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A study of the dynamics of the rare decay K* — m*yy has been performed on a sample of 232 decay
candidates, with an estimated background of 17.4 &+ 1.1 events, collected by the NA62 experiment at
CERN in 2007. The results are combined with those from a measurement conducted by the NA48/2
Collaboration at CERN. The combined model-independent branching ratio in the kinematic range z =
(Mmyy /mi)? > 0.2 is Bwi(z > 0.2) = (0.965 £ 0.063) x 10~°, and the combined branching ratio in the full
kinematic range assuming a Chiral Perturbation Theory description is B(Kzyy) = (1.003 £0.056) x 106,

A detailed comparison of the results with the previous measurements is performed.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.

0. Introduction

Experimental studies of radiative non-leptonic kaon decays al-
low crucial tests of Chiral Perturbation Theory (ChPT) describing
weak low energy processes: the first non-trivial contribution to
their decay rates stems from next-to-leading order ChPT. For the
rare decay K* — m¥yy (Kzyy ), considerable phenomenologi-
cal understanding [1-4] is not matched by sufficient experimental
data.

The Ky, decay can be described by two kinematic variables:

S a1 +q2)? _ <mw)2 Y= p(q1 —q2)
ma mg )’ m2

where p and gy are the 4-momenta of the kaon and the two pho-
tons respectively, my, is the di-photon invariant mass, and my is
the charged kaon mass. The allowed region of the kinematic vari-
ables is [3]

0<z< Zmax = (1 —17)?> = 0.515,

1
0<y < Yymax(2) = E\/A‘(17rj2'[52)’
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where r; =my; /mg, my is the charged pion mass and A(a, b, c) =
a? + b2 + c2 — 2(ab + ac + be).

The Ky, decay was first observed by the BNL E787 experi-
ment in 1997 [5]: 31 KT decay candidates were reported in the
kinematic region 100 MeV/c < p% < 180 MeV/c or 0.157 <z <
0.384 (p* is the 7™ momentum in the K™ rest frame). An analysis
of 149 K,f},y decay candidates in the kinematic region z > 0.2 was
published by the NA48/2 Collaboration at CERN in 2014 [6]. A re-
lated decay mode K* — niye+e‘ (Kzyee) has been measured
from 120 candidates in the kinematic region mye. > 260 MeV/c?
or z= (Myee/my)? > 0.277 at the NA48/2 experiment [7].

A measurement of the KZ, decay based on a minimum bias
data sample collected by the NA62 experiment in 2007 is reported
here. The results are combined with those from the NA48/2 mea-
surement [6] and compared to the earlier measurements [5,7].

1. Beam and detector

The beam line and setup of the earlier NA48/2 experiment [8]
were used for the NA62 data taking in 2007. However, the beam
line parameters and transverse momentum kick provided by the
spectrometer magnet were significantly different. Secondary beams
of positive and negative hadrons with a central momentum of
74 GeV/c and a momentum spread of 1.4 GeV/c (rms) were de-
rived from the primary 400 GeV/c protons extracted from the
CERN SPS and interacting with a beryllium target. These beams
were dominated by 7 *; the K* component was about 6%. They
were delivered, either alternately or simultaneously, into a 114 m
long cylindrical vacuum tank containing the fiducial decay region
at angles of +0.23 mrad with respect to the detector axis, so as to
compensate for the opposite 3.58 mrad deflections by the down-
stream spectrometer magnet. These deflections were regularly re-
versed during data taking. The fraction of beam kaons decaying in
the vacuum tank was 18%.

The momenta of charged decay products of K* were measured
by a magnetic spectrometer, housed in a tank filled with helium at
nearly atmospheric pressure, located downstream of the decay vac-
uum tank and separated from it by a thin (0.3%Xg) Kevlar® com-
posite window. An aluminium beam pipe of 158 mm outer diame-
ter and 1.1 mm thickness traversing the centre of the spectrometer
(and all the following detectors) allowed the undecayed beam par-
ticles and the muon halo from beam pion decays to continue their
path in vacuum. The spectrometer consisted of four drift chambers
(DCHs) with a radial extension of 1.35 m, and a dipole magnet
located between the second and the third DCH, which provided
a horizontal momentum kick of 265 MeV/c. The nominal spec-
trometer momentum resolution was o,/p = (0.48 @ 0.009 - p)%,
where the momentum p is expressed in GeV/c. A hodoscope
(HOD) consisting of two planes of 64 plastic scintillator strips,
with each plane arranged in four quadrants, was placed down-
stream of the spectrometer. The HOD provided trigger signals and
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time measurements of charged particles with a resolution of about
150 ps. Following the hodoscope was a quasi-homogeneous liquid
krypton electromagnetic calorimeter (LKr) with an active volume
of 7 m3, 27X deep, segmented transversally into 13 248 projective
~2 x 2 cm? cells (with no longitudinal segmentation). The LKr en-
ergy resolution was o /E = (3.2/vE®9/E $0.42)%, and its spatial
resolution for the transverse coordinates x, y of an isolated elec-
tromagnetic shower was ox =0y = (4.2/@ @ 0.6) mm, where E
is expressed in GeV. A plane of scintillating fibres located in the
LKr calorimeter volume at a depth of about 9.5Xg, close to the
maxima of showers initiated by 10 GeV photons, formed the “neu-
tral hodoscope” (NHOD) which also provided trigger signals. The
LKr was followed by a hadronic calorimeter and a muon detector,
neither being used in the present analysis. A detailed description
of the detector can be found in Ref. [9].

