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Measurement of the Branching Ratio of KL e+e yy
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A new measurement of the EL e+e yy branching ratio was carried out in Fermilab experiment
E799. We observed 58 KL ~ e+e yy events. The measured branching ratio is B(KL ~ e+e yy, E" )
5 MeV) = [6.5 ~ 1.2(stat) + 0.6(syst)] X 10

PACS numbers: 13.20.Eb, 13.40.Ks

The process KL ~ e+e yy is dominated by a KL, Dalitz
decay, KL ~ e+ e y, with an internal bremsstrahlung pho-
ton. This radiative KL Dalitz decay provides an excellent
testing ground for QED radiative corrections. These radia-
tive corrections are particularly important for the precise
measurement of the branching ratio of the parent KL
e+e y decay, and for studies of the nontrivial KL y*y ver-
tex [1]which contributes to the Kt. ~ e+e y form factor.
In addition, the radiative KL Dalitz decay is expected to
be the most serious background [2] in experiments search-
ing for the CP violating decay KL ~ m. oe+e [3] beyond
the current experimental sensitivity (- 10 9) [4]. The ex-
pected KL e+e yy branching ratio is calculated to be
5.8 X 10 with an infrared cutoff of 5 MeV in the center
of mass frame of the kaon [2]. The previous measurement
of B(KL ~ e+e yy) = (6.6 ~ 3.2) X 10 7 is based on
17 ~ 8 events [5]. It is important to measure this branch-
ing ratio more precisely to compare it with the expected
branching ratio and to better establish the background level
for KL m e+e

The goal of Fermilab experiment E799 was to search
for the decay K& m- e+e and other multibody rare KL

decays. Two nearly parallel KL, beams were produced
by an 800 GeV proton beam that struck a beryllium tar-
get. After collimation the neutral beams entered the de-
tector volume where decays were selected in the interval
between 90 and 160 m from the target. A detailed de-
scription of the E799 detector can be found elsewhere [6].
Only elements of the detector used in this analysis are de-
scribed here. The trajectories and momenta of charged
tracks were measured with a spectrometer composed of
four drift chambers and an analyzing magnet with a nomi-
nal 200 MeV/c transverse momentum kick. Each drift
chamber had two horizontal and vertical planes, with a
typical position resolution of 100 p,m per plane. The mo-
mentum resolution was (o~/p)2 = (5 && 10 s) + (1.4 &&

10 4[p(GeV/c)]]2. The energy and position of electrons
and photons were measured with a lead-glass calorime-
ter composed of 804 blocks arranged in a circular array
of 1 rn radius with two beam holes in the center to allow
the passage of the neutral kaon beams. Each block in the
array was (5.8 cm)2 x 18.7 radiation lengths deep. The
energy resolution of electrons was typically 4.4% for this
data sample. The detector had two scintillator hodoscopes
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between the downstream end of the spectrometer and the
calorimeter, which were used for triggering. The detec-
tor also had a photon veto system used to reject events in

which photons missed the calorimeter.
Two types of triggers were used for this analysis to

accept both K& e+e yy and K& e+e y decays.
The latter decay mode is used to normalize to the total
kaon flux of the experiment. Both triggers required two
hits in each hodoscope, drift chamber hits consistent
with two tracks, and no veto counter hits. In addition,
to satisfy the KL ~ e+e yy trigger there had to be a
minimum total energy in the calorimeter of 55 GeV, and
four clusters of energy in the calorimeter, each cluster
having an energy threshold of 2.5 GeV. Likewise, the

KL e+e y trigger demanded a minimum total energy
of 6 GeV and three identified clusters, and was prescaled
by 14. The energy threshold for the latter trigger was
set lower to search for other decay modes. The same

energy threshold was used for both samples in the off-
line analysis.

Off-line analysis of the data required two reconstructed
tracks, each pointing to a cluster, which formed a good
vertex in the detector volume. Electrons were identified

by requiring the track momentum to match the calorimeter
cluster energy to within 15%. Clusters not associated with

tracks were considered as photon candidates. The trans-

verse profile of each cluster was required to be consis-
tent with that of a single electromagnetic shower. Events
with exactly one (two) photon candidate(s) were used
for the KL e+e y (Kl. e+e yy) sample. Kine-
matic quantities were then calculated assuming the pho-
tons in the event originated from the two-track vertex.
Events with the square of the transverse momentum of
e+e yy with respect to the Ki direction (P2) less than

1000 (MeV/c)2 were kept. Monte Carlo simulation pre-
dicts that this cut keeps 90% of the KL ~ e+e yy signal.
The ++m yy invariant mass (M») was calculated by
assuming that charged particles were pions, and events
with this mass between 450 and 550 MeV/c2 were re-

jected as KL ~+ vr m events. The acceptance loss for
the decay KL e+e yy was negligible.

