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Measurement of the branching ratio of K, —ete " yy
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We report on a study of the decd§; —e" e yy carried out as a part of the KTeV/E799 experiment at
Fermilab. The 1997 data yielded a sample of 1543 events, including an expected background® ehats.
An effective form factor was determined from the observed distribution oéttee invariant mass. Using this
form factor in the calculation of the detector acceptance, the branching ratio was measured(t, be
—ee”yy,E¥>5 MeV)=(5.84+0.15 (stat}- 0.32 (syst)x 10"
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The procesK, —e"e” yy occurs mainly through kaon typically delivering 3.5< 10'? protons per minute. The beam
Dalitz decay K, —e" e y) with an internally radiated pho- was incident on a BeO target. Photons from the target were
ton. As such, measurements of the radiative decay can tegenverted by a lead absorber immediately downstream.
radiative correction calculations and probe the form factor ofCharged particles were then removed with magnetic sweep-
the K_yy* vertex. The study oK, —e*e yy is also im- ing. Collimators defined two neutral beams that entered the

portant because it is a significant background to searches fdfT€V/E799 apparatus 94 m downstream of the target. A 65
K ,—m%e*e”, a mode which has an important direct M vacuum decay region extended to the first drift chamber.

CP-violating component and [vt\ﬁls a primary focus of the Souctromet 4 Hodoscopes
KTeV/E799 rare-decay prografi]. pectrometer
The best existing measurements of the branching ratic Photon Veto Detectors  Magnet g [ion Vet
B(K —e"e” yy,E}>5 MeV) were made by the E799-I
and NA31 experiments, which measur€f.5+ 1.2 (stat)
+0.6 (syst)x10 7 [2] and (8.0+1.5 (stat) 15 (syst) =
X107 [3], respectively, based on signals of 58 and 40-.,_
events. This paper presents a branching ratio measureme! *
with much higher precision, using data collected by the Sweeping
KTeV/E799 experiment at Fermilab in 1997. Magnet
Figure 1 shows a plan view of the KTeV/E799 detector. gjimator

The Tevatron at Fermilab made an 800 GeV proton beam | , , ) ) ,
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*Corresponding author. Email address: jladue@fnal.gov. FIG. 1. The KTeV/E799 detector configuration for rare decay
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The charged-particle spectrometer consisted of a dipole magers were analyzed a§ —e* e~ yy candidates. Events with
net and four drift chamber&wo upstream and two down- a total of five clusters were analyzed ks~ w%g decays,
stream of the magnetwith ~100 »m position resolution in  where 73 denotes a pion decaying ®' e y. The latter
both horizontal and vertical directions. The magnetic fieldmode was used both to check the simulation and to measure
imparted a 205 MeW horizontal momentum kick. The the total number oK, decays in the data sample.
spectrometer had a momentum resolution o@fP)/P In addition to theK, —e™ e~ yy signal mode, several po-
~0.38%20.016%P, whereP is in GeV/c. tential background processes were considered. Khe
Photons were detected using an electromagnetic calorim=,e*e~y mode was a background when an additional pho-
eter, which consisted of 3100 pure Csl crystals, each 50 criibn was present. This photon could have been radiated by an
long [4]. Crystals in the central section of the calorimeter hade* while passing through matter in the detecttexternal”
a cross-sectional area of X2.5 cnf, and those in the outer radiation), or it could have been reconstructed from coinci-
region had a X5 cnt area. The calorimeter’s energy reso- dental activity in the calorimeter not associated with the de-
lution for photons wasr(E)/E~0.45%%2%/\E, whereE  cay (“accidental” activity). K— 7°7% was a background
is in GeV. The position resolution was about 1 mm. Bywhen one photon was missed. Similarlb(,L—w-rOTrOTrB
comparing spectrometer momentum to calorimeter energygould have been a background but was suppressed because
e~ could be distinguished fromr~. Nine photon veto as- mjssing three photons generally resulted in a reconstructed
leaving the fiducial volume. _ _ —a~e v plus two additional accidental photons with the
_Additionale™/#~ separation was provided by eight tran- 7+ mjsidentified ase® by the calorimeter, was eliminated
sition radiation detectofTRD) stations located downstream sjng the TRDs.
of the last drift chamberg]. Each TRD station consisted of  ponte Carlo(MC) simulations of the detector were per-
a polypropylene felt radiator followed by two planes of mul- formed to calculate the acceptances kgr—e*e” yy and
tiwire proao;?o/rgl chambgrﬁl\]/IWPCI) f'"ﬁd_"‘ath a]:n 80/2h0%16 K—a%mp and the misidentification rates fat, —e*e” 7y,
mixture of Xe/CQ gas. The pulse heights from the 16 ;0.0 5qqK . 7% 1. The effect of accidental clus-

MWPC planes, compared W|th+th1e pion pulse height d'sm'ters was simulated by overlaying on the MC events with data
butions from a sample df, — - e" v decays, were used 10 g, onts taken with a random trigger that had a rate propor-
i o . : "onal to the beam intensity. The finite angle of external ra-
Pion rejection factors over 200:1 were possible with @ 90%yiation was simulated. Simulations of Dalitz decays included
electron efficiency. radiative corrections t@(a2,,) based on the work of Mi-