2. Data sample and trigger

The data were obtained from about 3.5 x 10° SPS spills
recorded during 4 months of operation in 2007 with low inten-
sity beams at an instantaneous kaon decay rate in the vacuum
tank of ~10° Hz. The total number of K* decays in the vacuum
tank was ~2 x 100, About 27% of them were collected with si-
multaneous K™ and K~ beams, with a K*/K~ flux ratio of 2.0
and an angle of ~0.5 mrad between the K™ and K~ beam di-
rections. The remaining 65% (8%) of the sample correspond to K+
(K™) decays collected in single-beam mode. About half of the data
sample was recorded with a 9.2Xg thick lead (Pb) bar installed be-
tween the two HOD planes and shadowing about 10% of the LKr
area. This latter setup was used for another study, as described in
Ref. [10].

The main data set was recorded with a trigger requiring the
presence of an electron [10], which has marginal efficiency for
Kzyy decays. Therefore a sample collected using downscaled min-
imum bias trigger branches requiring at least one charged particle
and/or a minimum calorimetric energy deposit is used for this
measurement. At least one of the following trigger conditions was
required:

e a time coincidence of signals in the two HOD planes within
the same quadrant combined with loose lower and upper lim-
its on DCH hit multiplicity, signaling a charged particle travers-
ing the spectrometer (~20% of the data sample);

e the above condition in coincidence with an LKr energy deposit
of at least 10 GeV, signaling e nergy release from charged pi-
ons, electrons, or photons (~60% of the data sample);

e a signal from the NHOD detector, similarly signaling electro-
magnetic shower energy release (~20% of the data sample).

The resulting data sample used for this measurement corresponds
to about 6% of the total beam flux.

3. Data analysis
3.1. Measurement method

The Ky, decay rate is measured with respect to the normal-
ization decay chain collected simultaneously with the same trig-
ger logic: K* — %79 decay (K ) followed by 70 — yy decay
(n}(}y). As a consequence, the measurement does not depend on
the beam flux and composition, nor the downscaling factors of
the individual trigger branches and their variations throughout the
data taking, provided that the time variations of the geometrical
acceptances are taken into account. The similarity of the signal and

normalization decay final states leads to first order cancellation of
several systematic effects.
The branching ratio of K5, decay can be computed as

/
Nnyy Axx &2

B(Kryy) = - B(Kaz)B(1),)),

Now  Anyy Enyy
where N7, and Nj  are numbers of reconstructed signal and
normalization events (after background subtraction), Ary, and
A, are the acceptances of the signal and normalization selec-
tions, and &r,, and & are the corresponding trigger efficien-
cies. The normalization mode branching ratio B(Kzn)B(JT)ey) =
0.204 £ 0.001 is large and known to a good precision [11].

The acceptances for the signal, normalization and background
decays are evaluated with a detailed GEANT3-based [12] Monte
Carlo (MC) simulation. The signal acceptance Ay, is not uniform
over the kinematical space, and therefore depends in general on
the assumed kinematic distribution. Acceptances varied over time
due to the presence of the Pb bar during part of data taking (see
Section 2), groups of LKr cells temporarily masked for hardware
reasons, as well as small variations of the beam positions, direc-
tions and momenta.

Trigger efficiencies have been measured with control data sam-
ples. Due to the minimum bias trigger conditions applied and
the identity of the signal and normalization final state topologies,
these efficiencies have high and similar values for the signal, nor-
malization and background decay modes. Therefore they cancel to
first order, as quantified in Section 3.6.

