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1 Introduction

A study of the KT — 7% % vy decay allows a precision test of Chiral Perturbation Theory
(ChPT), an effective field theory of Quantum Chromodynamics (QCD) at low energies
based on the chiral symmetry properties of the QCD Lagrangian [1-3]. In this framework,
the KT — 7% Tv7y decay is described by inner bremsstrahlung (IB) and structure depen-
dent (SD) processes and their interference. Calculations of the branching fraction for the
Kt — m%Tvy decay at different orders of approximation of radiative effects are given
in [4-7].

The radiative decay K™ — mleTvy (K.3,) is defined as a subset of the inclusive decays
KT — n%"u(y) (Ke3) that requires a minimum photon energy (E,) and a range of angles
between the positron and the radiative photon (f.) in the kaon rest frame. These conditions
are designed to prevent the decay amplitude from diverging in the infrared (E, — 0) and
collinear (6, — 0) limits.

The ratio of the branching fractions of the radiative decay K3, to the inclusive decay
K3 is expressed as:

B(K.) B(K+ — nletu(y)) ’ '

R; =



\ H Ei, 0 ChPT ISTRA+ OKA

Y Ve
Ry x 102 E, > 10MeV, 0., > 10° 1.804 £0.021 | 1.81 £0.03 £0.07 | 1.990 &+ 0.017 4+ 0.021
Ry x 107 E, > 30MeV, 0., > 20° 0.640 £ 0.008 | 0.63 +0.02+£0.03 | 0.587 £ 0.010 +0.015
R3 x 10% || E, > 10MeV, 0.6 < cos e, < 0.9 | 0.559 4 0.006 | 0.47 +0.02 £0.03 | 0.532 & 0.010 £ 0.012

Table 1. Definition of kinematic regions, R; expectations from ChPT O(p®) calculations [6]
and measurements from ISTRA+ [8] and OKA [9] experiments, with statistical and systematic
uncertainties quoted separately.

where (E%, 927) are the conditions corresponding to the kinematic regions labeled by the
index j. The definitions of the three kinematic regions used in this analysis are given
in table 1, together with theoretical [6] and experimental [8, 9] R; results. Another
theoretical calculation [7] predicts the branching fraction B(K™ — 7% vy | E;, > 30 MeV,
ey > 20°) = (2.72 £ 0.10) x 1074, that is converted to Ry using the K.3 branching
fraction [10]: Ry = (0.54 4 0.02) x 1072,

The amplitude of the K3, decay is sensitive to T-violating contributions, which can
be studied with the dimensionless T-odd observable £ and the corresponding T-asymmetry
Ag, defined as:

B -exp) ,  Np- N

£= (M0 - N, TN (1.2)

where p'is the three-momentum of each particle in the kaon rest frame, Mg is the charged
kaon mass [10], ¢ is the speed of light and Ny (N_) is the number of events with positive
(negative) values of &.

Most theoretical calculations of A¢ both within the Standard Model (SM) [5, 7, 11]
and beyond [11, 12], predict values in the range [~10~%, —1075] with the exception of one
SM extension [11], which quotes a value of —2.5 x 1073. Non-zero values of A¢ in the SM
originate from one-loop electromagnetic corrections. The uncertainty of the most precise
published A measurement [13] is larger than the theoretical expectations quoted previously.

2 The NA62 experiment at CERN

The beam and detector of the NA62 experiment at the CERN SPS, designed to study
the K — 7t vi decay [14], are described in [15]. A schematic view of the NA62 setup is
presented in figure 1.

A 400 GeV /¢ proton beam extracted from the SPS impinges on the kaon production
target in spills of three seconds effective duration. The target position defines the origin
of the NA62 reference system: the beam travels along the Z axis in the positive direction
(downstream), the Y axis points vertically up, and the X axis is horizontal and directed to
form a right-handed coordinate system. Typical intensities during data taking range from
1.7 to 1.9 x 10" protons per spill. The resulting unseparated secondary hadron beam of
positively charged particles contains 70% 7+, 23% protons, 6% K, with a central beam
momentum of 75 GeV/c and 1% rms momentum bite.
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Figure 1. Schematic side view of the NA62 beam line and detector.