The trigger system required hits in two scm.tlllatlon hOdO'. kaelian and Smitf7]. The radiative correction simulation
scopes just upstream of the Csl, as well as drift chamber hit lso  quantitatively  predicted  the  ratios I'(K
L

consistent with two coincident charged particles passin o o
through the detector. The trigger useg in tﬁis study gounte%_)e e NIT(Ki—yy) and I(K —eve yy)/T(K,
the number of isolated clusters of in-time energy over 1 GeV, 7y) and kinematic d|str|tiut|ons such as photon energy in
with a special process6]; at least four such clusters were the +KE center-of-mais,liy - The simulations of K,
required. The total energy deposited in the calorimeter had tg’ & € ¥ andK —e"e y used the Bergstro, Masse
be greater than 28 GeV. The scintillator hodoscope behind 2IN9€T(BMS) form factor(8]

lead wall downstream of the calorimeter vetoed events with

hadronic showers in the calorimeter, and events with activity (X)= 1 I Cags

in the photon veto system were similarly discarded. Events 1—x(mﬁ/m§) 1—x(m§/mi*)

which passed the hardware trigger requirements were read

out into on-line CPUs, which performed basic event recon- 4 1 1
struction and applied a few loose event-topology and X 3 > o > 2
particle-identification cuts to select events to be written to (1—x(mK/mP)) 9(1—x(mic/m;,))
tape. 5

During offline event reconstruction, each event was re- ———.
quired to contain two tracks from oppositely charged par- 9(1—x(mic/m3))

ticles originating from a common vertex. The reconstructed

vertex had to be between 96 m and 158 m from the targetvherex=(mMge/my)?, my, Myx, m,, m,,, andm; are all

The tracks had to be at least 1 cm apart at the most upstreaiftivariant masses of corresponding mesons @rc2.5. This

drift chamber, with an opening angle between the tracks of aincludes a parametery« describing the relative strengths of
least 2.24 mrad. To select electrons, each track was requirdde intermediate vector and pseudoscalar meson amplitudes
to point to a calorimeter cluster with an energy equal, withinin the K, — yy* vertex.

+5%, to the track momentum measured by the spectrom- The number ofK, decays was measured by thé

eter. The probability that a track was caused by a pion— 7’73 decay mode. This sample was selected with re-
formed by combining TRD chamber signals, was required tajuirements on reconstructed mass and total squared momen-
be less than 4% for each track. The total momentum of altum transverse to thi€, flight direction, and had background
decay products had to be under 216 Ge\dand the total of (0.439+0.044)%. Using the acceptance and branching
energy greater than 33 GeV. Events with a total of four clusratio, we determined that there wel@64.2+ 1.5 (stat)
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FIG. 2. Thee™"e™ yy invariant mass distributions for the data, —.e"e”yy MC, and the background MC samples. The MC distri-

the K, —e"e”yy MC, and the background MC samples. The MC p, iong yse the normalization calculation and predicted branching
distributions use the normalization calculation and predicted, i [for K, —e*e y(y)] or PDG branching ratio(for K
branching ratiogfor K, —e*e™ y(y)] or PDG branching rati¢for — 7070).

K— 072).

are plotted in Fig. 3 after all other cuts. The small angle
+2.4 (systf-9.1 (BR) X 10° K, decays between 20 and events were dominated B¢, —e*e™ y with an externally
220 GeVEk. The systematic uncertainty only includes effectsradiated photon. The large angle events were dominated by
not common to both signal and normalization mode, and th¢<_>w°wg , Where the electron directions were relatively un-
third uncertainty is due to uncertainties in the branching racorrelated with photon directions. Signal events were re-
tios of K, — w’7% and m°—e*e vy [9]. quired to have 0.05 6,,;,<0.63 rad.

Several cuts on reconstructed quantities were made on There were 1,54, —e*e” yy candidate events that
events with exactly four calorimeter clusters to identfy  satisfied all requirements. The distributionefe™ mass in
—e’ e yy signal candidates. First, to ensure that candidatéhese events after background subtraction was used to deter-
events did not include radiated photons below the nominamine the form factor. However, since the MC sample did not
infrared cutoff of 5 MeV,E’; was calculated for each photon include radiative corrections t, —e* e yy, an effective
and was required to be at least 8 MéW allow for finite  parameteragy;, was measured rather than the tewe.. We
detector resolution Since the MC sample was subjected to simulated the effect of different effective form factors in the
the same requirement, the acceptance correction proceduk&C simulation by reweightingk, —e*e yy and K_
yielded a branching ratio valid foE’;>5 MeV, allowing —e*e y MC events with a ratio of the BMS form factor
direct comparison to theoretical predictions as well as tesquared over the generated form factwhere agg=
other published measurements. —0.28) squared. Thg? for data to MC correspondence was

