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ABSTRACT

The full data set of the experiment NA31 at CERN has been used to analyse the
decay mode K, — m%yv. A signal of 63 events has been observed with an estimated
background of 6.0 £ 1.7 events, corresponding t6 a branching ratio of (1.7 + 0.3) x 10~¢
consistent with our previous result based on partial statistics. The invariant mass spectrum
of the two photons is found to be consistent with chiral perturbation theory, and the decay
is dominated by the J = 0 two-photon state.
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1. INTRODUCTION

The decay Ky, — 7%y~ is of considerable theoretical interest. Firstly, it may be used
to estimate the CP conserving contribution to the decay Ky — 7°e¥e™ [1-3] via two-
photon intermediate states. Such processes, with two virtual photons in a J = 0 state, are
strongly helicity suppressed. This is not the case for the processes with the two photons
in the J = 2 state. If both contributions are small enough, then the decay K;, — w%%e~
is dominated by CP violating contributions. In this paper, we present a measurement of
the dominant J = 0, and a limit on the J = 2 two-photon contribution to the Ki, — #%~y
decay.

Secondly, the decay K, — 7%y~ may be used to test the chiral perturbation theory,
and some semi-empirical models describing kaon decays. Lowest order chiral expansion
(4] and models involving #*z~ intermediate states in addition to the #° [5] predict a
branching ratio around 7 x 1077 and J = 0 for the photon pair. The 4+ invariant mass
spectrum extends from about 2m, to the kinematical limit. Higher order chiral expansion
and other calculations including vector (or scalar) meson intermediate states [6] predict
a branching ratio between 0.7 x 107% and 3 x 107° depending on the contribution at low
M., for which the photon pair should have J = 2.

We report here on a new analysis of the full data set collected with the NA31
detector in the years 1986, 1988, and 1989, which corresponds to more than twice the Ky,
flux that was used for our first observation [7] of this decay.

2. EXPERIMENTAL SET-UP AND DATA TAKING

The experiment was set up at the CERN SPS primarily to measure the parameter
¢ /e which characterizes direct CP violation in neutral kaon decays into two pions. This
measurement was done by comparing the Ky and Kg decay rates into #°7° and n*r~
final states [8]. The K;, ~» 7%y~ final states appear nearly identical to the 7°7% ones in all
the detector elements. The Ki, — 7%y~ branching ratio is obtained from the ratio of the
number of observed 7%y~ events to the number of 7%7° ones with acceptance corrections
determined by Moute Carlo simulation.

The beam and detector for the experiment have been described in detail in Ref. [9].
Long-lived kaons are produced with an average momentum of 100 GeV /e by 450 GeV /¢
protons striking a beryllium target located 244 m upstream of the electromagnetic calorime-
ter. Charged particles are removed by a sweeping magnet, and a neutral beam 1s selected
by collimation to 0.2 mrad. The final collimator, with a diameter of 6 cm, is located
124 m upstream of the electromagnetic calorimeter. It is followed by a 95 m long evacu-
ated region. The neutral beam is further transported in an evacuated tube of 20 cm di-
ameter through a central hole in the detectors. Decays occurring in the upstream part of
the evacuated region are measured. The outer diameter of the detectors is typically 2.5
m. The details of the detectors relevant for the present study are summarized below:

i) A liquid-argon/lead sandwich calorimeter with 1.25 cm wide strips read out in z and
y projections transverse to the beam, and separated into quadrants. For photons, the
energy resolution is 7.5%/1/F(GeV) and the position resolution is 0.5 mm in each
projection.

ii) A scintillator hodoscope inside the liquid-argon calorimeter used for triggering on
electromagnetic activity.

iii) Four ring-shaped anticounters surrounding the decay region, and placed between 60




and 120 m from the final collimator, to veto events with photons missing the calori-
meter.
iv) Two wite chambers 23 m apart {25 m in 1986) to veto events with charged particles.
v) An iron/scintillator sandwich calorimeter to veto final states with hadronic energy.

3. EVENT SELECTION AND ANALYSIS

The relevant trigger requires a minimum total energy of 35 GeV, with at least
two and at most four energy clusters in both transverse projections in the liquid-argon
calorimeter. Events with photons or muons detected by the anticounters are rejected.
Loose requirements are made on the decay position of purely electromagnetic final states,
under the assumption that the decaying particle has the kaon mass. The trigger makes
no requirement on the invariant mass of pairs of showers.

