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The recently published measurements of the K* — 7% yy decay with minimum bias data sam-
ples collected by the NA48/2 and NAG62 experiments are discussed. The results include a
model-independent decay rate measurement and fits to Chiral Perturbation Theory (ChPT) de-
scription. The model-independent branching ratio in the kinematic range z = (myy/ mg)? > 0.2,
obtained by combining the NA48/2 and NA62 results, is By = (0.965+0.63) x 1076, The
combined branching ratio in the full kinematic range assuming a ChPT description is
Benpr = (1.003 £0.056) x 107%. The uncertainties are dominated by the statistical errors. The
data support the ChPT prediction for a cusp in the di-photon invariant mass spectrum at the two

pion threshold.
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1. Introduction

In 2003-04 the NA48/2 experiment at the CERN SPS used simultaneous K and K~ beams

to collect a large sample of charged kaon decays in the search for direct CP violation [1]. The
successor experiment NA62 (Rg phase) used the same detector with the data-taking conditions
optimised for measurement of the ratio, Rk, of the rates of leptonic kaon decays [2]. The large
statistics accumulated by the two experiments have allowed for measurements of a number of rare
kaon decay modes, including the radiative K* — 7= yy.
Experimental studies of radiative non-leptonic decays provide crucial tests for the ability of Chiral
Perturbation Theory (ChPT) to describe weak low energy processes. In the ChPT framework, the
K* — n*yy differential decay rate up to next-to-leading order is parametrised in the following way
[3]:

or 1 2
5y3: 6 =350 z2(|A<e,z,y2>+8<z>|2+|c<z>|)+(yz—z(l,r,%,z)) |B<z>|2] (L)

4

where z = m%,/ m% and y = p(q1 — q2)/m%, and p, q1, q» are the 4-momenta of the kaon and the
two photons. The dominant contribution at lowest non-trivial order O(p*) comes from the loop
term A(z,¢), including the pion and kaon loop amplitudes, which depends on an a priori unknown
O(1) parameter ¢. The loop term B(z) appears only at next-to-leading O(p®) order and C(z) is the
pole amplitude. Higher order unitarity corrections from K — 37 decays, including the main O(p®)
contribution as well as those beyond O(p®), have been found to modify significantly the branching
ratio and the shape of the z-spectra. The ChPT predictions for the decay spectra, using the O(p*)
and O(p®) parametrisations with different values of ¢, are shown in Fig. 1. The di-photon mass
spectra exhibit a characteristic cusp at twice the pion mass due to the dominant pion loop amplitude
A(z). At next-to-leading order there is non-zero differential rate at z = 0 generated by B(z). The
total branching ratio is predicted to be BR(K* — 7%yy) ~ 1079, with the pole amplitude contribut-
ing 5% or less [3, 4].

The K* — n¥yy mode is among the least experimentally studied kaon decays. The only previ-
ous measurement [5] has been done by the BNL E787 experiment with 31 K™ candidates in the
kinematic region of 100 MeV/c < pr < 180 MeV/c, where p; is the pion momentum in the kaon
frame. The new NA48/2 [6] and NA62-Rx [7] measurements of the K* — 7% yy decay at improved
precision are reported here.

2. Beam line and Detectors

The NA48/2 and its successor NA62-Rg used the same beam line and detector setup but with
different beam line parameters and transverse momentum kick of the spectrometer magnet. The
two experiments used simultaneous K™ and K~ secondary beams with a central momentum of 60
GeV/c (for NA48/2) and 74 GeV/c (for NA62-Rk) derived from the primary 400 GeV/c proton
beam from the SPS impinging on a beryllium target. The beam kaons were delivered to a fiducial
decay region contained in a 114 c¢m long cylindrical vacuum tank. The momenta of the charged
decay products were measured in a magnetic spectrometer located downstream of the decay region.
The spectrometer consisted of four drift chambers (DCH) and a dipole magnet between the second
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Figure 1: ChPT predictions for the differential decay rate in terms of z for O(p*) (left) and O(p®) (right)
parametrisations with ¢ = 2;0; —2. The O(p®) parametrisation uses values for the K — 37 amplitude from
a fit to experimental data [9].