3.2. Event reconstruction and selection

The event reconstruction is similar to that reported in Ref. [6].
However it is modified when needed to match the different beam
and detector properties. Most of the selection criteria are common
to the signal and normalization decay modes, due to their similar
topologies.

e A ¥ candidate track geometrically consistent with originating
from a beam K* decay is required. The decay vertex, recon-
structed as the point of closest approach of the track and the
axis of the kaon beam of the corresponding charge, should be
located within a 98 m long fiducial volume contained in the
vacuum tank.

e Track impact points in the DCH, HOD and LKr calorimeter
should be within their fiducial acceptances. The LKr accep-
tance definition includes separation by at least 6 cm from
the detector edges and groups of non-instrumented or tem-
porarily disabled cells, to reduce lateral energy leakage effects.
For the data sample collected with the Pb bar installed, LKr
calorimeter cells shadowed by the bar (rows 6 to 16 below
the centre line) are excluded from the track geometrical ac-
ceptance, as the pions (7¥) traversing the bar cannot be effi-
ciently separated from electrons (e*) by energy deposition in
the calorimeter.

e The reconstructed track momentum is required to be between
8 and 50 GeV/c, which does not decrease the K, acceptance
while inducing a relative loss of 5% on the K, acceptance.
The upper momentum cut is equivalent to a lower limit on
the total energy of the two photons and ensures the high ef-
ficiency of the LKr and NHOD trigger conditions; the lower
momentum cut decreases the background in the Ky, sam-
ple.

e The % is identified by the ratio of energy release in the
LKr calorimeter to momentum measured by the spectrome-
ter: E/p < 0.85. This decreases the electron contamination
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Fig. 1. (Colour online.) Reconstructed invariant mass distributions of (a) niyy and (b) m*m° candidates compared with the sums of estimated signal and background
components. The estimated Ky, signal corresponds to the result of a ChPT O(p®) fit. Signal region limits are indicated with vertical arrows. The K* — 7* 7%y background
contributes below, within and above the signal mass region through different mechanisms: photons missing the geometric acceptance (below), merging of photon LKr clusters
(within), both combined with photon conversions in the spectrometer (above). Systematic errors on the background distributions are not indicated. The relative uncertainty

on the background estimate in the K, sample is about 10%, as discussed in Section 3.6.

in the pion sample by at least a factor of 200, as measured
with a sample of K* — %%y decays, and reduces the back-
grounds from K* decays to electrons to a negligible level.
The mw* identification efficiency averaged over momentum is
98.4%. The corresponding systematic effects are discussed in
Section 3.6.

Clusters of energy deposition in the LKr calorimeter in time
with the track, separated by at least 25 cm from the track
impact point and not located in the shadow of the Pb bar
are considered as photon candidates. Exactly two photon can-
didates are required. They should be within the LKr fiducial
acceptance, which is defined in the same way as for the 7w+
candidate, except for larger separation (8 c¢cm) from detector
edges and groups of non-instrumented or temporarily dis-
abled cells. The distance between the two candidates should
be larger than 20 cm, and their energies should be above
3 GeV. These two requirements do not reduce the Kz, ac-
ceptance (due to the my,, cut discussed below) and lead to a
relative loss of 4% on the K, acceptance.

The backgrounds result mainly from LKr cluster merging, as
discussed in Section 3.3, and are characterized by larger mean
lateral width of the photon candidate LKr clusters. An energy-
dependent upper limit is imposed on that variable, based on
measurements of width distributions of isolated electromag-
netic clusters separately for data and MC simulated events.
This reduces background in the Ky, sample by about a fac-
tor of 2, while the relative acceptance loss is below 1% for both
Kzyy and Ky decays.

The reconstructed 7%y momentum is required to be be-
tween 70 and 78 GeV/c, and its component orthogonal to the
axis of the kaon beam of the corresponding charge should be
p% <0.5 x 1073 (GeV/c)?, which is consistent with the beam
momentum spectrum, divergence and resolution. This leads to
1% relative acceptance loss for both Kz, and Ko decays.
The reconstructed m*yy (m*7%) invariant mass should be
between 480 and 510 MeV/c2. The corresponding mass reso-
lutions for the Ky, (Kar) samples are 5.4 (3.3) MeV/c2.

The Ky and Ka5 selections differ only in the di-photon invariant
mass requirement.

e For Ky, the signal kinematic region is defined as z > 0.2.
Assuming a O(p®) ChPT kinematic distribution [3] and us-
ing the experimental input [6], the expected relative Ky,
acceptance loss is 3%. The low z region is dominated by the
7% monochromatic line at z = (m,o/my)? = 0.075, which is
widened by the resolution on photon energies (due to LKr en-
ergy resolution) and directions (due to LKr and spectrometer
spatial resolution and beam transverse profile). As a result, the
signal is not observable at low z, including the region below
the w0 peak. This was also the case for the previous Kryy
[5,6] and Kzyee [7] measurements. The resolution on the z
variable increases from 8z =0.005 at z=0.2 to §z=0.03 at
Zmax = 0.515.

e For Ky, the di-photon is required to be consistent with orig-
inating from a 7° decay: |my, —m_ 0| < 10 MeV/c? (0.064 <
Z < 0.086). The mass resolution is émy, =1.6 MeV/c? (corre-
sponding to §z =0.002).