The raw data sample consists of 5 x 10% events. Showers in the liquid-argon calori-
meter are reconstructed by the same program as used for the Ky, — 27°% — 4+ analysis of
¢’/ [8]. The program is able to recognize photons with energies above 2.5 GeV with good
efficiency. The K|, — 7%y candidates have to meet the following requirements:

i) They must have exactly four reconstructed electromagnetic showers. Each of these
showers has an energy between 5 and 100 GeV, a distance > 16 cm from the beam
axis, and a distance > 2.5 cm from the border lines separating the calorimeter into
quadrants. All showers are separated by at least 5 cm in the z and y projections.

ii) The total energy of an event must be between 60 and 170 GeV.

iii) The events have no space points in the upstream wire chamber, but may have
one space point in the downstream wire chamber to allow for backsplash from the
calorimeter.

iv) The energy seen in the hadron calorimeter is less than 3 GeV.

v} The energy barycentre in the electromagnetic calorimeter is within 5 cm from the
beam axis. Events with large missing transverse energy are rejected by this cut.

The longitudinal position Zk of the decay vertex, as measured {rom the downstream
face of the final beam collimator, is calculated from the energy and position of the four
showers under the assumption that the invariant mass is the nominal kaon mass. For K°
decays with undetected decay particles, Zk is shifted towards the calorimeter with respect
to the true vertex position. We therefore require Zx to lie in the first 20 m downstiream
of the final collimator.

The four showers are grouped in two pairs. One pair is required to have a mass
near the nominal #° mass, assuming a decay at Zk, but no pairing should resemble a
7970 final state. The v+ mass resolution for a 7% is 1.8 MeV/c*. The 7%y candidates are
required to have a pair of showers, labelled (12) with invariant mass m;; between 125 and
145 MeV/c? {and closest to 135 MeV/¢?). The other pair is labelled (34).

The quantity s defined below allows rejection of the #%7° final states:

2 2
_ i — 1M n My -+ Tl — 2min
F=\ 12 MeV/ & 8 MeV/c? ’
where my; and my) are the invariant masses of any two 4+ pair combinations.
The K — 7%+~ candidates are required to have p above 5 for all possible pairings

of the four showers. Using the available Kg data, and assuming that all four shower

candidates are indeed Kg — 7%7° decays, we estimate that the cut on p rejects 99.8% of
0

the selected 7%7° events. Seventy per cent of the 7°7° events remaining after the p cut
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are further rejected by removing events with two photons of comparable energies in the

same quadrant of the calorimeter. Owing to the projective readout, there is in such a case

a twofold ambiguity for combinations of the clusters in z and y projections, which may

result in badly reconstructed events.

A total of 5881 K|, — 7%y~ candidates survive the preceding selection. The majority
of these events are background from Ky — 3z° decay. The loss of photons that miss the
detectors, as well as overlap of showers in the calorimeter, can result in the reconstruction
of only four showers. A Monte Carlo simulation of a large number of K;, — 3#° decays
was used to devise additional cuts on the showers and requirements based on the event
kinematics. These cuts strongly reduce the background.

A sample of 9 10® K, — 37° decays was simulated. The true position of the vertex
was generated between 18 m upstream of the final collimator and 28 m downstream. The
propagation of these events through the collimators and detectors was fully simulated,
and they were reconstructed in the same way as real data. The sample surviving the cuts
described above has the following properties:

1) Approximately 60% of the sample results from the loss of two photons that miss the
detector. Most of these events correspond to decays just upstream of the collimator,
and at least one photon is lost in the collimator walls. The reconstructed vertex Zx
is shifted downstream by at least 7.5 m with respect to the true vertex.

u) The other 40% of the sample results from one photon missing the detector and two
showers overlapping in the electromagnetic calorimeter. As in ( 1}, the reconstructed
vertex is shifted by at least 7.5 m with respect to the true vertex. Moreover, one of
the reconstructed showers is broader than for a single isolated photon.

iii) One per cent of the events have all six photons hitting the calorimeter, but only four
showers reconstructed because of overlap. One or two showers are broader than for a
single isolated photon.

If the distance between two photons is more than 1.5 cm in one projection, then
the two showers can be resolved. When they overlap in a projection, the width of the
merged energy clusters is larger than for a single photon. We define the quantity C
to be the r.m.s. width of the energy distribution in a cluster’s five central readout
strips. The quantity C* is the maximum of the r.m.s. widths of each of the two projections
of each of the four showers. Its distribution is shown in Fig. 1 for simulated Ki — 3#°
and K — 7%y events. Real Ks — 279 events are also shown. We reject events with
C* > 1.1 cm.