Beam kaons are tagged with a time resolution of 70 ps by a differential Cherenkov
counter (KTAG), with a 5 m long vessel containing nitrogen gas at 1.75 bar pressure, which
acts as the radiator. Beam particle positions, momenta and times (to better than 100
ps resolution) are measured by a silicon pixel spectrometer consisting of three stations
(GTK1,2,3) and four dipole magnets. The typical beam particle rate at the third GTK
station is about 450 MHz.

The last station is immediately preceded by a 1.2 m thick steel collimator (COL) with
a 76 x 40 mm? central aperture and 1.7 x 1.8 m? outer dimensions, to absorb hadrons
from upstream KT decays. A variable aperture collimator of about 0.15 x 0.15 m? outer
dimensions was used up to early 2018.

The GTK3 station marks the beginning of a 117 m long vacuum tank. In this analysis,
a 60 m long fiducial volume (FV), in which 10% of the kaons decay, is defined starting
7.6 m downstream of GTK3. The beam has a rectangular transverse profile of 52 x 24
mm? and an angular spread of 0.11 mrad (rms) at the FV entrance.

The time, momentum and direction of charged particles produced by kaon decays
are measured by a magnetic spectrometer (STRAW). The STRAW, comprised of two
pairs of straw chambers on either side of a dipole magnet, measures momenta with a
resolution o, /p = (0.30 & 0.005 - p)%, where the momentum p is expressed in GeV/c. The
ring-imaging Cherenkov counter (RICH), filled with neon at atmospheric pressure, tags the
decay particles with a time precision better than 100 ps and provides particle identification.
The CHOD, a matrix of tiles read out by Silicon photomultipliers, and the NA48-CHOD,
composed of two orthogonal planes of scintillating slabs, are used for the trigger and time
measurement, with a resolution of 200 ps.

Six stations of plastic scintillator bars (CHANTI) detect, with 99% efficiency and
1 ns time resolution, extra activity, including inelastic interactions in GTK3. Twelve
stations of ring-shaped electromagnetic calorimeters (LAV), made of lead-glass blocks, are
located inside and downstream of the vacuum tank to achieve full acceptance for photons
emitted by KT decays in the FV at polar angles between 10 and 50 mrad. A 27 radiation-
length thick, quasi-homogeneous liquid krypton electromagnetic calorimeter (LKr) detects
photons from K decays emitted at angles between 1 and 10 mrad. Its energy resolution



is 0(E)/E = (4.8/VE @ 11/E @& 0.9)%, where the energy E is expressed in GeV. Tts
spatial and time resolutions are 1 mm and between 0.5 and 1 ns, respectively, depending on
the amount and source of energy released. The LKr also complements the RICH particle
identification. Two hadronic iron/scintillator-strip sampling calorimeters (MUV1,2) and an
array of scintillator tiles located behind 80 cm of iron (MUV3) supplement the pion/muon
separation system. The MUV3 provides a time resolution of 400 ps. A lead/scintillator
shashlik calorimeter (IRC) located in front of the LKr and a detector based on the same
principle (SAC) placed on the Z axis at the downstream end of the apparatus, ensure the
detection of photons down to zero degrees in the forward direction. The IRC and SAC
detectors compose the Small Angle Veto system (SAV). The LAV, LKr and SAV make the
photon veto system almost hermetic for photons emitted by kaon decays in the FV: the
inefficiency of the detection of at least one photon from Kt — 779 7% — 4+ decays is
measured to be below 1077, due to geometric acceptances and detector inefficiencies [16].

A two-level trigger system is used, with a hardware low level trigger, L0, and a software
high level trigger, L1 [17, 18]. Auxiliary trigger lines are operated concurrently with the
main trigger line that is dedicated to the K+ — 77 v decay. This analysis uses the non-u
and the control trigger lines described below.

e The non-p line requires signals in the RICH and CHOD detectors at L0, compatible
with the presence of at least one charged particle in the final state, and no signal in the
MUV3 detector in time coincidence. A signal in the KTAG detector is required at L1,
compatible with the presence of a charged kaon. In a fraction of the dataset, a track
reconstructed by the STRAW is also required at L1. This trigger line is downscaled
by a factor of 200.

e The control line requires the presence of signal in the NA48-CHOD detector at LO,
compatible with the presence of a charged particle in the final state. No requirements
are applied at L1. This trigger line is downscaled by a factor of 400.

