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M easur ement of the Decay K; — #'yy
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We report on a new measurement of the dekay— 7°yy by the KTeV experiment at Fermilab.
We determine th&; — 7°yy branching ratio to bé1.68 = 0.07 + 0.08) X 107°. Our data show the
first evidence for a low-masgy signal as predicted by recefit(p®) chiral perturbation calculations
which include vector meson exchange contributions. From our data, we extract a value for the effective
vector couplingay = —0.72 = 0.05 = 0.06.

PACS numbers: 13.20.Eb, 11.30.Er, 12.39.Fe, 13.40.Gp

Studying the decai; — 7 yy is important for under- mass. Vector meson exchange contributions to the ampli-
standing the low energy hadron dynamics of chiral perturtudes are parametrized by an effective coupling constant
bation theory. Because of the high backgrounds associated. [9], and thez and y Dalitz variables are sensitive
with this decay, the first measurement of ig— #°yy  to the value ofay as shown in Fig. 1. In particular,
branching ratio [1] was performed only relatively recently. certain values ofay result in a sizeable low-mass talil
Other measurements soon confirmed this result [2,3] witlin the m3, distribution. Because of limited statistics,
the measured branching ratio [4).70 + 0.28) X 107°,  previous measurements were not sensitive to such a
approximately 3 times higher than the predictions fromlow-mass tail. With a sufficiently large event sample,
O (p*) chiral perturbation calculations [5]. More recent it is possible to test the predictions @ (p®) chiral
calculations [6—9] which includ€ (p®) corrections and perturbation theory with vector meson contributions and
vector meson exchange contributions obtain a branchintp precisely determine the parametgr directly from the
ratio consistent with the measured value. data. A precise determination af, also allows one to

The rate fork; — 7%yy can be expressed in terms predict the relative contributions of th€P-conserving
of two independent Lorentz invariant amplitudes whichand directCP-violating components oK; — 7% *e™
represeny = 0 andJ = 2 two-photon states. The contri- which can proceed through th€P-conserving process
butions of the two amplitudes are determined by two Dalitzk; — #%y*y* — 7% te™.
parameters,z = (mss/mg)*> and y = |E3 — E4|/mg, We recordedk; — 7"y vy events using the KTeV de-
whereE; and E4 are the energies of the neri? photons  tector located at Fermilab. Figure 2 shows a plan view of
in the kaon center of mass frame amgl, is their invariant  the detector as it was configured for the E832 experiment.
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FIG. 1. Theoretical predictions for ms, for various vaues
Of ay.

The main goal of the E832 experiment is to search for di-
rect CP violationin K — 7 decays. TheK; — #%yy
analysis utilizes the data set collected by the KTeV ex-
periment during 1996 and 1997 for the direct CP viola-
tion search. Neutral kaons are produced in interactions of
800 GeV/c protons with a beryllium oxide target. The
resulting particles pass through a series of collimators to
produce two nearly parallel beams. The beams also pass
through lead and beryllium absorbersto reduce the fraction
of photons and neutrons in each beam. Charged particles
are removed from the beams by sweeping magnets located
downstream of the collimators. To allow the K¢ com-
ponent to decay away, the decay volume begins approxi-
mately 94 m downstream of thetarget. In this experiment
we have two simultaneous beams, one where the initia
beam strikes a regenerator composed of a plastic scintilla-
tor and one that continues in vacuum. For this analysis,
we consider only decaysthat originate in the beam opposite
the regenerator, located 125 m downstream of the target.
The most critical detector elements for this analysis are
apure Csl electromagnetic calorimeter [10] and a hermetic
lead-scintillator photon veto system. The Csl calorimeter
is composed of 3100 blocks in a 1.9 by 1.9 m array that
is 27 radiation lengths deep. Two 15 by 15 cm holes are
located near the center of the array for the passage of the
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FIG. 2. Plan view of the KTeV detector as configured for
the E832 experiment. The arrows indicate the decay region
considered for this analysis.
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two neutral beams. For electrons with energies between 2
and 60 GeV, the calorimeter energy resolutionisbelow 1%
and the nonlinearity islessthan 0.5%. The position resolu-
tion of the calorimeter is approximately 1 mm. The spec-
trometer is surrounded by 10 detectors that veto photons
at angles greater than 100 mrad. Thefirst five vetoes con-
sist of 16 lead-scintillator layers with 0.5 radiation length
lead sampling followed by eight layers with 1.0 radiation
length sampling. The other five vetoes have 32 layerswith
0.5 radiation length sampling. The most upstream pho-
ton veto is located just upstream of the regenerator. This
module has two beam holes and suppresses upstream de-
cays. The remaining nine vetoes are arrayed aong the
length of the detector as shown in Fig. 2. On the face
of the Csl calorimeter sits a tungsten-scintillator module
that covers the inner half of the Csl blocks surrounding
the beam holes. A fina photon veto consists of three
modules, each 10 radiation lengths thick, and sits behind
the Csl calorimeter, covering the beam holes. This pho-
ton veto is used to reject events in which photons travel
down either of the two beam holes in the calorimeter.

