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We have measured the CP violation parameter 7/+-.., in 
a neutral kaon experiment, E773, at Fermilab. This param-
eter characterizes CP violation in the decay KL ---+ ,r+,r--y. 
Kaon decays into ,r+ ,r- collected simultaneously were used 
for normalization. Our result is 111+-..,I = (2.359 ± 0.062.tat ± 
0.040,y,) X 10-3 with a phase r/i+-.., = ( 43.8±3.5,tat±l.9,y,) 0

• 

The prediction that 7/+-.., should be very close to 7/+- is sup-
ported by our result. 

PACS numbers:14.40.Aq,11.30.Er,13.34.Hq,13.25.Es.+m 

The discovery of CP symmetry nonconservation in the 
weak interaction came in 1964 when the decay K2 --t 

7r+7r- was found [l]. Within three years, the CP-
violating decay K2 --t 71'0 71'0 was identified, as was a CP-
violating charge asymmetry in the K2 --t ?l'ev and 7rµv 
decays [2-4]. In the subsequent time, only one additional 
such decay has been found: in 1993 interference between 
Kj and K2 was observed in K 0 --t 7r+7r--y decays by Fer-
milab experiment 731, proving that CP is violated here 
as well [5]. Almost all previous measurements of CP-
violating amplitudes are consistent with the model that 
CP violation occurs only in the K 0 / K 0 mass matrix and 
is described by one complex parameter e of magnitude 
~ 2.3 x 10-3 and phase ~ 43° [6]. It is important to de-
termine if the 7r+7r--y decay fits into this picture as well. 
The 1993 measurement was consistent with this picture 
within (relatively large) uncertainties. The theoretical 
expectation is that any difference between the CP viola-
tion parameter describing this decay, TJ+-1'• and TJ+- ~ e 
should be very small [7]. In this letter, we report a new, 
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more precise measurement of the 71'+71'-'Y decay ampli-
tude. 

There are two processes which contribute to the 
7r+7r--y decay amplitude: Inner Bremsstrahlung (IB) and 
Direct Emission (DE). The Kj decay is dominated by 
the IB process where there is a Kj --t 7r+7r- decay with 
a photon radiated by one of the final-state pions. For 
the K2 decay, this process is suppressed (because the 
underlying 7r+ 71'- decay violates CP symmetry) thereby 
allowing the observation of the DE amplitude where the 
photon comes from the primary decay vertex. Previous 
experiments have found that the spectrum of photon en-
ergies in the kaon center of mass frame fits an electric 
dipole (El) form for the IB term and a magnetic dipole 
(M 1) form, modified for the effects of vector meson inter-
mediaries, for the DE term [8-10]. The fact that the IB 
and DE components have different photon energy spec-
tra allows one to determine the ratio of their contribution 
to the K2 decay rate: r = (DE rate)/(IB rate) [9-11]. 
Finally, the El term for the Kj (K2) is CP conserving 
(violating) and the modified Ml term for the K2 is CP 
conserving as well. 

Since the terms in the multipole expansion of each de-
cay amplitude are orthogonal, interference between Kj 
and K2 will occur only for like-term multipoles. The 
principle contribution to the interference comes from the 
two IB El decays, however higher-order multipoles con-
tribute if present. In addition, although direct CP vi-
olation is expected to be small, it could present itself 
through a DE El transition of the K2 interfering with 
the IB El transition of the Kj. Therefore, what one 
measures is the ratio of decay amplitudes: 

A(KL --t 7r+7r--y, CP Violating) (l) 
TJ+-1' = A(Ks --t 7r+7r--y) • 



In the present experiment, we used the phenomenon of 
coherent regeneration to study the interference between 
the KL and Ks decay amplitudes. As a KL beam passes 
through material, the K 0 / K 0 mixture is altered, caus-
ing Ks mesons to appear in the beam. The number of 
'11"+ 'll"-'Y decays per unit proper time observed downstream 
of the regenerator is: 

dN = NsB+-'Y . {IPl2e--rf-rs + ITJ _ 12e--r/-rL . (1 + r) 
dr IPl 2rs + 'Y 

+2JpllTJ+-'YI cos(~mr + <pp - </>71 )e-H,.~ +,.~ )}, (2) 

where Ns is the number of regenerated Ks, B+-'Y is the 
Ks -t '11"+'11"-'Y branching ratio, rs (rL) is the Ks (KL) 
lifetime, and ~m is the KL - Ks mass difference. The 
complex parameter p, called the regeneration amplitude, 
is the ratio of coherently regenerated Ks to transmitted 
KL amplitudes and <pp (</>71 ) is the phase of p (TJ+-'Y). 

The results quoted here come from Fermilab experi-
ment 773 which was performed in the Meson Center beam 
line. Two nearly parallel KL beams were produced from 
an 800 GeV /c primary proton beam striking a beryllium 
target. The KL beams themselves were incident on our 
apparatus which consisted of a pair of regenerators and 
an evacuated decay vessel followed by a magnetic spec-
trometer and a lead glass electromagnetic calorimeter as 
shown in Fig. 1. 