This analysis exploits the data collected by the NA62 experiment in 2017-2018. Monte
Carlo (MC) simulations of particle interactions with the detector and its response are
performed using a software package based on the Geant4 toolkit [19].

3 Event selection

Signal (Kc3,) and normalization (K.3) events share the same selection criteria, except for
the requirement of an additional photon in the signal sample. This ensures a first-order
cancellation of several systematic effects in the R; measurements.

3.1 Common selection criteria

A positively charged track is required to be reconstructed in the STRAW with momentum
in the range 10-60 GeV /c. Its extrapolated positions in the CHOD, NA48-CHOD, RICH
and LKr front planes should be within the respective geometrical acceptances. A spatial
association of signals in these detectors is required, together with time association within



2 ns. Positron identification is achieved by applying conditions on the reconstructed RICH
ring radius and on the ratio of the energy of the LKr cluster associated with the track to
the measured track momentum.

The beam track is reconstructed in the GTK and identified as a kaon by an associated
signal in KTAG within 2 ns. The positron and kaon tracks are matched taking into account
both space (closest distance of approach smaller than 10 mm) and time (0.5 ns) coincidence.
The mid-point of the segment at the closest distance of approach of the two tracks defines
the kaon decay vertex, which is required to be within the FV.

The event time (Tevent) is defined as the weighted average of the times measured by
the KTAG, GTK, RICH and NA48-CHOD detectors, taking into account the resolutions of
each detector, and is required to be within 10 ns of the trigger time.

The two photons from 7° — 4+ decay are identified by selecting two LKr clusters,
not associated to any track, with energy above 4 GeV and within 3 ns of Teyent. The
four-momentum of each photon is reconstructed using the energy and position of the cluster,
assuming that the photon is produced at the kaon decay vertex. The di-photon mass is
required to be compatible with the 7° mass. The 70 four-momentum is defined as the sum
of the four-momenta of the two photons.

The LKr time (T k,) is defined as the average of the times of the three LKr clusters
associated with the positron and the photon pair forming the 7°.

Events with activity in the LAV and SAV within 15 ns of Teyent are rejected to suppress
background events coming mainly from K+ — 7%7%* v decays. Events with signals in
MUV3 within 15 ns of Tiyent are rejected to suppress background events with muons in the
final state.

3.2 Specific selection criteria
The following exclusive criteria are applied to select signal and normalization candidates.

miss(K63) = (PK — P — Pﬂ'o)z
must satisfy [m2,(Ke3)| < 11000 MeV?/c*, where Py, P. and Po are the reconstructed

miss

Normalization selection. The squared missing mass m?

kaon, positron and 7° four-momenta. Events are rejected if a fourth LKr cluster is detected
with energy above 2 GeV and within 15 ns of T1k;.

Signal selection. A fourth isolated cluster with energy above 4 GeV and time 7', within
3 ns of 11k, must be present. It is identified as the radiative photon and attached to the
kaon decay vertex. Events are rejected if a fifth LKr cluster is detected with energy above
2GeV and within 15 ns of T k,. This condition further suppresses the K+ — 7%7% v
background events.

2 s(Kesy) = (Pg — P. — Pro — Py)? must satisfy
(M2 es(Kesy)| < 11000 MeV? /¢t and m2 ;. (Kes) > 5000 MeV2/ct, where P, is the re-

miss

The squared missing mass m?

constructed four-momentum of the radiative photon.

The background from K.3 events, with a bremsstrahlung photon emitted by positron
interactions in the detector material, is suppressed by requiring a minimum distance between
the radiative photon cluster and the intersection of the positron line of flight at the vertex
with the LKr plane.