The m*yy and w*n¥ invariant mass spectra of the selected

Kzyy and K candidates, with the expected signal and back-
ground contributions evaluated with MC simulations, are shown in
Fig. 1. The number of Ky, candidates is Ny, =232, of which
179 (53) are K+ (K~) decay candidates. The number of K,; can-
didates is Ny = 5.488 x 107, of which 4.431 (1.057) x 107 are K*
(K~) decay candidates. The kaon charge composition of the sample
is determined mainly by the durations of data taking periods with
single KT and single K~ beams. The reconstructed z spectrum of
the Ky, candidates is displayed in Fig. 2.

3.3. Backgrounds

The only sizeable background to the normalization mode (K>,

n),) comes from K* — 7%u*v decays (K,3) followed by 7).,
decays. The background contamination is

_ B(K;B)A(K,lﬁ)

= ———-—=0.115%,
B(K2z)A(K2z)
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Fig. 2. (Colour online.) Reconstructed z = (mw/m,{)2 spectrum of the Ky can-
didates compared with the estimated contributions from the signal and the largest
background K* — 7*7%. The K* — 7*7%7° background, which is an order of
magnitude smaller, is not shown. The estimated signal corresponds to the result of
a ChPT O(p®) fit. Signal region limits are indicated with vertical arrows.

where B(Ky5), B(K,3) are the nominal branching ratios of the K*
decay modes [11], and A(Ky;) = 16.88%, A(K,3) =0.12% are the
acceptances of the Ky, event selection for the two decay chains
evaluated with MC simulation. The quoted acceptances are ob-
tained by averaging over the whole data sample; acceptances for
the subset collected with the Pb bar (with a reduced LKr fiducial
area, see Section 3.2) are about two times lower than those for the
subset collected without the Pb bar. The product Ng of the num-
ber of K* decays in the fiducial decay volume in the analyzed data
set and the trigger efficiency for K, sample is computed as

Nox

= 5 = (1.592 £ 0.006) x 10,
B(Kaz)B(7yy ) A(K27)(1 + R)

Ng

where the uncertainty is due to the limited precision on the ex-
ternal input B(K>z). The number N® of background events in the
Ky sample is then evaluated as

NB=NK XZBIBAIB,
i

where the sum runs over the background kaon decay modes, and
BiB and Af are the corresponding branching ratios and geometri-
cal acceptances within the K, selection. This approach relies on
cancellation of the trigger efficiencies, as pointed out in Section 3.1.

The principal background in the Ky,, sample comes from
K= — %1% decays followed by 70, decays. It is due to the
merging of LKr energy deposition clusters produced by a pho-
ton from the 70 decay and a photon from the parent K* decay,
as detailed in Ref. [6]. This mechanism does not involve parti-
cles missing detector acceptance, therefore the relative background
contamination is similar for data subsets collected with and with-
out the Pb bar. This background is estimated with MC simula-
tions as described in Ref. [6]. In particular, the dominant inner
bremsstrahlung (IB) process is simulated according to Ref. [13],
while the smaller contributions from direct emission (DE) and in-
terference between DE and IB are simulated using the expected
ChPT phase space distributions [14,15] and the measured decay
rates [16]. The total background from K* — m*7 %y decays is es-
timated to be 15.3 + 1.1 events, where the uncertainty is due to
limited MC statistics.

Table 1

Bin definition, numbers of signal and background events N; and N8, signal accep-
tances A;j and model-independent branching ratios B; evaluated in z bins. The
quoted uncertainties are statistical. The signal acceptance reduces to zero at the
endpoint zmax = 0.515, because the 7* remains too close to the beam pipe to be
detected by the drift chambers.

Bin z range N; N® Aj Bj x 10°

0.20-0.24 14 7.32 0177 0.024 £0.013
0.24-0.28 20 3.83 0.175 0.058 +0.016
0.28-0.32 30 1.97 0.169 0.104 £ 0.020
0.32-0.36 54 1.93 0.160 0.204 4 0.029
0.36-0.40 56 1.00 0.146 0.237 +0.032
0.40-0.44 29 0.57 0.124 0.144 £+ 0.027
0.44-0.48 22 0.54 0.087 0.1554+0.034
z>0.48 7 0.25 0.026 0.162 £ 0.064

Another source of background in the Ky, sample is due to
K* — m%707° decays followed by 7, decays. They contribute
via photons missing the LKr acceptance as well as LKr cluster
merging. This background is estimated to be 2.1 4+ 0.3 events,

where the uncertainty is also due to limited MC statistics.
3.4. Model-independent rate measurement

Model-independent partial Kz, branching ratios 3; in bins of
the z variable defined in Table 1 are computed as

Bj=(Nj—NJ)/(NkA)),

where N; is the number of reconstructed Ky, candidates, Nf
is the estimated number of background events, A; is the signal
acceptance in bin j, and Nk is defined in Section 3.3. Trigger effi-
ciencies nearly cancel at this stage, as discussed Section 3.1.