The upstream regenerator was 1.2 interaction lengths 
long and was 11.28 m upstream of the shorter (0.4 inter-
action lengths) downstream regenerator. The two regen-
erators were composed of scintillator and instrumented 
with photomultiplier tubes for vetoing events in which 
the kaon underwent inelastic scattering within the re-
generator or where the decay occurred before the down-
stream end of the regenerator. The regenerators were 
alternated between the two beams between spills to re-
duce systematic errors. 

The spectrometer consisted of four drift chambers, 
two in front of and two behind the analyzing magnet. 
The magnet provided a transverse momentum kick of 
200 Me V / c. Each chamber contained two horizontal 
and two vertical planes of wires with position resolu-
tion 80-100 microns, yielding a momentum resolution of 
O'p/P = 0.45(1 E0 p/40 GeV /c)%. The calorimeter was a 
circular array of 804 lead glass blocks, each 5.81 x 5.81 
cm2 in cross section and 18.7 radiation lengths deep, with 
a photon energy resolution which varied from 3% to 6% 
depending on photon energy and location. A more de-
tailed description of the apparatus may be found else-
where [12]. 

Both the 'Ir+ 'Ir- 'Y decays and the 'Ir+ 'Ir- decays used for 
normalization were collected using the same trigger. This 
trigger demanded that two oppositely charged particles 
traverse the detector by requiring that there be one track 
on either side of the horizontal and vertical midplanes of 
two scintillation counter hodoscopes downstream of the 
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FIG. 1. Schematic of the FNAL E773 detector. 

spectrometer magnet and chambers. Events were vetoed 
if charged particles struck any of the annular veto coun-
ters at various stations along the edges of the vacuum 
vessel or if there was a hit in the muon veto plane. In 
addition, we required there be a hit in a pair of trigger 
hodoscopes at 141 m. Approximately half way through 
the run, these planes were removed (thereby increasing 
the length of the decay volume) and their function in the 
trigger was replaced by new demands on the pattern of 
hits in the drift chambers. No requirement was made on 
the lead glass calorimeter. 

The data were divided into four sets (according to 
which regenerator the kaon traversed and whether the ho-
doscope at 141 m had been removed yet) which were an-
alyzed independently. In the 'Ir+ 'Ir- 'Y analysis, each event 
was required to have two charged tracks in the drift cham-
ber spectrometer coincidental with at least one cluster in 
the lead glass calorimeter with an energy greater than 
1.5 GeV, not associated with a charged particle track. 
This photon was required to have an energy greater than 
20 Me V in the kaon center of mass. To select coherently 
regenerated '11"+'11"-'Y decays, the reconstructed '11"+'11"-'Y in-
variant mass (M+-'Y) had to be between 484 and 512 
Me V / c2 and the square of the measured momentum com-
ponent transverse to the incident kaon's direction (PJ) 
was required to be less than 150 (Me V / c )2. In addition, 
fiducial requirements were imposed ( e.g., demanding that 
particles be away from the edges of the calorimeter) 

To eliminate 'll"µv decays, each track was required to 
have a momentum of at least 7 Ge V / c and to project to a 
point within the acceptance of the muon hodoscope. 'll"ev 
decays were excluded by demanding that for each charged 
particle the ratio of energy measured in the lead glass 
calorimeter to momentum measured in the spectrometer, 
E /p, be less than 0.85. To remove A -t p'II" decays, if the 
A momentum was greater than 100 GeV /c, we rejected 
events with a reconstructed p'II" invariant mass within 6 
Me V / c2 of the A mass and a p / 'Ir momentum ratio greater 
than 3. To suppress background from '11"+'11"-'ll"o decays, a 
cut was made on the variable 
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FIG. 3. The decay probability for K - 'lt'+'lt'-"Y as a func-
tion of proper time. The vertical scale is the absolutely nor-
malized decay probability per Ks exiting the regenerator. 
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FIG. 2. Data - Monte Carlo comparisons for K - 'lt'+'lt'-"Y 

and K - 'It'+ 'It'-. The data is represented by the dots, while 
the Monte Carlo (normalized to the same number of events) 
is the histogram. For 'lt'+'lt'-"Y decays the -y-ray energy in the 
laboratory (a), the square of the measured transverse momen-
tum (b ), and longitudinal coordinate of decay vertex position 
( c) are shown. For the 7r+ 'It'- decays, the decay vertex posi-
tion (d) is shown. For (a) and (b), all data sets are included, 
while for ( c) and ( d), only a subset of data from the upstream 
regenerator is shown. In (b ), the measured background dis-
tribution, as determined from data, was added to the Monte 
Carlo PJ, distribution. 
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_ [ (Mfr - M;o - M})2- 4M;oM}-4M_k(Pf)c] 

P,,ro - 4 [(P:J,)c + M;] ' 

where Mc is the invariant mass of the two charged tracks 
and (P:J,)c is their transverse momentum with respect to 
the parent kaon [13]. Events with P;0 > -0.011 (GeV /c) 2 

were eliminated. Decays to 7r+ 7r- were removed by elim-
inating events with a reconstructed 7r+7r- invariant mass 
greater than 484 MeV /c2 • After analysis 9,045 events 
survived, 77% of which came from the upstream regener-
ator. The analysis of the 7r+7r- events was similar [12]. 