Selection conditions on E, and 0., are applied according to the three kinematic region
definitions, to obtain the signal sample S; and its subsets Sy and Ss.

4 Signal rate measurement

The ratios Rj, defined in eq. (1.1), are measured as:

obs _ bkg trig
R — B(Ke?ryj) - NKe3'yj Ke3yi Ages _ CKe3 (4 1)
7 o obs bkg . trig ’
B(Ke?)) NKeS — NKe3 AKeS'yJ ﬁKeg,yj
Here, N, and N  are the numbers of observed signal candidates and expected
’ Ke3vyl Ke3vJ g p
backeground events in the signal samples, and A 5 and €8 are the related acceptances
g g ples, Ke3y Ke3~i P

and the trigger efficiencies. Similarly, N})(be% and N;}ke% are the numbers of observed normal-
ization candidates and expected background events in the normalization sample, and Axes3
and 63?53 are the related acceptance and the trigger efficiency.

The signal selection acceptances are defined with respect to the corresponding kinematic
regions, while the normalization selection acceptance is defined with respect to the full
phase-space. They are evaluated using simulations. A ChPT O(p%) description of the
signal decay is used [6]. The normalization decay description includes only the IB compo-
nent [20]. The resulting acceptances are reported in table 2 together with the numbers of
selected candidates.

The trigger conditions are replicated in the selections and are only related to the
presence of charged particles. The non-u and control trigger lines yield independent data
samples. Each is used to evaluate the efficiency of the other. The result is that the ratios

trig /etrig

€Ke3/ €ceny ATE cOnsistent with unity within 0.1%.

4.1 Background estimation

Table 2 summarises the sources of background considered. The only sizeable background in
the normalization sample comes from K+ — 7770 decays with the 77 misidentified as e*.
The main background in the signal sample comes from K.3 and K+ — 7770 decays (with

* misidentification in the latter case) with an extra cluster due to accidental activity in the

T
LKr that mimics the radiative photon (accidental background). The accidental background
is measured from the data (figure 2), using the side-bands 6 < |}, — Ty k.| < 9 ns and
assuming a flat T', — Ti i, distribution. This assumption is validated and the systematic
uncertainty is evaluated using the validation side-bands 9 < |T, — Tiky| < 12 ns. An
additional contribution to the background in the signal sample stems from K+ — 707%*tv
decays with a photon from the 70 — ~v decay not detected. Contributions from other
potential background channels are found to be even lower than the KT — 77970 estimation
and therefore neglected.

All the background contributions, except for the accidental background, are estimated
with simulations. The values of the branching fractions of the normalization and the
background channels are taken from [10]. The distributions of m?2 . (K.3) for the selected

2

normalization events, and of m; ;. (Kc3y) for the selected signal events, are shown in figure 3

for the data, estimated background and simulated signal and normalization decays.



‘ ‘ Normalization ‘ S1 ‘ Sa ‘ S3 ‘

Selected candidates 6.6420 x 107 1.2966 x 10° 0.5359 x 10° 0.3909 x 10°
Acceptance (3.842 4 0.002)% (0.444 4 0.001)% (0.514 4 0.002)% (0.432 4 0.002)%
Accidental background — (494024 1.3) x 102 | (23+0.24+0.3) x 10? | (1.1£0.1+£0.5) x 10?
K+ — 7970ety < 10% (1.14+1.1) x 10% (1.14+1.1) x 102 (0.1£0.1) x 10?
K+ — 77070 < 102 <20 <20 <20

Kt —7tq0 (1.0 £1.0) x 10* — — —

Total background (1.0 4+ 1.0) x 10* (6.0 +1.8) x 102 (3.441.2) x 102 (1.240.6) x 10%
Fractional background 1.6 x 1074 0.46 x 1072 0.64 x 1072 0.29 x 1072

Table 2. Numbers of selected candidates, acceptances, background estimates and fractional
background for the normalization and the three signal samples. The fractional background is the
ratio of the total background to the number of selected candidates. The accidental background
does not apply to the normalization sample. The Kt — 7770 background in the signal samples is
included in the accidental background.
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Figure 2. Reconstructed m2,;  (K.3) of signal candidates as a function of the time difference
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selection time window (red vertical lines) and the side-bands (black dashed vertical lines).