The KTeV detector also contains a spectrometer for
reconstructing charged tracks. For this anaysis, it is
used to calibrate the Csl calorimeter using electrons from
K; — m*e* v decays, and to veto events with charged
particles. This spectrometer consists of four planes of
drift chambers, two located upstream and two downstream
of an analyzing magnet with a transverse momentum kick
of 0.4 GeV/c. Downstream of the Csl calorimeter, there
isa 10 cm lead wall, followed by a hodoscope (hadron-
veto) used to reject hadrons hitting the calorimeter.

K; — 7°yv events are recorded if they satisfy certain
trigger requirements. The event must deposit greater than
approximately 27 GeV in the Csl calorimeter and deposit
no more than 0.5 GeV in the photon vetoes downstream
of the vacuum window located at 159 m downstream
of the target. The trigger includes a hardware cluster
processor [11] that counts the number of clusters of
contiguous blocks with energies above 1 GeV. The tota
number of clusters is required to be exactly four. These
trigger requirements also select K; — 707 events that
we use as normalization for the K; — 7°yy events.

Reconstructing K; — 7°yy events is difficult since
there are few kinematical constraints giving rise to large
backgrounds. In particular, K; — 7°7° and K; —
707070 decays, and hadronic interactions with material
in the beam constitute the largest sources of background.
Backgrounds resulting from kaon decays with charged
particles are easily removed by discarding events with a
large number of hits in the spectrometer.

In the offline anaysis, we require exactly four recon-
structed clusters of energy greater than 2.0 GeV while
rejecting events with additional clusters above 0.6 GeV.
Events with photons below 0.6 GeV do not contribute
significantly to the background. The total kaon energy
is required to be between 40 and 160 GeV. Using the
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reconstructed energies and positions of the four clusters,
we caculate the kaon decay position, assuming that all
four photons result from the decay of a kaon. This posi-
tion is then used to reconstruct a 7% from the six possible
vy parings. We choose the y+y pair whose reconstructed
mass is closest to the nominal 7° mass and require that
lmi; — mup| < 3.0MeV/c?2 The 7° mass resolution is
0.84 MeV/c?.

To remove K; — 7°7° decays we require the
mass ms, be grester than 0.16 GeV/c* or less than
0.10 GeV/c?. We cut asymmetrically about the 7° mass
to remove events with misreconstructed photons near the
calorimeter beam holes. These events are well simulated
by our Monte Carlo (MC) and only extend down to
0.10 GeV/c2. Since we use the best 77° mass to choose
among the six possible yy combinations, mispaired
K; — 7°7° events constitute a possible background.
There are three different ways to pair four photonsto form
7% combinations. We remove mispaired K;, — 7070
events by reconstructing the other two 7°#° pairings and
discarding events that have two yy combinations near the
7% mass. This cut removes 1.25% of the K; — 7079
events in both the data and our Monte Carlo.