The dependence of the acceptances A; on the assumed Ky
kinematical distribution can be neglected with respect to the sta-
tistical uncertainties, due to the sufficiently small bin width. The
y-dependence of the differential decay rate expected within the
ChPT framework [3,4] arises at next-to-leading order only, and is
weak (for a fixed z, the relative variation of 9/7/9zdy over y is be-
low 14% for z > 0.2 and below 6% for z > 0.25). The y-dependence
of the acceptance is also weak (for a fixed z, the relative variation
over y in the range y/Ymax < 0.9 is below 10%). As a result, the
measurements of 3; are model-independent to a good approxima-
tion.

The values of Nj, Nf and A; and the calculated B; with
their statistical uncertainties are listed in Table 1. The model-
independent branching ratio in the kinematic region z > 0.2 is
evaluated as a sum over z bins:

8
Bwmi(z > 0.2) = ZBj = (1.088 £ 0.0934¢a¢) x 1076, (1)

j=1
3.5. Measurement of ChPT parameters

In the framework of the ChPT description [3,4], the K5, decay
receives no tree-level O(p?) contribution. The differential decay
rate at leading order O(p*) and including O(p®) contributions can
be written as follows:

ar (e Z) _ myg
ayaz VP T

2
+ (y2 - }l,\(l, r?,,z)) |B(z)|2:|.

Here A(C, z, y?) and B(z) are loop amplitudes (the latter appears at
next-to-leading order and dominates the differential rate at low z),

[2(1A@.25%) + B + c@P)
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Fig. 3. Dependence of the Ky, branching ratio on the ¢ parameter predicted
within ChPT [3].

and C(z) is a pole amplitude. The decay rate and spectrum are
determined by a single a priori unknown (O(1) parameter ¢. The
formulation of Ref. [3] is used in this study, as it involves fewer
external parameters than a similar formulation of Ref. [4].

The ChPT expectations for the differential decay rate are il-
lustrated in Refs. [3,4,6]: they include a cusp in the differential
decay rate at the di-pion threshold zy, = 4r,2, = 0.320 generated
by the pion loop amplitude. At O(p®), a non-zero differential rate
is expected at z =0, and this is generated by the B(z) ampli-
tude. The branching ratio in the full kinematic range is expected to
be B(Kxyy) ~ 1075, and its dependence on ¢ is shown in Fig. 3.
A number of external parameters of the ChPT description are ex-
tracted from fits to experimental data [3]. These are fixed in this
study in the same way as for the NA48/2 K, measurement [6].

To measure the ¢ parameter in the ChPT O(p*) and O(p®)
frameworks [3], fits to the reconstructed z spectrum (Fig. 2) have
been performed by maximizing the log-likelihood

17
InL=> [nilnm; —m; —In(n;1)].

i=1
The sum runs over bins of the reconstructed z variable in the range
0.2 < z < 0.54 (the bin width is §z=0.02); n; are the numbers of
observed data events in the bins, and m;(¢) =m? (¢) +m? are the
expected numbers of events for a given value of ¢, including signal
and background components miS (¢) and mf. The quantities m;(c)
are computed using the number Nx of K* decays in the fiducial
volume measured from the normalization sample (Section 3.3), the
expected Ky, differential decay rate for a given value of ¢ [3],
and the acceptances of the Ky, selection for signal and back-
grounds evaluated from MC simulations. The highest bin is above
the Kry, kinematic endpoint and is populated due to resolution
effects. The fits to the O(p*) and O(p®) descriptions [3] yield the
following results:

C4 = 1.93 £ 0.265t,, C6 = 2.10 & 0.284¢,t-

A binned Kolmogorov-Smirnov test [17] yields p-values of 30% and
98% for the O(p*) and O(p®) descriptions, respectively. The data
are consistent with both ChPT descriptions. The z spectrum corre-
sponding to the O(p®) fit result is shown in Fig. 2.

Within ChPT, the total decay rate has an approximately parabolic
dependence on ¢ (Fig. 3), with a minimum at ¢ = ¢y ~ —2. This de-
pendence leads to a second (local) maximum of the likelihood at

the “negative solution” values ¢4 ~ —8, ¢ ~ —6. These negative
solutions are however excluded on the basis of a likelihood ratio
test.

