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A measurement of the ratio of the CP-nonconservation parameters, e'/e, in the KoE system was
performed through a study of two-pion decays with and without a regenerator. To reduce systemat-
ic effects, KL and Ks decays were recorded simultaneously with a double beam. Over 3100
Eq 2n o events were reconstructed leading to the result e /e'= —0.0046 +0.0053 +0.0024 (the
first error is statistical, the second systematic). The measurement agrees with previous less precise
determinations but, because of theoretical uncertainties, is not able to test decisively the
Kobayashi-Maskawa mechanism.

PACS numbers: 11.30.Er, 13.25.+m, 14.40.Ag

CP-nonconserving effects so far observed can be ac-
counted for by the lack of time symmetry in the
AS= +2 processes Ko Ko. Thus the long-lived
neutral kaon is the unequal superposition KL —(1+
e) (Ko) —(1 —e) ~KO) where ~e~ =2.3&&10 3. The
two-pion decays of the KL can determine whether CP
nonconservation is confined' to a AS = 2 interaction.
In this case, the relation2

=—A(K, —~+~-)/A (K,—~+~-)

zoo =~(KL —2 ')/&(Ks-2 ')=
holds. The parameter governing any AS=1 CP non-
conservation in Ko 2m, resulting from a phase
difference between the Al = —,

' and —,
' amplitudes, is

denoted by e'.3 With both b, S=2 and b, S=1 CP
nonconserving interactions, the K 2m amplitude ra-
tios are then given by q+ =e+e' and 7ipo=E2e so'

that4 goo/q+ ——1 —3e'/e.
The b, S= 1 CP-nonconserving transition is sup-

pressed by the approximate validity of the b, l = —,
' rule;

nevertheless the Kobayashi-Maskawa mechanism,
with complex elements in the weak charged current to
account for ee0, naturally yields a b, S=1 effect
through the contribution of virtual charm and top
quarks to Ka decay. A number of calculations6 predict
e'/e & 0.005, although some uncertainty remains; the
most precise of the best previous experimental deter-
minations7 9 of e'/e had an error of + 0.02.

These earlier measurements were limited by uncer-
tainties in normalization of KL vs Ks decays (collected
at different times with different backgrounds), by
small numbers of KL 2ma decays, and by the copi-
ous KL 3nbackgroun. d. This experiment, per-
formed at Fermilab in the M3 neutral beam line, is
distinguished by higher statistics in the KL 2m.

mode, better mass resolution and background rejec-

and

J ~p exp( —t/2+ i b, mt) + e+ e'~ dt
+

I
+ 'I'

J ~ p exp ( —t/2+ i 6 rnt ) + e —2e' ~'dt
&oo ~

/e —2e'/'

tion, and better control of systematic uncertainties.
The "double beam" method of a previous series of
neutral-kaon experiments'a was employed to eliminate
one important source of systematic error. The kaons
were produced at about 5 mr from 400-GeV protons
and were collimated into two side-by-side beams which
entered the region of the detector about 400 m from
the target. A thick regenerator was placed in one
beam so that both KL and Ks decays could be studied
simultaneously under identical conditions. The detec-
tor, described below, was configured to be sensitive to
either 2n. o decays (neutral-mode running) or to m. + m

decays (charged-mode running); in both modes the
trigger was equally sensitive to decays from either
beam. The regenerator alternated from beam to beam
after each accelerator pulse so that any asymmetries in
the detector would be unimportant.

The experiment compared the ratios of K 2m. de-
cays downstream of the regenerator to decays in the
vacuum for the charged and neutral modes. If we de-
fine these as R+ and Ron respectively, it follows that
R+ = Roe if e'= 0. Two important factors need men-
tion. First, the events downstream of the regenerator
are not purely Ks decays as a result of a sizable
momentum-dependent interference with IC~ decays.
If we let f/k (f/k) be the forward Ko (K ) elastic-
scattering amplitude (k is the kaon wave number), the
coherent regeneration amplitude p is proportional to
(f f)/k. Then, for any m—omentum bin,
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FIG. 1. Schematic of the apparatus, plan view.

where the integral is over the region in which decays
are accepted, t is the proper time of the decay in units
of the Ks lifetime, and Am is the KL-Ks mass differ-
ence. The proportionality constants, " which depend
upon the absorption in the regenerator and the length
of the decay region, are identical for R+ and Rpp,
thus in the approximation that Ipl » I&i, R+ —/Rpp= 1 —6e'/e. However, as the interference term in the
above integrals contributes roughly 15%, this relation
is not precise. Second, the acceptances for KL and Ks
decays are not identical as they have different decay
distributions resulting from their different lifetimes.
Acceptance corrections to the ratios (of order 10%) are
determined by Monte Carlo methods.