The hadronic interaction background results from neu-
trons in the beam interacting with material, primarily the
vacuum window and the drift chambers. Such interac-
tions produce 7°7° and 7% pairs. These events are
not removed by the 27° cuts because the assumption that
the invariant mass is mx is incorrect in thiscase. To re-
move these events, we calculate the decay vertex of the
six vy combinations assuming that two of the photons re-
sult from a 7% decay. Using this decay vertex, we recon-
struct the mass of the other vy pair and regject the event if
the decay vertex of this yy pair reconstructs downstream
of 158 m and if the mass of that pair iswithin 15 MeV /c?
of the known 7% or » mass. We also require little activity
in the hadron-veto to remove vacuum window interaction
events that send hadrons into the Csl calorimeter.

K; — 7°7°7° decays are the most difficult source of
background to suppressin this analysis. These events can
contribute to the background primarily through the follow-
ing three mechanisms: (a) four photons hit the calorime-
ter (zero fusion), (b) five photons hit the calorimeter with
two overlapping or fusing together to produce one cluster
(single fusion), and (c) al six photons hit the calorime-
ter and four photons fuse together to reconstruct as two
photons (double fusion). To reduce backgrounds from
K; — 7°7°7° events with zero and single fusions, we
require little activity in the photon veto detectors. These
criteria are determined from the amount of accidental ac-
tivity in each counter and the response of each counter to
photons from 37° events. For K; — 7°7°7° events in
which five or fewer photons hit the calorimeter, the recon-
structed decay vertex lies downstream of the actual decay
position. To remove these events, we require that the de-
cay vertex be between 115 and 128 m downstream of the

target, as shown in Fig. 2. To further reduce the number
of events with missing energy, we require that the center of
energy of thefour photonsliewithina10 X 10 cm? region
centered on one of the beam holes in the Csl calorimeter.
The background from 37° events with only four photons
in the calorimeter is below 0.5% of the expected signal
level after these cuts.

The remaining 37° background results from events
in which two or more photons fuse together in the Csl
calorimeter. This background can be reduced by calculat-
ing a shape y? for the energy deposited within the central
three-by-three array of Csl blocks of a cluster compared
to the energy distribution for a single photon. Clusters
from asingle photon will have alow y?2, whereas hadronic
showers and fused clusterswill usually result in alarge 2.
Figure 3 shows the distribution of the maximum shape x>
variable of the four photons after all cuts have been im-
posed, except for the shape y? requirement. The 7%yy
signal reconstructsat low 2, and the simulation of the 37°
background agrees with the data above the 7%y y signal.
By requiring the maximum x? to be less than 2.0, we are
able to isolate a relatively clean sample of K; — 70yy
events. This requirement is effective in removing fused
photons separated by more than 1 cm.

Figure 4a shows the final m34 distribution for all events
after making the photon shape y? requirement. We
find a total of 884 candidate events. Our simulation of
the background predicts 111 * 12 events dominated by
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FIG. 3. The maximum shape y? after all requirements, except
for the shape y? cut. The dots are the data and the histogram
is the 37° Monte Carlo. The excess at low y? is due to
K; — 7m%yy events and the arrow indicates the position of
our cut. The inset shows the same distribution for events with
m3s < 0.240 GeV/c?, indicating the existence of a low-mass
tail in K, — 7%yy events.
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FIG. 4. (a) The ms, mass distribution. The 27° events are

removed from the ms4 distribution by cutting events between
0.10 GeV/c¢? and 0.16 GeV /c¢2. The dots are the data, the his-
togram is the sum of the background and K, — #°yy Monte
Carlo, and the dashed histogram is the normalized background
Monte Carlo. The K; — #%yy MC is an O(p®) cacula
tion with ay = —0.7. The inset shows the data and Monte
Carlo for events in the mass region between 0.10 GeV/c?
and 0.16 GeV/c? which are dominated by K; — 7°7° events.
(b) The y parameter.

