. 1) was measured to be (0.293 +0.004). The Monte _Carlo prediction
with its statistical error was (0.265+0.006). H"e;nce the prediction was
correct to v;/ithin 10% . The Monte Carlo was théﬁ‘used to extrapolate
the measured data to determine the number of muons stopping in the
last 1.63 g/crn2 of the steel plate just before the M bank. This leads

4'v

to a ché.rg_e asymmetry correction of (31 £7)X10 . The error is due

mainly to an estimate of the possible systematic effects in the Monte

- Carlo calculation.

0
The KP3

The systematic errors are to be interpreted as one standard deviatioh.

charge asymmetry is determined as shown in Table I.

Since the correlations among the corrections are believed to be insigni-

ficant, the errors are combined in quadrature to yield:

& = (6.0&1.4)x1o'3. g



-42-

We wi:;sh to thank Dr. M. Paciotti, Dr. R. I"J"bh.nson, and Dr. K.
Crowe v.for‘ their help and encouragement. One ';:)f-u,S- (R. L. M. ) was
Supporté.d‘;by a National Science Foundation Graduate Fellowship. Aiso.

‘we thank ._t‘hé‘B‘evatrdin staff, the Computing group, and the Electronics
Support staff of the Lawrence Berkeley Laboratory. This work was done
I :

under the auspices of the U. S. Atomic Energy. Commission.



L) 9 .
L L ” IR 5 B

R R

-13-

REFERENCES

1. The neglect of electromagnetic final-state intéracti:)ns has been
discussed by' C. Ryan, Phys. Rev. D1, 299 (1‘970)-. Our detection
efficiency was not uniform over the Dalitz plot but was weighted
toward high muon and pion energies in the K meson rest frame.
Hence this a5sumption may not be'valid if CP violation occurs
in the electromagnetic interaction. '

2. x, - (n'£+v IHW |R0>/<TT-£+V|H§VI K®). The phase of x, is
d_e'fine;d'by the fact that |K%) =(|K_°> - |R®) )/NZ has CP = - 1.

3. ..Thisv experiment is discussed in greater dgtail 1n a longer article by

. tﬁe safne authors, submittedto Physical Review,' and by R.L. McCarthy

(Ph. D. thesis), University of California, Berkeley; afrailable \.a‘s.-
Lawrence Berkeley Laboratbry Report L-BL-SSQ. (.4971) » unpublished.

4, M. A. Paciotti (Ph. D. thesis), University.vof California, Berkeley;
available as Lawrence Radiation Laboratdry Report UCRL-19446
(1970), unpublished. This is a reanalysis. of the data'of D. Dorfan
et al. , Phys. Rev. Letteré 19, 987 ('1967).". We have used the
prescription in Paciotti's Thesis (p. 56) to correct for the range
differences between p.'+ and p . -

5. J. Marx et al., Phys. Letters 33B, 222 (1970).

6. The superweak theory as presented by T. D. Lee and L. Wolfenstein,
Phyé. Rev. 138,B1490 (1965), prédicts €=m,_= .noo' and
arg € = tah-i(ZAm'Ts). Hence 2 Re€ = 2 [v'r]+_'|'cos(argb €). We take
| n, _| = (1.91:&0.06))(10-3 from V. Fitch et al., Phys. Rev. 164,
1.711 (1967‘). We also take taﬁ‘i(mm’rs)': ’('43.2:£o.4)° from

S. H. Aronson et al., Phys. Rev. Letters 25,  1057 (1970).



-14-

7. S. Bennett et al., Phys. Letters 29B, 317 (1969).

o +0.13 _ +0.20 . |
Re(xp‘.). -_.0.19_0.18 and Im(xp) = - .0.12_0.17 from B. Webber et al.,

Phys. Rev. D3, 71 (1971). Also, Re(xp.) - 0.‘0.4-1-8.:(3)
= 012'{'312 from .M. F. Graham et al. Nuovb" Cimento 9A, No. 2,

166 (1972).

®

and Im(x )
B

©

Thé bapparatus is described in more detail iniR.. M. Graven et al.,
Nucl. instr. Methods 1(&(1), 45 (1972).

10. C. S. Johnson et al., Phys. Rev. 125, 2111 (1962).

11. D. Quitmann et al., Nucl. Phys. 51, 609‘(1964).

12. J. D : Jé.cksoh and R. L. McCarthy, Lawren‘c_e:Berkeley Laboratory
Reiao_rt LBL-742 (June 1972), submitted to Physical Review.

13. A. R. Clark et al., Physics Letters 41B, 229 (1972).




-45-

Table 1. ‘Determination of the charge asymmetry (all numbers in
units of 10-4). The errors under "total'' are the results of combining
the numbers in the individual columns in quadrature.

TOTAL

A » Errors
Value Statistical Systematic
After n__eui;i'on cut 6=+ 5'1.6v +*4.9 *5.0
- Knock-ons Ab = - 45.4 +5.1

Anti mass A8 =+ 3.8 £1.2 £1.2
Randor'ﬁs Ab included +2.0
P mass A8 =+ 0.9 +3.6
a Penétratioh Ab = none
Decay in flight

asymmetry Ad =+ 5.7 +1.0

dilution Abd =4+ 8.2 +7.1
p.* Range difference Abd = +34.0 : +7.0
p.:E End of range Ab =+ 3.9 1.5

6 =+59,7

+6.2 +12.6
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| FIGURE LEGENDS
Fig. 1. Layout of the experimental apparatus.
Fig. 2. Nuniber ‘of single-track events and charge a.symmetry vs bend
| angle‘.. "NCC = events without C-coincidence.b CC = events with

I
. . gl .
" C-coincidence.
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