3.6. Systematic effects

The largest systematic effect comes from the background esti-
mate in the Ky, sample. As discussed in Section 3.3, the back-
ground is primarily due to LKr electromagnetic cluster merging.
The effects of the possible differences in merging of clusters be-
tween data and MC have been studied by the variation of the clus-
ter lateral width cut, including the removal of the cut, which ap-
proximately doubles the background. An additional stability check
involving artificial merging of adjacent LKr clusters resolved by
the reconstruction has been performed, as described in Ref. [6].
These tests have not revealed any systematic effects within their
statistical sensitivity. Maximum variations of the results are con-
servatively considered as systematic uncertainties: § By (z > 0.2) =
0.027 x 1076, ¢4 = 0.08, 8¢ = 0.18. The assigned uncertainties
are of a statistical nature.

The signal and normalization samples have been collected with
the same set of minimum bias trigger conditions. As a result, the
systematic uncertainties due to trigger inefficiency are negligible as
detailed below. The HOD trigger inefficiency measured with a con-
trol K, sample collected with the NHOD trigger is (0.4 +0.1)%,
mainly localized along the scintillator counter boundaries and with
no particular pattern otherwise. Therefore it partially cancels be-
tween the Kr,), and Kz samples, and the residual uncertainty
is O(0.1%) or below. The upper track momentum (50 GeV/c) and
lower total momentum (70 GeV/c) selection conditions constrain
the LKr energy deposit to be above 20 GeV, significantly above
the LKr trigger threshold of 10 GeV. The corresponding LKr trig-
ger inefficiency has been measured from a K* — w%%v sample
collected with the HOD trigger condition to be below 0.1%. The
inefficiency of the NHOD trigger has been measured as a func-
tion of photon energies from a Ky, sample collected with HOD or
LKr trigger conditions. The inefficiencies integrated over the data
samples have been computed to be 0.15% (0.25%) for the Ky,
(K25 ) decays. The difference is due to the higher mean photon en-
ergy and therefore higher NHOD energy deposit for Ky, events.
A correction for this difference has been introduced for the data
collected with the NHOD trigger; the residual uncertainty is negli-
gible.

The 7+ identification efficiency due to the E/p < 0.85 condi-
tion (see Section 3.2) has been measured from samples of Ky, and
K* — 37* decays to decrease from 98.6% at p = 8 GeV/c to 98.2%
at p =50 GeV/c. It is higher for the MC simulated events due to
the limited precision of hadronic shower description. However it
largely cancels separately for data and MC simulated samples be-
tween the signal, normalization and background channels due to
its geometric uniformity and weak momentum dependence. The
residual systematic bias is negligible.

The systematic uncertainties on the geometrical acceptances
evaluated with MC simulations are negligible. Accidental activity
effects can be neglected due to the low beam intensity. The uncer-
tainty on the number of kaon decays in the fiducial volume due
to the limited precision on the external input B(Kzn)B(ngy) [11]
leads to negligible uncertainties on the results: §By(z > 0.2) =
0.004 x 1076, §¢4 = 8¢5 = 0.01.

4. Results
A sample of 232 Ky, decay candidates with an estimated

background contamination of 17.441.1 events collected with min-
imum bias trigger conditions by the NA62 experiment at CERN in
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2007 has been analyzed. The model-independent K;W

ratio in the kinematic region z > 0.2 is measured to be

branching

Bwmi(z > 0.2) = (1.088 &£ 0.093¢at & 0.0275ys¢) X 1075,

Measurements performed separately for K™ and K~ decays are
consistent within 1.5 standard deviations:

By (z > 0.2) = (1.010 £ 0.098s5a¢) x 1075,
Byyy(z > 0.2) = (1.417 £ 0.2565¢2¢) x 1075

The observed decay spectrum agrees with the ChPT expectations.
The values of the ¢ parameter in the framework of the ChPT O(p*)
and O(p®) parameterizations [3] have been obtained from fits to
the data z spectrum:

C4 = 1.93 & 0.26¢a¢ £ 0.08syst,
C6 =2.10 & 0.28ar & 0.185yst.

The data are insufficient to discriminate between the O(p*) and
O(p®) parameterizations. The measured value of Cg translates into
the following model-dependent branching ratio in the full kine-
matic range, obtained by integration of the ChPT O(p®) differential
decay rate:

Benpr = (1.058 £ 0.0665tat = 0.0445yst) X 1076,

The statistical error of Bchpr is smaller than that of By because
the low acceptance in the high z bins leads to large statistical
errors of B; (see Table 1), which propagate directly into By ac-
cording to Eq. (1), while having a small influence on the fitting
procedure used to obtain Bcppr.

5. Discussion
5.1. Combination with the NA48/2 Ky, results

A combination of the present results with those from the
NA48/2 K,j;yy measurement [6] has been performed. Systematic
uncertainties on the combined results are dominated by those due
to background subtraction. They have been estimated by study-
ing the stability of the combined results with respect to variation
of the selection conditions applied separately to the independent
NA48/2 and NA62 data samples.