and third chambers, which provided a horizontal momentum kick of 120 GeV/c (for NA48/2) and
265 GeV/c (for NA62-Rk). The nominal spectrometer resolution was 6,/p = (1.0 0.044.p)%
for NA48/2 and 6, /p = (0.48©0.009.p)% for NA62-Rk, where p is expressed in GeV/c. The
spectrometer was followed by a plastic scintillator hodoscope (HOD), providing fast trigger signals
and time measurement of charged particles with a 150 ps resolution. A 27Xy deep liquid Krypton
electromagnetic calorimeter (LKr) located further downstream was used for charged particle identi-
fication and photon measurement. The LKr active volume of 7 m? was segmented transversely into
13248 projective ~ 2 x 2 cm? cells without any longitudinal segmentation. The energy resolution
was og /E = (3.2/VE ®9/E ©0.42)%, and its spatial resolution for the transverse coordinates
x and y of an isolated electromagnetic shower was 0, = oy = (4.2/VE @ 0.6) mm, where E is
in GeV. A plane of scintillating fibres located at a depth of about 9.5Xj inside the volume of the
LKr formed the neutral hodoscope (NHOD) which was used to provide trigger signals. A detailed
description of the whole setup, including the detectors not used in this analysis, can be found in [8].

3. Event selection

The NA48/2 data come from special minimum bias runs carried out in 2003 and 2004 at
~ 10% of the nominal beam intensity. The minimum bias trigger condition was defined as the
time coincidence of signals in the same quadrant of both HOD planes and an energy deposit of at
least 10 GeV in the LKr. The NA62 data sample was collected in 2007 using several downscaled
control trigger chains: i) coincidence of signals in the same quadrant of both HOD planes and a
loose lower and upper limits on the DCH hit multiplicity (~ 20% of the sample); ii) condition (i)
in coincidence with a LKr energy deposit of at least 10 GeV (~ 60%); iii) signal in the NHOD
(~20%). The K* — m¥yy decay rate was measured with respect to a normalisation decay chain
with a well know branching ratio: K= — 7+ followed by 7#° — yy. The signal and normalisa-
tion data samples were collected simultaneously with the same minimum bias trigger conditions
and, as a consequence, the measurement did not depend on the beam flux and composition nor
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Figure 2: The 7 yy invariant mass distribution in the NA48/2 (left) and NA62-Rx (right) data samples. The
estimated K* — ¥ yy signal corresponds to the result of a ChPT O(p®) fit. The K* — 7+ 7y 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). The difference between the left and right plots is due to a different
magnetic field in the spectrometer during the NA48/2 and NA62-Rk data-taking. The signal region limits
are indicated with vertical arrows.

the trigger downscaling factors and their variation throughout the data taking. Signal events are
selected requiring: a 7™ candidate track, identified by the E/p ratio of energy deposition in the
LKTr calorimeter to momentum measured by the spectrometer, which is required to be in the range
10(8) GeV/c < p < 40(50) GeV/c for the NA48/2 (NA62-Rk) data; two isolated clusters in the
LKr calorimeter separated by at least 25 cm from the track impact point and by at least 20 cm
from each other; reconstructed kaon decay vertex located within the fiducial decay region; recon-
structed momentum of the 7Yy system in agreement with the beam properties; and reconstructed
ntyy (n* %) invariant mass between 480 and 510 MeV/c?. The selection criteria for the signal
and normalisation events differ only in the di-photon invariant mass requirement. For K* — 7y,
the kinematic region is defined as z = (my,/mg)? > 0.2 to reject the backgrounds from z° decays,
coming mainly from K* — 7% 7% and peaking at z = 0.075. For K* — 7% 7%, the di-photon mass
is required to be consistent with originating from a 7% decay (|ny, —mzo| < 10 MeV/c?).