K; — 7'7°70 events, as shown in Fig. 4a. The remain-
ing 377° background is evenly divided between double and
single fusion events. The level of the 37° background is
determined by normalizing the 37° Monte Carlo to the
shape y? distribution between 5 and 20 and is consistent
with absolutely normalizing the 37° events to the 27°
events. In this figure, we overlay the sum of the back-
ground plus the O(p%) chiral perturbation prediction for
K; — 7%yvy. The shapes of the data and Monte Carlo
calculation match very well.

Our event sample demonstrates for the first time the
existence of a low-mass tail in the ms4 distribution.
The NA31 experiment [3] had previously set a limit of
[(m3s < 0.240 GeV/c?)/T (mss dl) < 0.09. Our event
sample has 73 = 9 = 9 events above a background
of 478 5 events in the region my <
0.240 GeV/c%. This number corresponds to I'(ms, <
0.240 GeV /c?)/T (ms4 al)=0.127 = 0.013 = 0.015 &f-
ter correcting for events that are removed by the

K; — 77 cut. Figure 3 shows the maximum shape

920

x> distribution for the events below 0.240 GeV/c?,
indicating an excess of events above the 37 background.

To extract a value for ay, we perform a simultaneous
fit to the m34 and y distributions. Figure 4b shows the
y distribution for our final event sample. From our fit,
we obtain the value ay = —0.72 = 0.05 = 0.06. The
systematic error is dominated by our uncertainty in the 37°
background. We obtain a value of ay = —0.76 = 0.09
when we fit only the y distribution. For the best fit to both
distributions the y? is 24.1 for 24 degrees of freedom.

To determine the K; — #yy branching ratio, we
normalizethe K; — #%yy eventsto K; — 77 events
which helps to reduce the systematic uncertainty in this
measurement since we are only sensitive to differences
in the relative acceptance of the two modes and not the
absolute acceptance. The acceptances for 7%y y and 27°
events are 3.13% and 3.23%, respectively, for events with
energies between 40 and 160 GeV and decaying from 115
to 128 m downstream of the target. Applying the same
reconstruction criteria as those used in the K; — 7%yy
analysis but requiring ms4 between 130 and 140 MeV /2,
we find 441309 K; — #°7° events with negligible
background.

Using a Monte Carlo in which ay is set to the best-
fit value, we extract the branching ratio for K, — 7%y
by comparing the number of 7%y y events to the number
of events in the normalization mode, K; — 7°7°. Sys-
tematic uncertainties in this measurement come from the
acceptance determination (2.4%), the 27° branching ratio
(2.1%), the 37° background (2.1%), the ay dependence
(1.8%), the hadron veto requirement (1.8%), varying the
photon shape y? cut between 1 and 10 (1.8%), and the cal-
ibration (0.8%). The systematic uncertainties are added
in quadrature, resulting in a total systematic uncertainty
of 5.0%. We find the branching ratio to be BR(K; —
7myy) = (1.68 = 0.07 = 0.08) X 1076, Thisisconsis-
tent with the O (p®) prediction [8] with ay = —0.72 *
0.06, whichis (1.53 = 0.10) X 107,

In summary, our measurement of K; — 7%y decays
shows the first evidence of a low-mass tail in the ms,
distribution. This tail is predicted by @ (p®) chira per-
turbation theory calculations which include vector meson
exchange. Our determination of ay suggests that the CP-
conserving contribution to K; — 7% *e™ is between 1
and 2 X 1072, These contributions are approximately
2-3 orders of magnitude higher than predictions based
upon the origina O(p*) caculations which are helic-
ity suppressed, whereas the vector meson exchange terms
present in O(p®) calculations are not helicity suppressed.
The contribution of the direct CP-violating amplitude to
the rate for K; — 7% e is expected [7] to be between
land4 X 10712,
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