The detector acceptance was calculated by the Monte 
Carlo method. The simulation included the geometry of 
the beams and detector elements, the efficiency and res-
olution of each detector element, and the known prop-
erties of kaon regeneration and decays. Figure 2 shows 
four histograms, typical of many, which demonstrate that 
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as described below) from the upstream regenerator is rep-
resented by the dots (statistical error bars are shown). The 
solid line it the prediction from Eqn. 2, whereas the dashed 
line is the prediction if there were no interference between KL 
and Ks. 

the features of the data are accurately reproduced by the 
Monte Carlo simulation. The average overall acceptance 
ofour detector was 14.6% (9.2%) for IB (DE) decays. 

In Fig. 3 we show the decay probability for K -
7r+ 7r- 'Y as a function of proper time, as determined from 
the data, and as predicted from Eqn. 2. To demonstrate 
the effect of interference, we also show the prediction of 
Eqn. 2 if there were no interference between the KL and 
Ks amplitudes in this decay. It is clear that our data 
requires the presence of KL-Ks interference. 

The selected events for each set were put into p vs z 
distributions (z being the longitudinal distance of the de-
cay vertex from the target) in 10 Ge V / c x 2 m bins for 
fitting. The background (which included scattered, non-
coherent, K - 7r+ 7r- 'Y as well as non-7r7r'Y decays) was 
then subtracted from each p - z bin. To estimate the to-
tal number of background events, a fit was performed to 
the distribution of events in the M+--r vs P:j. plane. The 
fit excluded the signal region and we interpolated to es-
timate the background. For the upstream (downstream) 
regenerator the background was 2.3% (2.5%) of the total. 
Events near, but outside of, the signal region were used 
to provide the p - z distribution of background events. 
The p - z distribution found from events to the left and 
right of the signal box in M+--r was the same (within 
uncertainties) as the distribution of events at high P:j.. 



The fit to the data was insensitive to the details of the 
background subtraction. 

We performed a fit of the data to the hypothesis of 
Eqn. 2. The number of events in the data is given by 
the product of three factors: N(p, z) = S(p) x f(p, z) x 
A(p, z), where S(p) is the momentum spectrum of kaons 
exiting the regenerator, f(p, z) is an integral of Eqn. 2 
over the p vs z bin, and A(p, z) is the acceptance of the 
detector. We determined S(p) from the 71"+71"- decays 
which were collected simultaneously, while A(p, z) was 
found from our Monte Carlo simulation. In the fit, the 
values for B+--r and r were constrained by previous ex-
perimental results and their uncertainties [9]. The values 
used for p and </J+- (see below) were determined from 
our 71"+71"- data, while the ~m used was the combined 
E731/E773 value [12]. The magnitudes of TL, rs, and 
111+- I used were the Particle Data Group averages [14]. 
The result of a maximum-likelihood fit to all four data 
sets is: 

117+--rl = (2.359 ± 0.062) • 10-3
, and 

</J+--r = (43.8 ± 3.5) 0
• 

This fit had a x2 of 350 for 315 degrees of freedom. [15] 
We have estimated our systematic uncertainties by 

varying many different elements of our analysis and ob-
serving the effect on the fit for 117+--r I and </J+--r · The 
result for 117+--r I is ±0.040 x 10-3 . The largest contribu-
tions to this come from the uncertainties in background 
shape, flux normalization, and 117+-I (117+-1 affects the 
spectrum shape). These contribute 0.030, 0.021, and 
0.013 (each xl0-3 ) respectively. The systematic uncer-
tainty in </J+--r is ±1.9° and is dominated by the uncer-
tainties in normalization, p, and 117+-1, which contribute 
1.2°, 0.9°, and 0.9° respectively. 

Our statistical and systematic uncertainties are signif-
icantly smaller than the one previous measurement of 
11+--r [5]. This is due to the present experiment hav-
ing more events, a longer decay region (which better 
samples the range where the interference term is large), 
and using 71"+71"- decays for normalization. Our result is, 
within uncertainties, equal to 11+-, both in magnitude 
and phase, where 117+-1 = (2.269 ± 0.023) • 10-3 [14] and 
<fa+- = (43.53 ± 0.97) 0 [12]. 

In summary, we observed the interference between co-
herently regenerated Ks and transmitted KL mesons de-
caying to the 71"+71"-'Y final state. We collected 8,836 of 
these decays (with a background of 209 events) and fit 
their distribution in p and z to obtain the magnitude and 
phase of 11+--r· Our result is consistent with the predic-
tion that any direct CP-violating contribution to 11+--r 
must be very small. 
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