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The + → c04+aW decay process has been studied by the NA62 experiment with the data collected
in 2017 and 2018 runs. The preliminary results with measurements of the branching fraction
(normalized to  + → c04+a channel) and of the T-violation, that improve the experimental state
of the art, are presented.
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1. The  + → c04+aW decay: state of the art

The  + → c04+aW decay is described in the framework of the Chiral Perturbation Theory
(ChPT). Branching ratio calculations are provided in [1–4]. The ratio between  + → c04+aW

( 43W) and the  + → c04+a ( 43) branching fractions is defined as follows:

' 9 =
B( 43W 9)
B( 43) =

B( + → c04+aW | � 9W , \ 94,W)
B( + → c04+a(W))

, (1)

where � 9W and \
9
4,W represent restrictions to the phase space in terms of the radiative photon energy

�W and the angle \4,W between the radiative photon and the charged lepton, due to the divergent decay
amplitude for �W → 0 and \4,W → 0. The most commonly used definitions for the ' 9 kinematic
regions in the kaon rest frame are given in Table 1, together with the corresponding recent theoretical
and experimental results. The most recent theoretical calculation [4] provides an absolute branching
ratio for the '2 kinematic region only, that corresponds to '2 = (0.56 ± 0.02) · 10−2.

�
9
W \

9
4,W $ (?6) �ℎ%) ISTRA+ OKA

'1 × 102 �W > 10 "4+ \4,W > 10◦ 1.804 ± 0.021 1.81 ± 0.03 ± 0.07 1.990 ± 0.017 ± 0.021
'2 × 102 �W > 30 "4+ \4,W > 20◦ 0.640 ± 0.008 0.63 ± 0.02 ± 0.03 0.587 ± 0.010 ± 0.015
'3 × 102 �W > 10 "4+ 0.6 < cos \4,W < 0.9 0.559 ± 0.006 0.47 ± 0.02 ± 0.03 0.532 ± 0.010 ± 0.012

Table 1: ' 9 definitions in terms of �W and \4,W in the kaon rest frame, and respective expectations from the
$ (?6) ChPT calculations [3] and results of the measurements performed by the ISTRA+ [5] and the OKA
[6] experiments.

Possible T-violation effects in + → c04+aW process can be studied using the T-odd observable
b and the corresponding asymmetry �b (see Equation 2):

b =

−→?W · (−→?4 × −→?c)
"3
 

; �b =
#+ − #−
#+ + #−

, (2)

where #+ (#−) is the number of events with positive (negative) value of b.
Different theoretical calculations of �b (Standard Model and beyond) [2, 4, 7, 8] give values

in the range [−10−4,−10−5], while the current experimental sensitivity is two orders of magnitude
worse [5], and it refers only to the range '3: �� () '�+b

('3) = (1.5 ± 2.1) · 10−2
1.

2. The  + → c04+aW decay at NA62

The NA62 experiment at CERN is designed to measure the  + → c+aā branching ratio [9];
the beam and the detector are described in [10]. Thanks to auxiliary trigger chains [11], the NA62
physics program comprises most of the  + decay channels, including the  + → c04+aW process.

The data collected in 2017 and 2018 are analyzed, together withMonte Carlo (MC) simulations
samples for the signal and the main background channels.

1In [5] the result is reported with an opposite sign, since the observable b is there defined with an opposite sign with
respect to Equation 2, that is consistent with the theoretical papers, e.g. the most recent: [4].
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The only difference between the  + → c04+aW (signal channel) and the  + → c04+a (nor-
malization channel) selections is the treatment of the third photon in the event (see below), ensuring
a first-order cancellation of several systematic effects. The kaon and the positron tracks are re-
constructed and associated taking into account both space and time coincidences, reconstructing
the decay vertex inside the fiducial decay volume. The RICH detector and the electromagnetic
calorimeter (LKr) are used for `+ and c+ rejection. The c0 → WW process is identified selecting
two energy clusters in the LKr calorimeter, compatible with the c0 decay kinematics. An additional
in time and spatially isolated energy cluster in the LKr is interpreted as a radiative photon, in the
 + → c04+aW selection only. In-time extra activity is not allowed, in order to reject background,
mainly coming from  + → c0c04+a decays. Kinematic constraints are applied, using as main
observables:

<2
<8BB ( 43W) = (% − %4 − %c0 − %W)2,

<2
<8BB ( 43) = (% − %4 − %c0)2,

(3)

where %?0AC82;4 are the four-momenta of the reconstructed particles. The cuts corresponding to
the three ' 9 kinematic regions are finally applied to the measured �W and \4,W values, in the
 + → c04+aW selection only.

3. ' 9 measurements

The normalized branching ratio ' 9 is determined in the following way:

' 9 =
B( 43W 9)
B( 43) =

#>1B
 43W 9 − #

1:6

 43W 9

#>1B
 43 − #

1:6

 43

· � 43
� 43W 9

·
n
CA86

 43

n
CA86

 43W 9

, (4)

where #>1B
 43W ( 43) and #

1:6

 43W ( 43) are respectively the number of observed signal and expected
background events in the signal (normalization) selection, � 43W ( 43) is the acceptance measured
with MC simulations and n CA86

 43W ( 43) is the trigger efficiency, measured with data, for the signal
(normalization) selection.

For the normalization channel, 66.4 · 106 are selected; for the signal, 129.6 · 103 events are
selected for '1, 53.6 · 103 events for '2, 39.1 · 103 events for '3. The distributions of <2

<8BB
( 43),

for the selected normalization events, and of <2
<8BB
( 43W), for the signal events ('1), are shown in

Figure 1, comparing the data with the expected signal and background.