A second form of overlap is due to the projective readout of the calorimeter. A
photon shower can overlap a second photon shower in the 2 projection, and simultaneously
overlap a third photon shower in the y projection. If this happens, the energy of the z and
y clusters, £; and E, are in general unequal. For each shower, we therefore require the
energy asymmetry A = (E, — E,)/(F, + E,) to be zero within three standard deviations.

A total of 3169 #%y+ candidates remain after these cuts. The distribution of the
reconstructed decay vertex Zy for these events is displayed in Fig. 2. It rises steeply with
increasing Zx and more than 80% of the events are above Zi = 15 m, in good agreement
with what is expected from 37° background events. On the contrary, one expects a flat
distribution for 7%y~ events.

The simulation described above shows that the true decay vertex for the remaining
37° background events is localized around the final collimator. To estimate the true vertex
position for these events, we classify them in three categories (see Fig. 3):




a) any two of the six photons miss the detector;

b) one of the six photons misses the detector, and its partner from the same 7° overlaps
with another photon;

c) one of the six photons misses the detector, its partner from the same #° is correctly
measured, and two photons from the other 7°'s overlap.

Categories (a) and (b) contain at least one reconstructible #z°. For each pair of
showers — there are five combinations other than (12) — the longitudinal position of the
vertex is computed from the two shower energies and positions, assuming the invariant
mass to be the nominal 7#° mass. If one of the five combinations gives a decay vertex in
the region where 37° decays are expected, the event is rejected. As explained before, the
upper limit of this region is Zx — 7.5 m. The lower limit is —15 m for Zx > 10 m, and
—(Zx + 5 m) for Zx < 10 m. We denote by Z, the vertex estimate which 1s closest to
and smaller than Zx — 7.5 m.

To eliminate events from category {c}, we reconstruct the common decay vertex of
the two #%’s which give three showers. Let Ey, E;, E5 denote the shower energies, and dy,,
ds3 the distances between the showers in the calorimeter. Assuming two #%’s, the common
decay vertex is given by

1 1 1 -1/
Z =124 m— —
m - % (ElE-_)d%-z * E2E3d33) ’

where the distance from the final collimator to the calorimeter is 124 m, and m, =
135 MeV/c?. _

Moreover, under the above assumptions, the invariant mass of the three showers
cannot exceed mg — m.. If any of the twelve triplets of the four showers has an invariant
mass below mg — m, and gives a measurement of the common vertex in the same region
as for categories (a) and (b), the event is rejected. We denote by Z,. the vertex estimate
which is closest to and smaller than Zx — 7.5 m. For each event, we also have Z,y =
max (Zr, Zar)-

According to the Monte Carlo simulation, the preceding two requirements reject
99.6% of the remaining 37° background, while 54% of the remaining 7+~ signal is lost.
More than half of the residual 27° background is also eliminated. In Fig. 4a, Zmay is plotted
against Zy for simulated 77+ events. Figures 4b and ¢ show the same distribution for
simulated 37° events and for real 7%y~ candidates.

Ninety-four candidates remain after all cuts. Figure 5 shows a significant peak in
the myo distribution at the #° mass. We define the signal region as the mass interval from
132.5 to 137.5 MeV/c?. It corresponds to £1.4 times the r.m.s. resolution. Sixty-three
events are in this region.

Both the 27% and the 37° simulations indicate that the residual background may be
estimated by linear interpolation in the signal region from side bands (125 to 130 MeV/¢?
and 140 to 145 MeV/c?). These side bands contain 12 events, whereas 6 events were
expected from the simulations. From the number of observed side-band events, we estimate
the residual background in the signal region to be 6.0 & 1.7 events and conclude that we
have observed 57 + 8.1 Ky, — 7%y~ decays within our cuts.

The distribution of the decay vertex Zi; for the 63 events in the signal region is
shown in Fig. 6. It is in agreement with the K, — #%y~ simulation. In particular, there is
no evidence for a shift towards large Zi; that would result from unobserved decay particles.
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4. BRANCHING RATIO AND CHARACTERISTICS OF THE SIGNAL

To measure the branching ratio, we normalize our 57 events to the corresponding
KL — 27° events within identical cuts {except the g cut) in order to minimize the un-
certainty in the acceptance corrections. The ratio of acceptances for 7%y~ and for 7% is
calculated to be 0.72 £ 0.02. It varies by £0.05 when the parameter ay (which charac-
terizes the contribution from the intermediate vector mesons in the notations of Ref. [4])
varies from —1.5 to +1.5.