The combined measurements of model-independent branching
ratios B; in z bins with their statistical uncertainties are presented
in Table 2. The NA48/2 and NAG2 measurements of B; are in
agreement, as seen in Fig. 4. The model-independent branching ra-
tio Bmi(z > 0.2) obtained by summing the combined values of B;
is

Bwmi(z > 0.2) = (0.965 £ 0.061 52t &= 0.0145yst) X 1076,

The combined B,\i,”(z > 0.2) measurements separately for K+
and K~ decays, obtained by averaging the NA48/2 and NA62
Bl\i/”(z > 0.2) results, are

By (z > 0.2) = (0.951 + 0.07241a1) x 1075,
Byyy(z > 0.2) = (1.004 £ 0.127515¢) x 107°.

These values are consistent: the charge asymmetry of the decay
rate is A(Kxyy) = (Byy — Byy)/ By + Byy) = —0.03£0.07, where
the sub-dominant systematic uncertainties are neglected.

The NA48/2 and NA62 measurements of the ChPT parameter ¢
consider the same set of external parameters. The combination of
the two results is therefore straightforward, and the results are

Table 2

Combined results of this analysis and NA48/2 val-
ues [6] for the model-independent Ky, branch-
ing ratio B; in z bins. The quoted errors are sta-

tistical only.
Bin z range Bj x 10°
0.20-0.24 0.030£0.011
0.24-0.28 0.046 £0.011
0.28-0.32 0.097 £0.015
0.32-0.36 0.194 £ 0.022
0.36-0.40 0.207 £0.023
0.40-0.44 0.123 £0.019
0.44-0.48 0.164 £0.025
z>0.48 0.104 £0.036
s 03
— [ |-@ NA48/2
* - |- NA62
Q' gog[| " Combined T
- | ChPT O(p°)
0.2
0.15[ & I
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Fig. 4. (Colour online.) Measurements of the model-independent Ky, branching
ratios B;j in z bins: NA48/2 [G], present result and the combination of the two.
The horizontal bars indicate the bin widths, while the vertical bars indicate the
statistical errors. The values of B; computed within ChPT O(p®) formulation [3],
obtained by integration of the ChPT differential decay rate for the central value of
the combined measurement ¢g = 1.86 over the bin width, are also shown. The lines
connecting the markers are drawn to guide the eye.

C4 =1.72 £ 0.205tat & 0.06yst,
Cs =1.86 £ 0.235t3¢ & 0.115ys,

where the second error is the experimental systematic uncertainty.
Integration of the O(p®) differential decay rate for the above value
of Cg over the whole physical region of the kinematic variables
leads to the following branching ratio:

Benpr = (1.003 4 0.05Tgt¢ = 0.024gyst) x 1076
= (1.003 £ 0.056) x 107°.

The corresponding model-dependent values of Beypr in z bins are
displayed in Fig. 4.

5.2. Comparison with earlier measurements of ChPT parameters

The measurements of the ¢ parameter in the ChPT frame-
work [3,18] published before this analysis and Ref. [6] are:

e ¢4 and Cg measurements from a sample of 31 quy
candidates recorded by the BNL E787 experiment [5];
e (g measurement from a sample 120 K%,ee decay candidates

recorded by the NA48/2 experiment [7].

decay
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Table 3
Values of the external parameters considered for ¢ measurements from K, and
Kryee decays. The notation is introduced in Refs. [3,19,20].

Measurement BNL E787 [5] NA48/2 [7] NA48/2 [6] and
present analysis

Decay mode Ky, KZyee K¥,,

Gsm% x 10° 2.24 2.210 2.202

ap x 108 91.71 91.7 93.16

a3z x 108 —-7.36 —7.4 —6.72

B1 x 108 —25.68 —25.7 —27.06

B3 x 108 —2.43 —24 —2.22

y3 x 108 2.26 2.3 2.95

£ x 108 —0.47 -05 —0.40

£ x 108 —1.51 -15 -1.83

ni (i=1;2;3) 0 0 0

The values of external parameters considered for these measure-
ments differ from those used to obtain the results reported in
Section 5.1, as summarized in Table 3.%!

The Gg parameter enters both O(p*) and O(p®) descriptions. It
is fixed according to Ref. [19] in this study. Considering higher val-
ues of Gg used for the earlier E787 (NA48/2) measurements mod-
ifies the results reported in Section 5.1 by Ac4 = —0.12(—0.02),
ACg = —0.04(—0.01), respectively. The shift is negative because
the ChPT decay rate for the experimentally established “posi-
tive solution” (¢ > ¢o ~ —2) is characterized by 95/9¢ > 0 and
aB/3Gg > 0.

