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Abstract

The NA48/2 experiment at CERN collected two data samples with minimum bias trigger
conditions in 2003 and 2004. A measurement of the rate and dynamic properties of the rare
decay K± → π±γγ from these data sets based on 149 decay candidates with an estimated
background of 15.5 ± 0.7 events is reported. The model-independent branching ratio in
the kinematic range z = (mγγ/mK)2 > 0.2 is measured to be BMI(z > 0.2) = (0.877 ±
0.089) × 10−6, and the branching ratio in the full kinematic range assuming a particular
Chiral Perturbation Theory description to be B(Kπγγ) = (0.910± 0.075)× 10−6.
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Dipartimento di Fisica dell’Università e Sezione dell’INFN di Firenze, I-50019 Sesto Fiorentino, Italy

M. Behler, K. Eppard, K. Kleinknecht, P. Marouelli, L. Masetti, U. Moosbrugger,
C. Morales Morales 19, B. Renk, M. Wache, R. Wanke, A. Winhart 1

Institut für Physik, Universität Mainz, D-55099 Mainz, Germany 20

D. Coward 21, A. Dabrowski 9, T. Fonseca Martin, M. Shieh, M. Szleper,
M. Velasco, M.D. Wood 21

Department of Physics and Astronomy, Northwestern University, Evanston, IL 60208, USA

P. Cenci, M. Pepe, M.C. Petrucci
Sezione dell’INFN di Perugia, I-06100 Perugia, Italy

G. Anzivino, E. Imbergamo, A. Nappi 5, M. Piccini, M. Raggi 11, M. Valdata-Nappi
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Österreichische Akademie der Wissenschaften, Institut für Hochenergiephysik,

A-10560 Wien, Austria 28

∗Corresponding author, email: eg@hep.ph.bham.ac.uk
1Present address: School of Physics and Astronomy, University of Birmingham, Birmingham, B15 2TT, UK
2Supported by a Royal Society University Research Fellowship
3Funded by the UK Particle Physics and Astronomy Research Council
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Introduction

Measurements of radiative non-leptonic kaon decays provide crucial tests of Chiral Perturbation
Theory (ChPT) describing weak low energy processes. The K± → π±γγ decay (denoted Kπγγ

below) has attracted the attention of theorists over the last 40 years [1, 2, 3, 4], but remains
among the least experimentally studied kaon decays.

The standard kinematic variables for the Kπγγ decay are

z =
(q1 + q2)

2

m2
K

=

(

mγγ

mK

)2

, y =
p(q1 − q2)

m2
K

,

where q1,2 are the 4-momenta of the two photons, p is the 4-momentum of the kaon, mγγ is
the di-photon invariant mass, and mK is the charged kaon mass. The physical region of the
kinematic variables is [3]

0 ≤ z ≤ zmax = (1− rπ)
2 = 0.515, 0 ≤ y ≤ ymax(z) =

1

2
λ1/2

(

1, r2π, z
)

,

where rπ = mπ/mK , mπ is the charged pion mass and λ(a, b, c) = a2 + b2 + c2 − 2(ab+ ac+ bc).
The only published Kπγγ measurement to date comes from the BNL E787 experiment [5]: 31

K+ decay candidates have been reported in the kinematic region 100 MeV/c < p∗π < 180 MeV/c,
where p∗π is the π+ momentum in the K+ rest frame (corresponding to 0.157 < z < 0.384). A
related decay mode K± → π±γe+e− (denoted Kπγee below) has been measured from 120 decay
candidates in the kinematic region mγee > 260 MeV/c2 or z = (mγee/mK)2 > 0.277 by the
NA48/2 experiment at CERN [6].

A K±
πγγ measurement with improved precision using minimum bias data sets collected by

the NA48/2 experiment in 2003 and 2004 is reported here.