The detector'2 is shown schematically in Fig. 1. Im-
mediately following the regenerator was a 13-m evacu-
ated decay region and three scintillator planes (AVH)
to define its downstream end; a drift-chamber spec-
trometer allowed momentum reconstruction of
charged tracks; another trigger plane (G), an 804-
element array of 20-rad-length lead-glass total-
absorption Cherenkov counters'3 for photon identifi-
cation, and a muon identifier completed the detector.
In the neutral mode, the lead-glass array provided an
accurate determination of the point where the kaon
was directed (center of energy). For determining in
which beam the kaon decayed, an O. l-rad-length sheet
(employed only in the neutral mode) was inserted
between the A and V planes; the trigger required the
signature of a single photon conversion as was done in
Ref. 8. This allowed the reconstruction of the
transverse momentum squared (PT) of the kaon with
respect to its incident direction and thus the separation
of coherent from inelastic regeneration. Additionally
the background from KL 3m decays downstream of
the V plane was eliminated. For the charged mode,
one or more tracks was required to exit from the decay
region and a two-track signature in G was required.
For both modes, the regenerator consisted of 1 m of
carbon (providing the maximum'4 Ks yield) followed
by 1.27 cm of lead, followed immediately by a thin an-
ticoincidence counter. This arrangement provided a

well-defined beginning to the (Ks) decay region for
both modes as any K 27rp decays within or upstream
of the lead were removed with high efficiency. A
similar anti counter was placed in the beam without
the regenerator, again defining the beginning of the
(Kt) decay region in the charged but not in the neu-
tral mode where the acceptance extended somewhat
upstream.

The identification and reconstruction of KL s 2ar

candidates relied heavily upon the lead glass. The ar-

ray was calibrated with about 106 electrons and about
105 photons (from m. P's made in the lead conversion
sheet) recorded with the nominal trigger; nonlineari-
ties'5 of a few percent were corrected yielding a resolu-
tion of a./E=2%+6lo/v E. The transverse coordi-
nates of photons were determined by energy sharing
with a full width at half maximum between 4 and 8
mm depending upon energy. The KI s 2arP candi-
dates were reconstructed as follows: Events with three
"clusters" not associated with the e+ e were selected
and the best pairing of the four gammas was found by
requiring consistency in the z coordinates of the ver-
tices'6 from the two arP's; the K-decay vertex coordi-
nate zk was determined as the (weighted) average of
m. p vertices, allowing the calculation of the two-pion
invariant mass M2 0', the decay point was determined

by extrapolation of the'e+e tracks to z&', the line
between the decay point and the center of energy in
the lead glass was extrapolated back to the position of
the regenerator and compared with the line from this
extrapolated point back to the production target yield-
ing PT. The decay vertex was determined with an rms
deviation of 1.7 m longitudinal and 1.0 cm transverse
(the beams were about 6 cm apart); the 2m. P mass was

determined with o- ——6.5 MeVlc and PT was recon-
structed with a precision of about in 400 (MeV/c)z.
The mean reconstructed kaon momentum was about
90 GeV/c. Eventually the 2n. p mass was required to be
within + 20 MeVl cz of the kaon mass.

The KL z m+m. candidates were reconstructed
with the drift chamber spectrometer. Each chamber
(two x and two y planes) had a resolution of about 160
p, m yielding a two-pion mass resolution of 4.5 MeV/c;
PT was reconstructed with a precision of about 30
(MeV/c)z. The mean reconstructed kaon momentum
was about 70 GeV/c. Semileptonic background was
largely eliminated by comparison of the momentum of
each track with the energy it deposited in the lead glass
(K 7rev) and by use of the muon identifier
(K np, v). The same mass cuts as in the neutral
mode were eventually applied.