At this stage three remaining background sources
contribute to the M«» mass window, 466 M«»
530 MeV/c2 (2.3o. as determined from the Monte Carlo
simulation). The

first

backgroun comes from KL 2~0
decays where one m.o Dalitz decay (m.o e e y) and

one photon is lost or merges with other photons in the
calorimeter (Kl. vr AD). The second background re-
sults from misidentifying the pion as an electron in KL
m-em decays with two extra photons from bremsstrahlung
and accidental processes [K,3(2y)]. The third background
is Kz e+e y decays with an external bremsstrahlung
photon or accidental activity [KL e+ e y(y)].

In order to remove the K,3(2y) background events we
define the quantity

minXcos = Minimum(cosgii + cosOqi, cos&i2 + cosOq2),
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FIG. 1. The ming cos distributions of the data and the Monte
Carlo simulation. The level of the background Monte Carlo
simulation was estimated by normalizing to the region of
reconstructed kaon mass below the KL mass.

where 0;, is the angle between the ith electron and the

jth photon in the center of mass frame of the kaon. This
quantity distinguishes between Dalitz decays and K,3(2y)
decays since one of the photons in a Dalitz decay is

usually emitted nearly opposite to the e e momentum.
For K,3(2y) decays, the angles between the photons and

the two charged particles are less correlated. Figure 1

shows the minXcos distributions for both the data and

the Monte Carlo simulation for Kz e+e yy and the

major backgrounds. The Monte Carlo simulation consists
of generated events overlaid with "accidental events"
which correctly sampled the accidental activity in the
detector. The Ki e+ e y(y) background is included in

Kz e+e yy events: both kinds of events have similar
minX cos distributions. In Fig. 1 the minX cos of KI
e e yy events is peaked near —2, well separated from
the K,3(2y) events. The minXcos is required to be less
than —0.6 in order to reject the K,3(2y) background.
This cut removes 93% of the K,3(2y) background while

decreasing the K& e+e yy acceptance by 9%.
Another kinematic variable used to reject background

is the minimum 8;, angle (8;„)defined above. The
bremsstrahlung photon tends to be emitted in the same
direction as the parent electron with a 0;„oforder 10 '

rad. In addition, the 0;„distribution can distinguish
between internal and external bremsstrahlung since the
distribution for external bremsstrahlung is peaked more

sharply near 0. Figure 2 shows the O,„distribution
of data and Monte Carlo events after the minXcos
cut. The value of 6;„is required to be larger than

0.06 rad to suppress the KL ~ e+e y(y) background,
and required to be smaller than 0.5 rad mainly to suppress
the KI ~ mD background. This cut removes 87% of
the KL e+e y(y) background and 98% of the Kl.
vr m D background while decreasing the Kz e e
acceptance by 60%.

Figure 3 shows the invariant mass distribution of the

e e yy and e+e y events. The e+e y events were se-
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le@ted with the same cuts as the e+e yy events except
for the M» and the 8;„cuts. There is a clear peak
in Fig. 3 at the kaon mass with 69 and 275 events in the
kaon mass window for the e+e yy and e+e y events,
respectively. The background in the e+e yy sample
consists of KL m nD, K,3(2y), KL, m. yr yrn, and
KL e+ e y(y) events. Other background sources such
as KL m m m, KL m~~D, and KL m m-DmD

+ — 0 0 0 0 0 0

were negligible. We used the Monte Carlo simulation
to estimate the levels of the first three sources of back-
ground. Using the reconstructed kaon mass we normal-
ized each background to the region below the KL mass
and extrapolated the number we expect in the KL mass
window. The number of background events is 2.1 ~ 0.3
events from KL, m. m.n, 0.6 ~ 0.2 events from K,3(2y),
and 0.5 ~ 0.2 events from KL m- m- m-&. The back-
ground to e+e y events comes from K,3(y) decays, and
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FIG. 2. The minimum angle distribution (8;„)between each
electron, photon combination in the center of mass frame of the
kaon. The normalization between the different Monte Carlo
samples was based on the Monte Carlo prediction.

the number was estimated to be 2.3 ~ 0.9. Correcting
for these backgrounds reduces the number of e+e yy
(N„yy)and e+e y (N„y)events to 65.8 ~ 8.3 events and
272.7 ~ 16.6 events, respectively.

In order to determine the KL e+e yy branching
ratio, it is necessary to determine the amount of KL
e+e y(y) background which remains in the e+e yy
sample. In addition, the normalization sample, e e y
events, consists of the radiative KL Dalitz decay with a
missing photon, and the KL Dalitz decay. We use the
following method to disentangle the number of radiative
and nonradiative KL, Dalitz decays in the e+e yy and
e+e y samples. The ratio of the number of remaining
e+ e y y events to e+ e y events is related to R =
B(KL ~ e+ e y y)/B(KL ~ e+ e y) as

Neeyy (1 R)&eey~eeyy + R&eeyy~eeyy (I)
Neey (I R)/teey~eey + R/teeyy~eey

where B(KL e+e y) is the branching ratio of the KI.
e+e y including the radiative decay, e+e yy, and Az y

is the Monte Carlo probability that an event generated as
x is accepted as y. Each acceptance, listed in Table I, was
determined from a Monte Carlo simulation with energies
of kaons between 35 and 220 GeV. The Monte Carlo
generator for KL ~ e+e y and KL, ~ e+e yy, based on
Ref. [7], is divided into two parts by a cutoff parameter
for M». The value of this cutoff is fixed at 2.29 MeV/c2,
the same as in Ref. [7], and it is far below the detector
threshold. Above this cutoff, KL e+ e yy events were
explicitly generated, and below it nonradiative KL, ~
e+e y events were generated. In both cases external
bremsstrahlung processes were simulated.