1 Beam, detector and data samples

The NA48/2 experiment at CERN used simultaneousK+ andK− beams produced by 400 GeV/c
primary SPS protons impinging on a beryllium target. Charged particles with momenta of
(60 ± 3) GeV/c were selected by an achromatic system of four dipole magnets, which split the
two beams in the vertical plane and recombined them on a common axis. The beams then passed
through collimators and a series of quadrupole magnets, and entered a 114 m long cylindrical
vacuum tank with a diameter of 1.92 to 2.4 m containing the decay region. Both beams had a
transverse size of about 1 cm, and were aligned with the longitudinal axis of the detector within
1 mm. The K+/K− flux ratio was 1.79, and the fraction of beam kaons decaying in the vacuum
tank was 22%.

The vacuum tank was followed by a magnetic spectrometer housed in a vessel filled with
helium at nearly atmospheric pressure, separated from the vacuum by a thin (0.3%X0) Kevlar R©

composite window. The quadrupole magnets mentioned earlier focused the beams to a waist near
the centre of the spectrometer (the focusing was similar in the horizontal and vertical planes and
for the K+ and K− beams). An aluminium beam pipe of 158 mm outer diameter and 1.1 mm
thickness traversing the centre of the spectrometer (and all the following detectors) allowed the
undecayed beam particles to continue their path in vacuum. The spectrometer consisted of four
drift chambers (DCH) with a transverse width of 2.9 m: DCH1, DCH2 located upstream and
DCH3, DCH4 downstream of a dipole magnet that provided a horizontal transverse momentum
kick of 120 MeV/c for charged particles. Each DCH was composed of eight planes of sense
wires and provided a space point resolution of σx = σy = 90 µm. The spectrometer momentum
resolution was σp/p = (1.02⊕0.044 ·p)%, where p is expressed in GeV/c. The spectrometer was
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followed by a plastic scintillator hodoscope (HOD) consisting of two planes with a transverse size
of about 2.4 m, segmented in horizontal and vertical strips respectively, with each plane arranged
in four quadrants. It provided trigger signals and time measurements of charged particles with
a resolution of about 150 ps. The HOD was followed by a liquid krypton electromagnetic
calorimeter (LKr), an almost homogeneous ionization chamber with an active volume of 7 m3

of liquid krypton, 27X0 deep, segmented transversally into 13248 projective ∼ 2×2 cm2 cells
and with no longitudinal segmentation. The LKr energy resolution was σE/E = (3.2/

√
E ⊕

9/E ⊕ 0.42)%, and its spatial resolution for the transverse coordinates x and y of an isolated
electromagnetic shower was σx = σy = (4.2/

√
E ⊕ 0.6) mm, where E is expressed in GeV. The

LKr was followed by a hadronic calorimeter and a muon detector, both not used in the present
analysis. A detailed description of the detector can be found in Ref. [7].

The experiment collected data during two high intensity runs in 2003 and 2004 (with about
3 × 106 K± entering the decay volume per SPS spill of 4.8 s duration), in about 100 days of
efficient data taking in total. A multi-level trigger was employed to collect K± decays with at
least three charged tracks in the final state, as well as K± → π±π0π0 decays [8]: it had low
efficiency for theKπγγ decays, potentially leading to sizeable systematic uncertainties. Therefore
the present Kπγγ measurement is based on two special K± decay samples collected at ∼ 10%
the nominal beam intensity during 12 hours in 2003 and 54 hours in 2004 with a minimum bias
trigger condition: a time coincidence of signals in both HOD planes within the same quadrant
and an energy deposit of at least 10 GeV in the LKr calorimeter.

A GEANT3-based [9] Monte Carlo (MC) simulation including kaon beam line, detector
geometry and material description is used to evaluate the detector response.

2 Data analysis

2.1 Measurement method

The Kπγγ decay rate is measured with respect to the normalization decay chain with a large and
well known branching fraction [10]: the K± → π±π0 decay (denoted K2π below) followed by the
π0 → γγ decay (denoted π0

γγ below). Signal and normalization samples have been collected with
the same trigger logic. With this approach, the branching ratio of Kπγγ decay can be computed
as

B(Kπγγ) =
N ′

πγγ

N ′
2π

· A2π

Aπγγ
· ε2π
επγγ

· B(K2π)B(π0
γγ),

where N ′
πγγ and N ′

2π are the numbers of reconstructed signal and normalization events (with
backgrounds subtracted), Aπγγ and A2π are the acceptances of the signal and normalization
selections, and επγγ and ε2π are the corresponding trigger efficiencies.