The KL and Ks candidates were distinguished (on
the basis of the transverse coordinates at the regenera-
tor) only after the application of fiducial and kinematic
cuts. The resultant Ez 2' mass distributions are
nearly free of background, aside from inelastically re-
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FIG. 2. Invariant-mass distributions for KL 2~ candi-
dates with PT2 & 2500 (MeV/c)2. A fit to the background is
superimposed.

generated events with low PT; these are estimated by
extrapolation from larger PT. The KL ~+ ~ distri-
butions have a small background from residual semi-
leptonic decays while the Kt 2m distributions,
shown vs momentum in Fig. 2, show a somewhat
larger background resulting primarily from 3m. o events
with missing or coalesced gammas. These back-
grounds are readily fitted and subtracted; the event to-
tals and subtracted backgrounds for both modes are
given in Table I, for all momenta summed together.

From the event totals and the assumption that e'=0,
the measured ratios 8+ and Boo allow the deter-
mination' of I(f—f)/kI for carbon in each momen-
tum bin. Both the phase of (f f')/k and the —KL total
cross sections on carbon and lead are necessary and are
well known. '

The resulting amplitudes for both modes are shown
vs momentum in Fig. 3. For the charged mode alone,
the data are consistent with a power-law behavior as
expectedts; a fit yields the result

(f—f)/kl~ p 0.610%0.023

50 70 90 IIQ (40
(Ge V/c)

l(f —f)/kl for carbon vs momentum from
m+m and m vr samples. The best power-law fit is super-
imposed. Were e'/a=0. 01, the neutral points would lie
about 3% above the charged points.

50

(charged mode), in good agreement with previous
measurements'4 of regeneration from a variety of ele-
ments in the same energy region:

(f f )/ k I
~ p 0 614 %0 009

(Ref. 14). For the neutral mode, the result is

I(f—f)/k I- p-'"'*'"'
(neutral mode). The agreement confirms the Monte
Carlo corrections, and the consistency in the normali-
zation between the two modes (see Fig. 3) indicates
that e'/e is not large. The value of e' is then extracted
in a simultaneous fit (to the ratios of regenerated to
vacuum events in nine momentum bins for each
mode) for three parameters: I(f f)/kI at 1 GeV—/c,
the power in the momentum dependence, and e'/e.
The result of this fit is e'/e = —0.0046 + 0.0053.

This result has been checked by methods essentially
independent of Monte Carlo procedures. These give
consistent results with somewhat larger errors. A sam-
ple of about 2 x 10s KL 3vr events and about
104KL 2y events allowed detailed checks of the
Monte Carlo corrections in the neutral mode: Distri-
butions in photon momentum and vertex position, for

TABLE I. Event totals, corrections, and systematic errors.

Mode Events'
Background

(Events)
Inelastics'
(Events)

Systematic
error

(Events)

Ks
KL m++
K —~+~-

3152 + 61
5663 + 84

10638 + 106
25751+163

266 +13
35.3 +5.9

324.9 + 18.0
44.8 +6.7

90.7 +9.5
825.7 + 28.7
42.5 +6.5

439.2 + 21.0

18.9
58.0
19.1
22.0

'After all subtractions.
Residual non m m background within the kinematic cuts given in the text.

'PT ~ 300(2500) (MeV/e) for the charged {neutral) mode.
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example, were well reproduced.
The systematic error arises primarily from uncer-

tainties in the determination of backgrounds: inelastic
regeneration for both Ks samples, residual three-body
decays in the KL samples, and a small amount of in-
elastic regeneration (primarily from the anticounter)
in the KL samples. These were determined (see Table
I) by studying the change in the estimated background
as the fitting procedure was altered. The estimated er-
ror in the Monte Carlo correction for the difference in
the acceptance of KL, vs Ks decays is 0.5'/o (0.2'/o) for
the neutral (charged) mode; the resulting total sys-
tematic error (adding all sources in quadrature) is 1.3'/o

in the ratio R+ /Rpp or 0.0024 in e'/e.
The result of this experiment is then e'/e

= —0.0046+0.0053 +0.0024 where the first error is
statistical and the second systematic; combining these
in quadrature yields e'/e = —0.0046 + 0.0058. The
value is consistent with previous determinations while
being over three times more accurate; it is also con-
sistent with a recent value reported by Black et al. 2p of
0.0017 +0.0082. The result is not in good agreement
with earlier predictions6 based upon the Kobayashi-
Maskawa model. Although the experimental sensitivi-
ty is in the range predicted by that model, considerable
theoretical uncertainties ' rule out a decisive test at the
moment.
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