In order to reduce backgrounds in which one or morefound for each of manyg,. A parabola was fit to thg? as
particles are missing or mismeasured in the detector, oa function of ez, and the best fit was found atg=
which involve accidental activity, a momentum balance cut+0.016 with y>=4.3 for 9 degrees of freedom. Figure 4
was imposed. The square of the component of the total mashows the ratio of data to MC sample for this value and for
mentum of the decay perpendicular to a line drawn from thexg4= —0.30.
target to the vertex was required to be less than The statistical uncertainty was found by using 22 subsets
300 (MeVic)? for K, —e*e™ yy candidates. of MC events, each the same size as the data. The spread of

The invariant mass of the decay,,,,, was calculated different a4 found by using each subset in place of the data
assuming that the tracks were electrons. This mass was reras taken as the statistical uncertainty, 0.083. A sample of
quired to be within 11 MeW of the neutral-kaon mass. Fig- 12 million K, — 7#°#°#2 decays was used to check the MC
ure 2 shows the distributions ofi,,, after all other cuts, simulation of the acceptance as a functiomgf,. A ratio of
for data, signal, and the two main backgrounds. Values ofhe data over MC results in a slope of 0.038
Mee,, for K— 707Q decays tended to be less than the kaon+0.096 (GeVt?) ! and a* 1o range of this slope was fed
mass because one photon was missing. The excess in dateback into theK, —e*e™ yy simulation, resulting in a sys-
very low mg,, was from K, — m°7%7Y decays with three tematic uncertainty of-0.032 onagy. Uncertainty in our
missing photons. Th&, —e"e™ y decays often had a mass ability to reconstruct events witrKL—erwOwg decays,
above the kaon mass because most such decays had an exivhere the two(usually closely spacédracks both passed
accidental photon. The peak at the kaon mass inKhe through one of the beam regions of the first drift chamber led
—e" e vy distribution is caused by events with external ra-us to assign an uncertainty &g of =0.027. Other system-
diation. atic uncertainties, similar to those assessed below for the

The distributions of minimum angléd,,i,, between any branching ratio, were evaluated, but the results were negli-
photon and any electron in the center of mass of the decagible. These systematic uncertainties are combined to give a
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total uncertainty of+0.042 onag; .

The acceptance foK, —e™
>5 MeV was found to be 0.984% using MC calculations

reweighted to haveg;= +0.01

_ . %
e yy with generatedEy

6. A Monte Carlo simulation

that was normalized to the number §f decays in the de-
tector predicted 31 background events frdtp—e*e vy
(and K, —e"e” yy with true E} <5 MeV) and 25 back-

ground events fronk — 7°

Thus the branching ratio of

K.—e'e yy,E}>5 MeV |s (5.84+0.15 (stat)x 10"
Several sources of systematic uncertainty for the branch- We gratefully acknowledge the support and effort of the
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signed to account for uncertainty in the inefficiency for
tracks in the neutral-beam region of the drift chambéhs
beam region was 0.9650.028 efficient, by reweighting
MC events(signal, backgrounds, and normalizatidmased
on the number of tracks in the beam region in each event; the
resulting 0.49% drop in branching ratio was taken as a sym-
metric uncertainty. Varyingaegz by our combined uncer-
tainty of +0.093 changed the acceptance #d—e*e y
background, and the resulting2.25% change in branching
ratio was taken as an uncertainty. Finally, uncertainties due
to inaccuracies in the MC simulation of the detector were
estimated by varying one cut at a time over a reasonable
range simultaneously for data, signal, backgrounds, and nor-
malization. The most significant of these uncertainties were
from the transverse-momentum cut, the cut on the opening
angles between the the two tracks in the lab frame, and the
Mee,, Cut. When added in quadrature, all of the cut varia-
tions contributed a systematic uncertainty ©8.92%. The
combined systematic uncertainty df(K_—e"e” yy,E}
>5 MeV) was*5.44%.

MC numerical integration of the tree-level QED patrtial
width, using the BMS form factor withg«=+0.016 and
[9], predicts B(K,
—ete” yy,E >5 MeV)=(5.70+0.14)x 10"/, based on
B(K —e'e” y) (9.1+0.5)x 1078, in agreement with the
measurement.

In summary, we have determined the branching ratio of
K —e"e yy, with an infrared threshold & >5 MeV, to
be (5.84+0.15 (stat}- 0.32 (syst)x 10~ /. This calculation
uses an effective form factor, which does not include effects
from radiative  corrections, with agz=+0.016
+0.083 (stat)-0.042 (syst). This measurement is an im-
provement in precision over previous measurements, and
agrees with the predicted value at tree level.

ing ratio measurement were considered. The normalizatiofermilab staff and the technical staffs of the participating
calculation contributed uncertainties as mentioned previinstitutions for their vital contributions. This work was sup-

ously. A systematic uncertainty of 0.49% was assigned in ported in part by the U.S. Department of Energy, The Na-
order for the MC to match the relative excess of simulatedional Science Foundation and The Ministry of Education
events at small angle&ig. 3. Another uncertainty was as- and Science of Japan.
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