The acceptances are computed with MC simulations. However the signal acceptance Aπγγ

is not uniform over the kinematical space, and therefore depends in general on the assumed
kinematic distribution. Trigger efficiencies have been measured in dedicated data studies and
found to have similar values for the signal, normalization and background decay modes with
similar final state topologies. Therefore they cancel to first order both while correcting the ratio
of signal to normalization counts and while subtracting background from the signal counts. The
residual systematic effects are well below the statistical precision of the measurement, as detailed
in Section 2.6.

2.2 Event reconstruction and selection

Trajectories and momenta of charged particles are reconstructed from hits and drift times in the
spectrometer using a detailed magnetic field map. Fine calibrations of the spectrometer field
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integral and DCH alignment are based on measurements of the mean reconstructed K± → 3π±

invariant mass. Clusters of energy deposition in the LKr calorimeter are found by locating
the maxima in the digitized pulses from individual cells in space and time. Cluster positions
are estimated using the centres of gravity of the energy deposition in 3 × 3 cells, while their
energies are estimated as sums of energies deposited in the cells within 11 cm from the maxima.
The reconstructed energies are corrected for energy deposited outside the cluster boundary,
energy sharing and losses in inactive cells (0.8% of the total number). Further details about the
reconstruction procedure can be found in Ref. [7].

The signal (Kπγγ) and normalization (K2π, π
0
γγ) decay modes are characterized by the same

set of particles in the final state. Therefore the following principal selection criteria are common
for the two modes, leading to cancellation of systematic effects.

• Exactly one reconstructed charged particle track (π± candidate) geometrically consistent
with originating from a K± decay is required. The geometrical consistency is determined
by reconstructing the decay vertex as the point of closest approach of the track (extrapo-
lated from the spectrometer upstream into the vacuum tank) and the detector axis, taking
into account the stray magnetic field. The reconstructed closest distance of approach
(CDA) of the track to the detector axis is required to be less than 3.5 cm. The width
(rms) of the CDA distribution for K2π events without π± decays in flight is 0.5 cm, domi-
nated by the beam transverse size. The reconstructed kaon decay vertex should be located
within a 98 m long fiducial volume in the upstream part of the vacuum tank.

• Track impact points in the DCH, HOD and LKr calorimeter front planes should be within
the corresponding fiducial acceptances, including appropriate separations from detector
edges and inactive LKr cells.

• The reconstructed track momentum should be between 10 and 40 GeV/c. The lower cut
results in a relative Kπγγ acceptance loss of about 10% (assuming a ChPT kinematic
distribution), reducing the K± → π±π0π0 background by about 40%. The upper cut,
resulting in no Kπγγ acceptance loss and decreasing the K2π acceptance by about 5%
relative, is equivalent to a lower limit on the total energy of the two photons and ensures
the high efficiency of the LKr trigger condition.

• The charged pion (π±) is identified by the ratio E/p of energy deposition in the LKr
calorimeter to momentum measured by the spectrometer: E/p < 0.85. This decreases
electron contamination in the pion sample by about two orders of magnitude and reduces
the backgrounds from kaon decays to electrons such as K± → π0e±ν(γ) to a negligible
level. The π± identification efficiency, discussed in Section 2.6, is about 98.5%.

• LKr energy deposition clusters in time with the track (±15 ns) and separated by at least
25 cm from the track impact point are considered as photon candidates. The presence of
exactly two photon candidates is required. The candidates should be within the fiducial
LKr acceptance and separated from inactive LKr cells. The distance between the two
candidates should be larger than 20 cm, and their energies should exceed 3 GeV. The
latter two requirements do not lead to Kπγγ acceptance loss (due to the mγγ cut discussed
below) but reduce the K2π acceptance by about 6% relative.