4. Results and discussion

The 7 yy invariant mass distributions from the NA48/2 and NA62-Rg data are shown in Fig. 2,
together with the expected signal and background contributions from MC simulations. The NA48/2
signal sample contains 149 candidates with a background contamination of 15.5 £ 0.7 events (232
candidates and 17.4 + 1.1 events in the NA62-Rg sample). The uncertainties are due to the limited
MC statistics. The reconstructed z-spectra of the candidates as well as the signal and background
expectations are shown in Fig. 3. The data confirms the ChPT prediction of a cusp at the two pion
threshold.
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Figure 3: Reconstructed z = (my,/mg)? spectrum of the K* — 7% yy candidates in the NA48/2 (left) and
NAG2 (right) data, compared with the estimated contributions from the signal and the largest background
K* — m*10y. The estimated signal is the result of a ChPT O(p®) fit. The signal region limits are indicated
with vertical arrows.

A model-independent measurement of the partial K* — 7% yy branching ratios, B, in bins of z has
been performed on the NA48/2 and NA6-Rg data in the kinematic range z > 0.2 (see Fig. 4). Due
to the small bin width the dependence of the acceptance on the assumed K* — 7*yy kinematic
distribution can be neglected with respect to the statistical uncertainties. The y-dependence of the
differential decay rate expected within the ChPT framework arises only at next-to-leading order
and is weak [3, 4]. The model-independent branching ratio is computed by summing over the z
bins (see Fig. 4), yielding: Bmi(z > 0.2) = (0.877 2 0.0875tat == 0.017y5t) x 10~° for NA48/2 and
Bumi(z > 0.2) = (1.088 £ 0.093 5 £ 0.027ys;) X 10~° for NA62-Rg. The uncertainties are domi-
nated by the statistical ones and the systematics are mainly due to uncertainties of the background
estimates.

The ¢ parameter has been measured in the framework of both ChPT O(p*) and O(p®) parametrisa-
tions by performing log-likelihood fits to the reconstructed z-spectra of the NA48/2 and NA62-Rg
data. The O(p®) description includes a number of external inputs. There are 7 parameters of the
K — 37 amplitude which come from a fit to experimental data [9], and three polynomial terms
n: (i = 1,2,3) which have been set to 17; = 0. Both O(p*) and O(p®) descriptions involve the
parameter Gg which is fixed in this study according to Ref. [10]. The values of the ¢ parameter
obtained from the fits are presented in Table 1. Using the ¢ values in the ChPT parametrisation,
the model-dependent K* — 7*yy branching ratios have been estimated by integrating the O(p®)
differential decay rate over the whole physical region of the kinematic variables (Table 1).

The NA48/2 and NA62-Rx measurements of the model-independent ratio and the ¢¢ parame-
ter have been combined. The systematic uncertainties on the combined results have been es-
timated by studying their stability with respect to variation of the selection conditions applied
separately to the independent NA48/2 and NA62-Rg data samples. The branching ratio in the
full kinematic range considering the combined value of the ¢ parameter in the parametrisation
is Benpr = (1.003 £ 0.0515ta¢ 3 0.024y1) < 107%. The branching fraction measured by the BNL
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Figure 4: Measurement of the model-independent branching ratios in z bins by NA48/2 and NA62, and
the combination of the two. The values of B; computed within ChPT O(p®) formulation are obtained by

integration of the ChPT differential decay rate for the central value of the combined measurement ¢ = 1.86
over the bin width.

: : |

4 Co Bcnpr(Co)
NA48/2 | 1.37£033qa £0.145y5 | 1412038500 0.1 Lygsr | (0.910 % 0.0724150 +0.022555;) x 106
NA62-Rx | 1.93£0.2641,: £0.085y5¢ | 2.10£0.285t0¢ £ 0.18yt (1.058 £0.0664¢,: £ 0.044Sy5[) x 1070
Combined | 1.72£0.205¢5¢ £0.065y5; | 1.8630.2350a¢ 3= 0.1 Lgys (1.003 £0.05 g £ 0.024Sysl) x 1070

Table 1: Results for the ChPT ¢ parameter from fits to the z-distribution of K* — 7% yy decays and the
model-dependent branching ratios obtained using the ChPT O(p®) description.

E737 [5]is (1.104+0.32) x 1075 and the parameter ¢ is 1.6+ 0.6 at O(p*) and 1.8 0.6 at O(p®).
The new results from the NA48/2 and NA62-Rg measurement of the K* — n¥yy decay agree with
earlier data and improve significantly on the previous experimental precision.
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