The number of observed K;, — 2x° events is (4.2440.02) x 10%. Using the Ky, — 2#°

branching ratio from Ref. [10], we obtain

Ky — 7%47)

= 2 ~6
TR = all (1.7£0.2) x 107¢ ,

where the error is purely statistical. We estimate the systematic uncertainty to be
0.2 x 107%, determined by the residual background estimate, the acceptance correction,
the energy scale, and the experimental Ki, — 27° branching ratio used.

The above branching ratio 1s slightly higher than the predictions of chiral pertur-
bation theory to lowest order [4]. It agrees better with more elaborate estimates which
include vector-meson contributions, together with other higher order terms in the chiral
expansion [6]. It is consistent with our first result [7] (with or without a cut on ma, at
280 MeV/c?), with a precision that is better by a factor of 2. It is also consistent with the
result from the ET31 Collaboration at FNAL [12].

In order to investigate the decay mechanism of the observed process, we study the
distribution of the events in the invariant mass of the photon pair ma, and in the other
Dalitz plot variable y = |E3z — E,|/my, calculated in the kaon rest frame. Events with
two possible pairings giving mi2 in the 130-140 MeV/c? mass range are excluded from
this plot in order to avoid events which have an ambiguous assignment for ma4. Figures
7a and b show m34 and y for the 50 unambiguous events. The data show that the signal
is dominantly at high ms4 (above 240 MeV/c¢?) as predicted by chiral models or models
involving 27 intermediate states producing two photons with J = 0. There are only three
events with may below 240 MeV/c?, with an expected background of 1.5 events. There is
no evidence for a signal below 240 MeV/c%.

Taking into account the variation of the detector acceptance with ma,, we calculate

the limit )
[(may < 240 MeV/c?)

I'(all may)

This result translates into limits on av. According to the simulation, we obtain

<0.09 (90% CL).

—0.38 < ay <041 (90% CL) .

Refining this analysis, we performed a maximum likelihood fit of av to the total
data set as a function of the two Dalitz plot variables ms, and y. The result is :

=+0.14
(1\, = _O'OJtDIT ]

which may be translated into a 90% confidence leve] limit of —0.32 < ay < +0.19.

The observed rate of Kj — #%y~ decays combined with this limit leads to the
prediction [4] that the CP conserving contribution to the decay Kj, — #%%e™ has a
branching ratio smaller than 4.5 x 1071 (90% CL).
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5. CONCLUSION

The measured branching ratio for the decay Ky, ~— 7%y« is in good agreement with
expectations from chiral perturbation theory. This includes models with and without con-
tributions from intermediate vector mesons. However, the invariant mass distribution of
the two photons strongly favours models involving chiral perturbation theory with a dom-
inant contribution from the J = 0 two-photon syvstem. This agreement and the smallness
of ay give further confidence in the estimates [12] showing that the CP conserving contri-
bution to the K — n%*e™ decay is small compared with the CP violating contributions.
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Figure captions

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

1: Maximum cluster width C* of the showers in the electromagnetic calorimeter, for
simulated Kp — 7%y~ events (solid), simulated K — 3z° events (dashed), and
real Kg — 27° events (dotted)

2: Reconstructed kaon decay vertex Zy for KL — 7%y~ candidates (points) and for
simulated Ki, — 37° background (dotted line). The simulation is normalized to
the K, flux, as determined from the K;, — 3x° events accepted by the trigger.

3: Topology of background categories for K, — 379 decays with four reconstructed
showers.

4: Best estimate of the decay vertex under the K — 37% hypothesis (Z,.«) as
a function of the estimate of the decay vertex under the Ki — 4+ hypothesis
(Zy): (a) for simulated Ky, — w7, (b) for simulated K;, — 37°, and (c) for real
Ky — 7%y~ candidates. Events above the line are rejected.

5: Invariant mass mq; for K, — 7%y~ candidates (solid) and for expected background
from 27° and 37° simulations (dotted). The Gaussian represents the expected
resolution.

6: Distribution in the decay vertex position Zg for Ky — 7%y~ candidates with my,
in the signal region (solid), for candidates with miy in the side bands, properly
normalized (dashed), and for K — 7%y~ events simulated with ¢y = 0 (dotted).

7a: Invariant mass ms4 distribution for unambiguous Ki — 7%y~ candidates with
ma2 in the signal region (solid), in the side bands properly normalized (dashed),
and for K;, — 7%y~ events simulated with ay = 0 (dotted). The acceptance is
given by the crosses.

Tb: Distribution of the Dalitz-plot v variable for Ky — 7%y candidates with m,
in the signal region (solid), in the side bands (dashed) properly normalized, and
for Ki — 7%y~ events simulated with ¢y = 0 (dotted).
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