• To suppress backgrounds due to LKr cluster merging, an energy-dependent upper cut on
the LKr cluster transverse width is applied to the photon candidates. The criterion has
been established by analyzing the width distributions of isolated electromagnetic clusters
separately for data and MC simulated events. It reduces background in theKπγγ sample by
about a factor of 2 (as discussed in Section 2.3) with a 0.7% relative acceptance reduction
for both Kπγγ and K2π decays.
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• Photon trajectories and 4-momenta are reconstructed assuming that the photons originate
from the decay vertex defined above. The trajectories are required not to intersect the
beam pipe and inner DCH flanges to avoid energy and momentum mismeasurement due
to showering in the material: at least 11 cm separation from the detector axis in DCH
transverse planes is required.

• The reconstructed total π±γγ momentum should be between 55 and 65 GeV/c and the
transverse momentum with respect to the detector axis should be p2T < 0.5×10−3 (GeV/c)2,
which is consistent with the beam momentum spectrum. The relative acceptance losses
due to these conditions are below 1% for both Kπγγ and K2π decays.

• The reconstructed π±γγ (π±π0) invariant mass should be between 0.48 and 0.51 GeV/c2.
The corresponding mass resolutions are 5.9 (3.9) MeV/c2 for the Kπγγ (K2π) decays.

The Kπγγ and K2π selection conditions differ only in the di-photon invariant mass requirement.

• For Kπγγ , the signal kinematic region is defined as z > 0.2. The low z region is dom-
inated by the K2π background and other backgrounds from π0

γγ decays peaking at z =
(mπ0/mK)2 = 0.075. Earlier analyses of Kπγγ and Kπγee decays [5, 6] are also restricted
to kinematic regions above the π0 peak for the same reason. As discussed in Section 2.5,
the expected Kπγγ acceptance loss assuming a ChPT kinematic distribution is only a few
percent. The resolution on the z variable increases from δz = 0.005 at z = 0.2 to δz = 0.03
at zmax = 0.515.

• For K2π, the reconstructed di-photon mass should be consistent with the nominal π0

mass [10]: |mγγ −mπ0 | < 10 MeV/c2, equivalent to 0.064 < z < 0.086. The resolution on
the π0 mass is δmγγ = 1.6 MeV/c2, or δz = 0.002.

The π±γγ and π±π0 invariant mass spectra of the selected signal and normalization can-
didates are displayed in Fig. 1 together with the expectations for the signal and background
contributions evaluated with MC simulations. The number of reconstructed Kπγγ candidates is
Nπγγ = 149, of which 97 (52) are K+ (K−) decay candidates. The number of reconstructed K2π

candidates is N2π = 3.628 × 107, of which 2.321 (1.307) × 107 are K+ (K−) decay candidates.
The ratios of the numbers of Kπγγ/K2π candidates are consistent for K+ and K− decays, as the
NA48/2 geometrical acceptance is highly charge-symmetric by design [8]. The reconstructed z
spectrum of the Kπγγ candidates is presented in Fig. 2.

2.3 Backgrounds

The only significant background to the normalization mode (K2π, π
0
γγ) comes from the K± →

π0µ±ν decay (denoted Kµ3 below) followed by π0
γγ . The relative background contamination

is estimated to be R = B(Kµ3)A(Kµ3)/B(K2π)A(K2π) = 0.13%, where B denote the nominal
branching fractions [10], and A(K2π) = 19.18%, A(Kµ3) = 0.15% are the acceptances of the
K2π selection for K2π and Kµ3 decays followed by π0

γγ decays evaluated with MC simulation.
The product of the number of K± decays in the fiducial volume and the trigger efficiency for
the K2π sample is computed from the number of reconstructed normalization candidates N2π as

NK =
N2π

B(K2π)B(π0
γγ)A(K2π)(1 +R)

= (0.925 ± 0.004) × 109,

where the uncertainty is due to the limited precision on the external input B(K2π). The number
of background events in the Kπγγ sample is evaluated as

NB = NK ×
∑

i

BB
i A

B
i ,
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Figure 1: Invariant mass distributions of (a) π±γγ and (b) π±π0 compared with the sums of
estimated signal and background components. The estimated Kπγγ signal corresponds to the
result of a ChPT O(p6) fit. The limits of the signal regions are indicated with vertical arrows.

where the sum runs over the background kaon decay modes, BB
i are the corresponding branching

ratios and AB
i are their geometrical acceptances within the Kπγγ selection evaluated with MC

simulation. As discussed in Section 2.1, this approach relies on the cancellation of the trigger
efficiencies.