By solving Eq. (I), R is found to be 0.29 ~ 0.06(stat).
By using the numerator of Eq. (I), the number of
KL ~ e+e yy events is calculated to be 57.5 ~ 8.5(stat),
and the number of KL, ~ e+ e y(y) events is
8.3 4- 2.0(stat). In the normalization sample we
calculate the number of KL e+ e y events to be
173.5 ~ 23.4 and the number of KL ~ e+e yy events
to be 99.2 ~ 17.0. The calorimeter energy threshold
is approximately 10 MeV in the kaon rest frame. An
infrared cutoff of 5 MeV (E* ~ 5 MeV) is used to calcu-
late the branching ratio of KL ~ e+e yy, to allow direct
comparison of this measurement to theoretical predictions
[2] as well as the previous published measurement [5].
The Monte Carlo simulation predicts the effect of this
cutoff to be B(KI ~ e+e yy, E* ~ 5 MeV)/B(KI ~
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TABLE I. The acceptance for each decay mode. The num-
bers in the eeyy column are for the less restrictive eeyy
analysis as described in the text. The acceptance of observed
eey events includes a trigger prescale factor of 1/14.

FIG. 3. The invariant mass distributions of e+e yy events
and e+e y events.
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e e yy) = 0.247. By using the inclusive branching ratio,
B(KL e+e y) = (9.1 ~ 0.5) X 10 6 [1], the branch-

ing ratio of Kt. e+ e yy is measured to be B(Kt
e+e yy, E* ) 5 MeV) = [6.5 + 1.2(stat)] X 10

The main sources of systematic errors come from un-

certainties in normalization, detector resolution, and back-
ground. The contribution to the total systematic from the
uncertainty in the KL ~ e e y branching ratio is 5.5%.
Uncertainties in the position resolution of extra clusters in
the calorimeter introduce a systematic error through the
8;„cut.The position resolution of extra clusters was es-
timated from special electron calibration runs in the data
to be 5.3 mm, while the Monte Carlo simulation predicted
4.6 mm. This disagreement leads to a 3.3% systematic
error. We also found that the cuts used to isolate electro-
magnetic clusters introduced a systematic error of 2.2%.
The total amount of material upstream of the analyzing
magnet is 1.16% of a radiation length. Uncertainty in
the amount of material can change the estimate of the

KL ~ e e y(y) background level. The emission proba-
bility of an external bremsstrahlung photon differed by
20% between the amount found from special calibration
run data and the Monte Carlo expectation. This discrep-
ancy results in an additional 3.5% systematic error in the
branching ratio. The energy and momentum resolution
couple directly into the acceptance calculation and the
uncertainty in these values adds an additional 1.5% and
1.0% to the systematic error, respectively. We found that
the difference between using phase space and the form
factor, n&*, resulted in a systematic error of 2.2%. The
other sources of systematic error were the Monte Carlo
statistics, 3.4%, and the background subtraction, 0.7%.
The total systematic error was calculated to be 8.8%
by adding all individual components in quadrature, lead-
ing to a final result of B(KL e+e yy, E" ) 5 MeV) =
[6.5 ~ 1.2(stat) ~ 0.6(syst)] X 10 7.

A less restrictive analysis was performed to check
the above result, and to study the kinematic distribu-
tions of Kz ~ e+ e y y events with higher statistics.
Removing the 0;„cut at 0.06 rad increases the
number of e+ e yy events to 198.8 ~ 14.3. This
less restrictive analysis gives B(Kt. e'e yy, E* )
5 MeV) = [7.7 ~ 1.4(stat) +. 1.0(syst)] X 10 7 based
on 151.6 ~ 17.4 Ki e+e yy signals and 47.2 ~ 9.9
KL ~ e+ e y(y) background events. This result is
consistent with the more restrictive analysis. Figure 4
shows the M«and M» distributions of the e+e yy
events from the less restrictive analysis. The data distri-
butions are consistent with the sum of the KL e e yy
and the Kt e+ e y(y) phase space Monte Carlo
distributions. This is the first time these kinematic dis-
tributions were compared for the KL e+e yy decay.
In conclusion, we have determined the Kl e e yy
branching ratio to be B(KL e+e yy, E* ) 5 MeV) =
[6.5 ~ 1.2(stat) ~ 0.6(syst)] X 10 . This measurement
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is more precise than previous measurements, and it is
consistent with theoretical expectations.
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FIG. 4. The e'e invariant mass and the yy invariant mass
distributions without the minimum angle cut (//, „~0.06). The
Monte Carlo simulation includes the sum of the KL e'e
and EL e'e y(y) samples in the proportions described in
the text. Also shown is the Ki e e y y acceptance as a
function of M«and M».
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