The K3 amplitude parameters enter the O(p®) formulation.
They are fixed according to Ref. [20] in this study. Both earlier
measurements employed a set of parameters obtained from an-
other fit [21]. The corresponding shift of the result quoted in Sec-
tion 5.1 is Acg = —0.26, primarily due to the sensitivity to the &
parameter.

This study, similarly to the previous measurements, considers
zero values of the polynomial contributions entering the O(p®)
formulation (n; = 0). The parameter ¢ enters the differential de-
cay rate via a linear combination

&* = ¢ —2(my /mg)*n1 — 22 — 213 )
Assuming n; = 0 is equivalent to measuring ¢*. The value of ¢ can
be computed for any set of 7; from the measured ¢* using the
above relation.

The combined ¢ measurements from this analysis and Ref. [6]
obtained using the set of external parameters considered in Ref. [5]
are

¢ = 1.60 = 0.20s¢a¢ % 0.065ys,
g =1.56 £ 0.235ta¢ £ 0.115y5.

They agree with the E787 results ¢4 =1.64+0.6, Cg = 1.8 £ 0.6 [5].
Similarly, the combined ¢g measurement obtained using the set of
external parameters considered in Ref. [7] is

€6 =1.59 & 0.235tar £ 0. 114y,

which agrees to 1.3 standard deviations with the NA48/2 measure-
ment Cg = 0.90 £+ 0.45 from a K,}—Lyee sample [7]. However, a com-
parison of ¢ measurements obtained from different decay modes
(Kzyy and Kryee) might be affected by additional external uncer-

tainties.

21 The exact values of the external parameters considered for the earlier measure-
ments are not explicitly given in Refs. [5,7], but were provided by the corresponding
authors.

The branching ratio in the full kinematic range Bcppr O0b-
tained assuming the ChPT O(p®) description, reported in Sec-
tion 5.1, has a negligible sensitivity to the above differences of
external parameters. It agrees with the E787 result Bcppr = (1.1 £
0.3+ 0.1) x 107% [5], and is 5 times more precise. It is also
in agreement with an early prediction for the total decay rate
I'(Kzyy) =76 s7! [1] which, considering a mean K* lifetime of
Tk = (1.2380 £ 0.0021) x 10~8 s [11], translates into B(Kryy) =
K I'(Kzyy) = (0.941 £ 0.002) x 108,

5.3. External uncertainties on ChPT parameters

The expressions for the O(p*) loop amplitude A(¢,z) differ
between the ChPT formulations of Ref. [3] and Ref. [4]: the lat-
ter includes non-octet G,; terms. The difference between the fit
results derived from the two formulations is ¢4 = 0.25. The ex-
pression for the O(p®) loop amplitude with non-octet terms is not
available in the literature.

Another difference between the two ChPT formulations lies in
the computation of the pole amplitude C(z). Its contribution to
the total decay rate is sub-dominant (Bpoe = 0.05 x 10~% accord-
ing to [3]; Bpole < 0.03 x 10~% according to [4]), and the presently
available data sample is not large enough to distinguish between
the two formulations. The difference between the fit results with
and without inclusion of the C(z) amplitude gives conservative
estimates of the corresponding external uncertainties: §¢4 = 0.16,
8¢ =0.18.

The uncertainties on the K3; decay amplitude parameters in-
duce an error on the measured Cg parameter. By far, the largest
contribution comes from &;: an uncertainty of §& = 0.30 x
10~8 [20] translates into §¢g = 0.30. The uncertainty on & could
be reduced by considering the precision measurements of the K3z
decay amplitudes [22,23]. The errors on the measured g due to
the assumption 7; = 0 can be evaluated from Eq. (2). The un-
certainties on the external parameters n; are not available in the
literature.

The total external error is comparable to or larger than the
achieved experimental precision.

6. Summary

A model-independent measurement of the Ky,, decay rate
and fits to the ChPT description have been performed. The results
have been combined with those from a recent K, measurement
by the NA48/2 Collaboration. The results of the combination are as
follows. The model-independent branching ratio in a limited kine-
matic range is Bwi(z > 0.2) = (0.965+0.063) x 10~° and its charge
asymmetry is A(Kyryy) =—0.03 4 0.07. The observed decay spec-
trum agrees with the ChPT description, and ChPT parameters mea-
sured within the considered formulations are ¢4 =1.72+0.21 and
¢ = 1.86 & 0.25. The branching ratio in the full kinematic range
assuming the O(p®) description is Beppr = (1.003 4+ 0.056) x 1075,
The uncertainties are dominated by the statistical errors while in-
cluding a small experimental systematic contribution.

These results agree with earlier data and improve significantly
on previous experimental knowledge. The obtained experimental
precision (8¢ &~ 0.2, §Bcnpr/Behpr A~ 5%) may prompt more refined
theoretical studies to constrain better the external parameters
whose uncertainties are now larger than the experimental errors.
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