The dominant background to the Kπγγ decay comes from the K± → π±π0γ inner brems-
strahlung (IB) decay, simulated according to Ref. [11], followed by π0

γγ . Two contributions
to the IB process have been considered separately to improve the statistical precision: a) the
component with the radiative photon energy in the kaon rest frame E∗

γ > 10 MeV, accounting
for 0.32% of the decay rate and about 90% of the background; b) the remaining component
with E∗

γ ≤ 10 MeV. The smaller contributions from the K± → π±π0γ direct emission (DE) and
interference (INT) terms followed by π0

γγ decay are simulated using the expected ChPT phase
space distributions [12, 13] and the measured decay rates [14]: the corresponding partial decay
rates integrated over the phase space are BDE = (6.9 ± 0.4) × 10−6 and BINT = (−6.0 ± 1.3) ×
10−6. The K± → π±π0γ (IB, DE, INT) decays can produce a Kπγγ signature by the following
mechanisms.

• In the mass region mπγγ < 0.48 GeV/c2: a photon from the π0
γγ decay is outside the

LKr acceptance. This contribution comes mainly from the high-E∗
γ IB component as the

selection requires the radiative photon to produce an LKr cluster with an energy of at
least 3 GeV.

• In the signal mπγγ region: LKr clusters produced by the radiative photon and a pho-
ton from the π0

γγ decay merge, resulting in the reconstructed z variable above z =
(mπ0/mK)2 = 0.075. This irreducible background comes mainly from the high-E∗

γ IB
component.

• In the mass region mπγγ > 0.51 GeV/c2: the radiative photon is undetected, while a
photon from the π0

γγ decay converts in the spectrometer between DCH1 and the magnet
(γ → e+e−), resulting in two LKr clusters but no reconstructed tracks.1 The other photon

1Track reconstruction requires space points in each of DCH1, DCH2 and DCH4.
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Figure 2: Reconstructed z = (mγγ/mK)2 distribution of the Kπγγ candidates and estimated
signal and background contributions. The estimated signal corresponds to the result of a ChPT
O(p6) fit. The limits of the signal region are indicated with vertical arrows.

from the π0
γγ decay either forms a merged LKr cluster or is outside the LKr acceptance.

This contribution comes mainly from the low-E∗
γ IB component.

The latter two components involve merging of LKr electromagnetic clusters and are reduced
by the cluster transverse width cut (see Section 2.2). The total K± → π±π0γ background is
estimated to be 11.4 ± 0.6 events, where the uncertainty comes from MC simulation statistics.

Another source of background to the Kπγγ decay is the K± → π±π0π0 decay followed by
π0
γγ decays. It enters the signal region predominantly due to the two photons out of the four

(coming from decays of different π0 to satisfy the z > 0.2 requirement for the remaining pair)
missing the LKr fiducial area. There is also a component with one or two pairs of photons (from
decays of different π0) producing merged LKr clusters. The invariant mass of the four photons
corresponds to z ≥ (2mπ0/mK)2 = 0.299. The z variable reconstructed with the two clusters
also satisfies this condition (Fig. 2) because the lost photons (if any) are soft, as imposed by the
total momentum and invariant mass requirements. The background is estimated to be 4.1± 0.4
events, where the uncertainty comes from MC simulation statistics.

The total estimated background in the Kπγγ sample amounts to 15.5±0.7 events, where the
error is MC statistical. The data/MC agreement of the distributions outside the signal regions
(Fig. 1, 2) validates the background estimates to a good accuracy.