3.1 Background estimation

For the normalization selection the largest background contribution is given by  + → c+c0

events with c+ misidentified as a positron, that is estimated to be about 10−4 in relative terms.
Themain background contribution to the selected  + → c04+aW sample (signal) is represented

by  + → c04+a events with one more cluster coming from accidental (pile-up) activity in the
LKr that mimics the radiative photon (so-called accidental background) and by  + → c+c0

events with the misidentification of the charged pion. The accidental contamination in the signal
sample is measured from the data, extrapolating from the out-of-time side-bands, shown in Figure
2. An additional contribution to the background contamination in the signal sample is given by
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Figure 1: Left: <2
<8BB
( 43) for the selected  + → c04+a events in data (points), compared with the

expected signal and background (histograms). Right: <2
<8BB
( 43W) for the selected  + → c04+aW ('1)

events in data (points), compared with the expected signal and all the background sources (histograms); the
"MC Ke3W uncertainty" histogram represents the maximum deviation of the signal MC distribution caused
by LKr response distortion, that is allowed by data (used for LKr-response-related uncertainty evaluation).
The red lines correspond to the cuts applied in the selections.

 + → c0c04+a events with one photon, coming from c0 → WW decays, not detected. It is estimated
using MC simulation. The ratio between the expected total background and signal is 0.46% for '1,
0.64% for '2, 0.29% for '3.

3.2 Preliminary results

Two main additional sources of systematic uncertainties are studied: the response of the
electromagnetic calorimeter (LKr) and the theoretical model used in the MC simulation of the
 + → c04+aW channel, based on �ℎ%) $ (?6) from [3], for which a comparison with an other
generator [12] (that includes only IB component for the radiative correction) is exploited.

The preliminary results of the measurements of ' 9 , obtained with data collected by NA62 in
2017 and 2018 runs, are reported in Equation 5, while the error budget is shown in Table 2.

'1 = (1.684 ± 0.005 ± 0.010) · 10−2,

'2 = (0.599 ± 0.003 ± 0.005) · 10−2,

'3 = (0.523 ± 0.003 ± 0.003) · 10−2.

(5)

4. �b measurements

The T-asymmetry is measured using the  + → c04+aW samples selected for each ' 9 . The
distributions of the b observable for the selected  + → c04+aW events are reported in Figure 3,
both for data and MC.

A raw measurement of �b is obtained applying the formula of Equation 2 directly on the
selected data sample: ��0C0

b
. It is then corrected by the offset introduced by the reconstruction and

the selection, that is measured with the  + → c04+aWMC sample, comparing the generated and the

4
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Figure 2: Reconstructed <2
<8BB
( 43) vs the difference between the radiative photon cluster time ()W) and

the average time of 4+ and c0 clusters in LKr ()! A ), in the  + → c04+aW selection. The cut on<2
<8BB
( 43)

applied in the selection is shown (red horizontal line), together with the time windows used for the radiative
photon selection (in red) and the side-bands (in black) used for the estimation and the validation of the
accidental background.

reconstructed values of the asymmetry: �$ 5 5 B4C
b

= �"�A42>
b

− �"�64=4
b

. The final measurement
is therefore obtained as: �b = ��0C0

b
− �$ 5 5 B4C

b
. The preliminary results are reported in Table 3.

5. Conclusions

Analyzing data collected by NA62 in 2017 and 2018 runs, preliminary measurements of
 + → c04+aW branching ratio normalized to  + → c04+a channel (' 9) have been performed,
together with preliminary measurements of the �b asymmetry.

The precision of the ' 9 preliminary measurements is improved by a factor between 2 and 3
with respect to the state of the art: the total relative uncertainty achieved is equal or better than 1%.
The central values of all the ' 9 preliminary measurements fromNA62 are about 6−7% smaller than
the theoretical calculations provided in [3]. Considering also the most recent theoretical calculation
for '2 provided in [4], the NA62 preliminary result is half way between the two calculations.

The �b preliminary measurements are upper limits since they are compatible with absence of
T-asymmetry, and their precision is still two orders ofmagnitude far from the theoretical expectation.
The preliminary measurement in the range '3 improves the experimental state of the art by a factor
of 3 in terms of precision, while the two others represent the first preliminary measurements ever
performed for these physical quantities.
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Uncertainty source X'1/'1 X'2/'2 X'3/'3

Statistical 0.3% 0.5% 0.6%

Acceptances from MC 0.2% 0.4% 0.4%
Background estimation 0.1% 0.2% 0.1%
LKr response modeling 0.5% 0.6% 0.5%
Theoretical model 0.1% 0.5% 0.1%
Total systematic 0.6% 0.9% 0.6%

Total (statistical + systematic) 0.7% 1.0% 0.8%

Table 2: Relative uncertainties of the NA62 preliminary measurements of ' 9 .

'1 selection '2 selection '3 selection
��0C0
b

(×102) 0.2 ± 0.3 0.1 ± 0.4 −0.6 ± 0.5
�
"�64=4

b
(×102) −0.01 ± 0.01 0.00 ± 0.02 −0.01 ± 0.02

�"�A42>
b

(×102) 0.3 ± 0.2 0.4 ± 0.3 0.3 ± 0.5

�b (×102) −0.1 ± 0.3BC0C ± 0.2"� −0.3 ± 0.4BC0C ± 0.3"� −0.9 ± 0.5BC0C ± 0.4"�

Table 3: Preliminary results from NA62 of the �b measurements, for the three different kinematic regions
of the  + → c04+aW process.
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