4.2 LKr response correction

The signal selection acceptance is sensitive to the precision of the low-energy photon
measurement in the LKr due to the steeply falling radiative photon energy spectrum. The
minimum radiative photon energy considered in the analysis is 4 GeV, while the standard LKr
fine calibration procedures exploit 7° — vy and 7 — vete™ decays, and provide optimal
precision in the 10-30 GeV energy range. A dedicated procedure is therefore employed
to modify the LKr response in the simulated samples and estimate the corresponding
systematic uncertainty. The procedure is based on improving the agreement between data
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Figure 3. Top left: m2,  (K.3) distribution of the normalization sample for data (points) and

expected signal and background (histograms). Other panels: m?, (K,3,) distributions of the
three signal samples for data (points) and expected signal and backgrounds (histograms); the
“Kezy modified” histogram represents the distribution after modification of the LKr response in the
simulation (section 4.2). The red lines correspond to the selection conditions.

and simulated distributions in the most relevant variables, m2,(Kes) and m2 . (Kesy)-
The LKr response modification includes a constant energy scale factor, an energy-dependent
factor, and an additional stochastic smearing of the measured energy. The scale-related
uncertainty is the largest contribution in R; and Rj; the stochastic smearing uncertainty is
of similar magnitude and is the major contribution in Ra.

The correction factors fJLKr are defined as the ratios of the corrected Ak,3/Ak. 3
values to the original values. The systematic uncertainties in fJLKr are evaluated as quadratic
sums of three terms: the maximum deviations of fJLK]r from their central values obtained by
varying the modification parameters within their uncertainties; half of the size of the overall
correction; and half of the maximum variation of f]LKr obtained using alternative LKr fine
calibration procedures based on different methods of 7% mass reconstruction. The correction
factors and their uncertainties are listed in table 3. The acceptance ratios Axe3/Afesqi
(table 2) must be multiplied by fJLKr.

4.3 Photon veto correction

The signal and normalization MC generators, used to evaluate acceptance, simulate exactly
one radiative photon per event. Both the normalization and signal selections forbid the



S1 So Ss

fJLKr 0.9967 £ 0.0038 | 0.9941 £ 0.0047 | 0.9996 + 0.0039

SV || 1.0234 £0.0028 | 1.0243 £ 0.0036 | 1.0216 + 0.0031

Table 3. Correction factors to the acceptance ratios Age3/Agesyi from LKr response modelling
(fJLKr) and photon veto (ijV), for the three signal samples.

presence of in-time extra clusters in the LKr with energy above 2 GeV, as well as in-time
signals in the LAV and SAV. The radiative photon contributes to the photon veto simulation
in the normalization case, but not in the signal case where it is included in the signal event
reconstruction. Additional radiative photons are not generated in the simulated samples,
leading to a systematic underestimation of the acceptance ratios Ages/Afez,i- However,
special signal and normalization MC samples with multiple radiative photons are generated
using the PHOTOS program [21], providing a less accurate description of the radiative
effects than the standard MC samples and therefore used only to evaluate the photon veto
effects. The resulting correction factors ij V- are reported in table 3. The acceptance ratios
Ake3/Akesyi (table 2) must be multiplied by fJPV.

The uncertainties in f]P Vinclude MC statistical uncertainties, variations of the simulated
LAV and SAV efficiencies when replaced by the measured energy-dependent values (evaluated
with data using photons from 7% — v decays) [16], and the variation of the LKr veto
efficiency with the LKr response tuning. The deviation of fjl-D V from unity is dominated by the
LKr contribution, while the uncertainties in f]P V are dominated by the LAV contributions.