2.4 Model-independent rate measurement

Partial Kπγγ branching fractions Bj in 8 bins of the z variable defined in Table 1 are evaluated
as

Bj = (Nj −NB
j )/(NKAj),

where Nj is the number of reconstructed Kπγγ candidates, NB
j is the number of background

events and Aj is the signal acceptance in bin j (the latter two quantities are estimated from
MC simulation). Background evaluation in bins of z is similar to that in the total Kπγγ sample
described in Section 2.3. Trigger efficiency cancels at this stage, as discussed in Section 2.1.
The resulting measurement of the z spectrum is model-independent because the considered z
bin width is sufficiently small for the acceptances Aj to have a negligible dependence on the
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Table 1: Numbers of signal and background events Nj andNB
j , signal acceptances Aj and model-

independent branching ratios Bj evaluated in z bins. The quoted uncertainties are statistical.
Signal acceptance reduces to zero at the endpoint zmax, as the π± at rest in the K± centre
of mass frame propagates in the beam pipe. The acceptance for the normalization mode is
A2π = 0.1918, as reported in Section 2.3.

z range Nj NB
j Aj Bj × 106

0.20–0.24 13 4.89 0.194 0.045 ± 0.020
0.24–0.28 9 2.73 0.198 0.034 ± 0.016
0.28–0.32 18 2.33 0.194 0.087 ± 0.024
0.32–0.36 33 1.30 0.190 0.180 ± 0.033
0.36–0.40 31 0.98 0.184 0.177 ± 0.033
0.40–0.44 18 1.61 0.173 0.103 ± 0.027
0.44–0.48 23 1.21 0.135 0.175 ± 0.038
z > 0.48 4 0.52 0.049 0.076 ± 0.044

assumed Kπγγ kinematical distribution. In addition, the y-dependence of the differential decay
rate expected within the ChPT framework [3, 4] is weak (see Section 2.5), and the y-dependence
of acceptance is also weak. The values of Nj , NB

j and Aj and the evaluated Bj with their
statistical uncertainties are presented in Table 1. The model-independent branching fraction in
the kinematic region z > 0.2 is computed by summing over the z bins:

BMI(z > 0.2) =
8

∑

j=1

Bj = (0.877 ± 0.087stat)× 10−6.

2.5 Measurement of ChPT parameters

Given the limited size of the data sample, the ChPT formulation of Ref. [3], which involves fewer
free parameters than a similar formulation of Ref. [4], is considered in this analysis. The Kπγγ

decay receives no tree-level O(p2) contribution, and the differential decay rate for leading order
O(p4) and including next-to-leading order O(p6) contributions can be parameterized as follows:

∂Γ

∂y∂z
(ĉ, y, z) =

mK

29π3

[

z2
(

|A(ĉ, z, y2) +B(z)|2 + |C(z)|2
)

+

(

y2 − 1

4
λ(1, r2π, z)

)2

|B(z)|2
]

.

Here A(ĉ, z, y2) and B(z) are loop amplitudes (the latter appears at next-to-leading order and
dominates the differential rate at low z), and C(z) is a pole amplitude contributing a few percent
to the total decay rate. The rate and spectrum are determined by a single O(1) parameter
ĉ whose value is a priori unknown. An additional loop amplitude D entering the complete
formulation vanishes at O(p6) for the Kπγγ process [3], though it does contribute at this order
to the Kπγee process with an off-shell photon [15]. The y2-dependence of the differential decay
rate arises only at O(p6) and is weak: e.g. for ĉ = 2, the relative variation of ∂Γ/∂z∂y over y
for a fixed z is below 14% for z > 0.2 and below 6% for z > 0.25. The explicit expressions for
the above amplitudes are given in Ref. [3].

The ChPT description involves a number of external inputs. The G8 parameter entering
both O(p4) and O(p6) descriptions is fixed in this analysis according to Ref. [16]. The O(p6)
framework additionally involves 7 parameters of the K3π decay amplitude fixed in this analysis
to those fitted to the experimental data [17], and 3 polynomial contributions ηi (i = 1; 2; 3) fixed
to ηi = 0. The parameter ĉ enters the O(p6) differential decay rate via a linear combination
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Table 2: Values of the external parameters considered in this analysis. The notation is introduced
in Ref. [3, 16, 17].

Parameter Value Parameter Value Parameter Value

G8m
2
K × 106 2.202 β1 × 108 −27.06 ζ1 × 108 −0.40

α1 × 108 93.16 β3 × 108 −2.22 ξ1 × 108 −1.83
α3 × 108 −6.72 γ3 × 108 2.95 ηi 0
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/d
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Figure 3: Differential rate dΓ/dz according to the O(p4) and O(p6) descriptions [3] for several
values of ĉ. The ĉ-independent pole contribution from the C(z) amplitude is also shown. The
external parameters are fixed as indicated in Table 2.

ĉ∗ = ĉ− 2(mπ/mK)2η1 − 2η2 − 2η3. Therefore setting ηi = 0 is equivalent to measuring ĉ∗, and
ĉ can be computed for any assumed values of ηi.

The considered values of the external parameters are listed in Table 2. The corresponding
ChPT O(p4) and O(p6) predictions [3] for the differential decay rate are illustrated in Fig. 3.
Their main features are: a) a cusp at the di-pion threshold zth = 4r2π = 0.320 generated by the
pion loop amplitude; b) non-zero differential rate at z = 0 generated by the B(z) amplitude at
next-to-leading order O(p6). The branching ratio is expected to be B(Kπγγ) ∼ 10−6.

To measure the values of the ĉ parameter in the ChPT O(p4) and O(p6) frameworks, fits to
the reconstructed z spectrum (Fig. 2) have been performed by maximizing the log-likelihood

lnL =
17
∑

i=1

[ni lnmi −mi − ln(ni!)] .

The sum runs over bins of the reconstructed z variable in the range 0.2 < z < 0.54 (bin width
is δz = 0.02), ni are the numbers of observed data events in the bins, and mi(ĉ) = mS

i (ĉ) +mB
i

are the expected numbers of events for a given value of ĉ, including signal and background
components mS

i (ĉ) and mB
i . The quantities mi(ĉ) are computed using the number of K± decays

in the fiducial volume NK measured from the normalization sample (Section 2.3), the expected
ChPT Kπγγ differential decay rate for a given ĉ value [3], and the acceptances of the Kπγγ

selection for signal and backgrounds evaluated from MC simulations. The highest bin is above
the Kπγγ kinematic endpoint and is populated due to resolution effects (see Fig. 2). The results
of the fits to the O(p4) and O(p6) formulations [3] are

ĉ4 = 1.37 ± 0.33stat, ĉ6 = 1.41 ± 0.38stat.
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A binned Kolmogorov–Smirnov test [18] for the ChPT O(p4) and O(p6) descriptions yields p-
values of 46% and 59%, respectively: the data are consistent with both considered descriptions.
The total decay rate has an approximately parabolic dependence on ĉ [3]; the corresponding
local maximum of the likelihood function at ĉ4 ≈ −8, ĉ6 ≈ −6 is ruled out by the data. The
z spectrum corresponding to the O(p6) fit shown in Fig. 2 supports the ChPT prediction of a
cusp at the di-pion threshold.

2.6 Systematic effects

The largest systematic uncertainty comes from the background estimate in the Kπγγ sample. As
discussed in Section 2.3, the background comes mainly fromK± decays with a pair of nearby LKr
clusters produced by two photons reconstructed as a single cluster. Therefore the background
estimation relies on the simulation of LKr cluster merging. To quantify the systematic effect,
stability of the results with respect to the variation of the LKr cluster transverse width cut
has been studied. The variation includes the removal of the cut, leading to a background
enhancement by a factor of ∼ 2, which is largely compensated by a similar increase in the
background estimate. In another check, artificial merging of pairs of nearby reconstructed
clusters has been introduced for both data and MC simulated samples, with pairs of clusters
separated by less than a certain merging distance replaced by a single merged cluster. A stability
test has been performed with respect to the variation of the merging distance parameter from
zero (the standard selection) to 6.5 cm (at which distance clusters are normally resolved), leading
to background enhancement by a factor of ∼ 2.5. These tests have not revealed any systematic
effects within their statistical sensitivity. Maximum variations of the results are conservatively
considered as the systematic uncertainties due to background estimation: δBMI(z > 0.2) =
0.017 × 10−6, δĉ4 = 0.14, δĉ6 = 0.11. The uncertainties due to the MC statistical errors of
background estimates are negligible with respect to the systematic uncertainties quoted above.