4.4 Theoretical model uncertainty

The theoretical model used in the MC simulation of the K3, decay, based on ChPT O,
results in a 30% relative uncertainty in the contribution to the decay width arising from the
SD component and its interference with the IB component [6]. The acceptances evaluated
with the signal MC sample are compared with those evaluated with the K.3 MC sample
generated including only the IB component of the radiative effects [20], and 30% of their
relative difference is considered as a relative systematic uncertainty in Ag3.;-

4.5 Results

The measured R; values are:

Ry x 10% = 1.715 £ 0.0054a1 + 0.010gyst = 1.715 £ 0.011,
Ry x 10% = 0.609 =+ 0.0034ta¢ + 0.006syst = 0.609 = 0.006,
R3 x 10% = 0.533 & 0.0034tat + 0.0045ys¢ = 0.533 £ 0.004.

The error budgets are given in table 4. The statistical uncertainties quoted arise from the
numbers of observed candidates in the data, while all other contributions are considered as
systematic uncertainties. The stability of the results is checked by splitting the data sample
into subsamples, and by varying the selection conditions, with no evidence for residual
systematic effects.



dRi1/Ry | 0R2/Ry | 6R3/R3
Statistical 0.3% 0.4% 0.5%
Limited MC sample size 0.2% 0.4% 0.4%
Background estimation 0.1% 0.2% 0.1%
LKr response modelling 0.4% 0.5% 0.4%
Photon veto correction 0.3% 0.4% 0.3%

Theoretical model 0.1% 0.5% 0.1%
Total systematic 0.6% 0.9% 0.7%
Total 0.7% 1.0% 0.8%

Table 4. Relative uncertainties in the R; measurements.

Si So Ss
AP %10 1.9 & 2.8¢at 1.3 + 4.3qtat —6.2 & 5.1t
AYC xa108 3.1 £ 1.9y 4.8 £ 3.05yst 3.0 £ 3.5yt

AFA2 5108 || —1.2 4 28001 &+ 1.9gyst | =34 & 436101 £+ 3.05yst | —9-1 % 5. 151 + 3.5gyst

APRA 5103 || 0.1 4 395t £ 1.7ayse | —4.4 % T-9ar + 1.9gyse | 7.0 £ 8.1gar £ 1.5gyst

Table 5. Results of the A¢ measurements for the three signal samples. The measurements by the
OKA experiment [13], A?KA, are also reported for comparison. The sign of the OKA results is
changed for consistency with eq. (1.2).

The measured values are 5% smaller than the ChPT O(p®) calculations reported in
table 1, with a disagreement at the level of three standard deviations. The smaller and less
precise value of Ry given in [7] is also different from the measurement at the level of three
standard deviations.

5 T-asymmetry measurement

The T-asymmetry A¢ is measured using the K3, samples selected for the R; measurements.
The distributions of the £ observable are shown in figure 4, for data and simulation.

For each selected signal sample, a raw asymmetry measurement AgData is obtained
using eq. (1.2). An offset A2/107 possibly introduced by the detector and the selection, is
measured by comparing the reconstructed and generated asymmetry values in the K3,
simulated sample. The generated asymmetry value is checked to be zero within a O(10~%)
precision in the three K.3, kinematic regions considered, in agreement with the ChPT
O(p®) calculations [11]. The final measurement is obtained as AgNA62 = A?ata — AéVIC. The
uncertainty in AE/IC, due to the limited statistics of the K3, simulated sample, is propagated
as a systematic uncertainty. No statistically significant asymmetry is observed, as reported
in table 5.
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Figure 4. Distributions of the reconstructed £ observable for the three signal samples for data
(points) and simulation (histograms).

6 Summary

Measurements of the ratio of the K+ — mV%*vy to K+ — 7% *v(v) branching fractions,
together with measurements of the T-violating asymmetry in the KT — 7% vy decay,
are performed in three kinematic regions using data collected by the NA62 experiment at
CERN in 2017-2018.

The measured ratios, Ry = (1.715 £ 0.011) x 1072, Ry = (0.609 £ 0.006) x 1072,
R3 = (0.533 £0.004) x 1072, are at least a factor of two more precise than previous
measurements. The relative uncertainties do not exceed 1%, matching the precision of the
most precise theoretical calculations.

The T-asymmetry measurements performed at an improved precision are compatible
with no asymmetry in the three kinematic regions considered. Their uncertainties remain
larger than the theoretical expectations.
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