The HOD trigger efficiency for 1-track events has been measured to be 99.75% and geo-
metrically uniform using control triggers requiring activity in the LKr [8]. The upper track
momentum (40 GeV/c) and lower total momentum (55 GeV/c) selection conditions constrain
the LKr energy deposit to be above 15 GeV, which is higher than the 10 GeV trigger threshold.
The corresponding LKr trigger efficiency has been measured to be above 99% using a HOD
control trigger. Efficiencies of both HOD and LKr trigger conditions largely cancel between the
signal, normalization and background channels for the adopted event selection due to the absence
of significant geometric or energy dependences. The residual systematic effect is negligible.

The π± identification efficiency due to the E/p < 0.85 condition (Section 2.2) is not perfectly
reproduced by the MC simulation, due to the limited precision of hadronic shower description.
It has been measured from samples of K2π and K± → 3π± decays to vary from 98.6% at
p = 10 GeV/c to 98.3% at p = 40 GeV/c. It largely cancels between the signal, normalization
and background channels separately for data and MC simulated samples due to its geometric
uniformity and weak momentum dependence. The residual systematic bias is significantly below
the statistical uncertainties.

The uncertainties due to the limited accuracy of geometrical acceptance evaluation are well
below the statistical precision. The systematic effects due to accidental activity are negligible,
as the data sample was collected at low beam intensity.

The uncertainty on the total number of kaon decays in the fiducial volume due to the lim-
ited precision on the external input B(K2π) is δNK/NK = 0.4%. It translates into negligible
uncertainties on the results: δBMI(z > 0.2) = 0.004 × 10−6, δĉ4 = δĉ6 = 0.01.
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3 Results and conclusions

A sample of 149K±
πγγ decay candidates with an estimated background contamination of 15.5±0.7

events collected by the NA48/2 experiment at CERN with minimum bias trigger conditions in
2003 and 2004 has been analyzed. Using the K2π decay followed by π0

γγ as normalization mode,
the model-independent (MI) K±

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

BMI(z > 0.2) = (0.877 ± 0.087stat ± 0.017syst)× 10−6.

The measurements performed separately for K+ and K− decays are consistent:

B+
MI(z > 0.2) = (0.881 ± 0.107stat)× 10−6, B−

MI(z > 0.2) = (0.868 ± 0.147stat)× 10−6.

This is the first published measurement of the K−
πγγ decay rate.

The observed decay spectrum agrees with the ChPT expectations. The values of the ĉ
parameter in the framework of the ChPT O(p4) and O(p6) parameterizations [3] have been
obtained from log-likelihood fits to the data z spectrum:

ĉ4 = 1.37 ± 0.33stat ± 0.14syst,

ĉ6 = 1.41 ± 0.38stat ± 0.11syst.

Both O(p4) and O(p6) descriptions are equally favoured by the data. These measurements are in
agreement with the earlier results reported from Kπγγ decays (ĉ4 = 1.6± 0.6, ĉ6 = 1.8± 0.6) [5]
and Kπγee decays (ĉ6 = 0.90 ± 0.45) [6], and are obtained at improved precision. The model-
dependent branching fraction in the full kinematic range is obtained by integrating the ChPT
O(p6) differential decay rate [3] for the above value of ĉ6:

B6(Kπγγ) = (0.910 ± 0.072stat ± 0.022syst)× 10−6,

in agreement with an earlier measurement B6(Kπγγ) = (1.1 ± 0.3stat ± 0.1syst)× 10−6 [5]. This
result also agrees with a prediction for the total decay rate Γ(Kπγγ) = 76 s−1 [1] which,
considering a mean K± lifetime of τK = (1.2380 ± 0.0021) × 10−8 s [10], translates into
B(Kπγγ) = τKΓ(Kπγγ) = (0.941 ± 0.002) × 10−6.
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