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Abstract Results of a study of the K+ — 7%t vy decay
at OKA setup are presented. More than 32,000 events of
this decay are observed. The differential spectra over the
photon energy and the photon—electron opening angle in kaon
rest frame are presented. The branching ratios, normalized
to that of K3 decay are calculated for different cuts on E;
and cos@jy. In particular, the branching ratio for E;t > 30

% o : _ Br(Kt—nltv,y) _
MeV and ©7,, > 20° is measured R = B K ol =

= (O.587:|:0.010(stat.):|:0.015(syst.))x10’2, which is in a
good agreement with ChPT O (p*) calculations.

1 Introduction

The decay Kt — 7%t vy provides fertile testing ground
for the Chiral Perturbation Theory (ChPT) [1,2], an effective
field theory of the QCD at low energies.

K+ — n%% vy decay was first considered in [3] up to the
order ChPT O ( p4) and branching ratios were evaluated for
given cuts on the photon energy and in the photon—electron
opening angle in the kaon rest frame: EJ > E;’” , ©7, >
©gy'. Later the ChPT analysis was revisited and extended to
O (p®) plus QED radiative corrections [4]. The branchings
at tree level were also calculated in papers [5,6], as well as
T-odd correlations which are important in searches for the
New Physics(NP).
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The matrix element for K+ — 7%t vy decay has general
structure
G
1= ZeVue @{
=AU (p)y" (1 = y5)v(pe)
FU — v A A I3
5 T (p)Y (L= y9)me = fe = Dyuv(po) = €A,
Peq

The first term of the matrix element describes the bremsstra-
hlung of kaon and the direct emission. A, contains WZW
Chiral anomaly. The relevant diagram is displayed in Fig. 1a.
The lepton bremsstrahlung is presented by the second part of
Eq. (1) and Fig. 1b. The hadronic tensors V,ilffd and AZ‘]‘)‘I are
defined by

Iy =i / d*e' (g (pH|T V" () I (0)| KT (p)).

[ =V, A, with V' =5y,u, A" =5y, psu,

Vit = Quyuu — Eyud — Syus)/3 and F, is the K;;
matrix element F, = (7%(p")| V9 (0)| K *(p)).

The bremsstrahlung part of the amplitude is largely dom-
inant in the partial decay width. Only with the advent of high
statistics kaon decay experiments it become feasible to study
effects of structure-dependent contributions and of the chiral
anomaly.

The numerical results given in [3—6] demonstrate that non-
trivial ChPT effects can be detected by the experiment. This
gives a motivation for the present study.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-021-08895-2&domain=pdf
http://orcid.org/0000-0003-0306-1629
mailto:Polyarush@inr.ru

161 Page 2 of 5

Eur. Phys. J. C (2021) 81:161

L(<
(a

Fig. 1 Diagrams describing K+ — 7% vy decay
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2 OKA setup

The OKA collaboration operates at the IHEP Protvino U-70
Proton Synchrotron. The OKA detector (see Fig. 2) is located
at the positive High Radio Frequancy (RF) separated beam
with 12.5% of kaons with a momentum of 17.7 GeV/c and an
intensity of 3-10° kaons per 2 sec U-70 spill. RF-separation
with the Panofsky scheme is realized. It uses two supercon-
ductive Karlsruhe-CERN Super Conductive RF deflectors
[7], donated by CERN. A sophisticated cryogenic system,
built at IHEP [8] provides superfluid He for the cavities cool-
ing. The detailed description of the OKA detector is given in
our previous publications [9,10].

The OKA is taking data since 2010. In this study, we use
the statistics that was collected in the 2012 and 2013 years.
The total number of kaons entering the Decay Volume (DV)
corresponds to ~ 3.4 x 1019,

A rather simple trigger was used during data-taking:

Tr = S1-52:S3-S4 'él'éz'gbk'(EGAMS > 2.5GeV).
S1 — Sy are scintillating counters; C 1, éz — Cherenkov coun-
ters (é | sees pions, éz pions and kaons); Spr — two scintilla-
tion counters on the beam axis after the magnet to suppress
undecayed particles.

The Monte Carlo (MC) simulation of the OKA setup
is done within the GEANT3 framework [11]. Signal and

background events are weighted according to corresponding
matrix elements.

3 Event selection and background suppression

Criteria for event selection:

1. One positive charged track detected in the tracking sys-
tem and four showers detected in the electromagnetic
calorimeters GAMS-2000 and BGD.

2. One shower must be associated with the charged track.

3. The charged track is identified as a positron. The positron
identification is done using the ratio of the energy of the
shower in GAMS-2000 to the momentum of the asso-
ciated track. The E/p distribution is shown in Fig. 3.
The particles with 0.8 < E/p < 1.2 are accepted as
positrons. Another cut used for the suppression of the 7™
contamination is that on the distance between the charged
track extrapolation to the front plane of the electoromag-
netic detector and the nearest shower. This distance must
be less than 3 cm.

4. The decay vertex situated within the decay volume.

5. The mass M,,, of the y y — pair closest to the Table value
of 1%is 0.12 < M,, < 0.15 GeV. The energy of a pho-
ton originated from ¥ is greater than 0.5 GeV.

The energy of the radiative photon is greater than 0.8
GeV. The absence of signals in the veto system above the
noise threshold is also required.

The main background decay channels for the decay
Kt — 7%ty are:

1. K+ — 7%% v with an extra photon. The main source of
extra photons is positron interactions in the detector.

2. Kt — 7t7%0 where one of the 7° photons is not
detected and 7+ is misidentified as a positron.
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Fig. 2 Layout of the OKA detector, reproduced from [10]
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Fig. 3 E/p ratio for the real data

3. K+t — 7170 with a“fake photon” and 7 * misidentified
as a positron. The fake photon clusters can come from 7 n
interaction in the gamma detector and from accidentals.

4. Kt — nt7% when 7t is mis-identified as a positron.

5. Kt — 797%% v when one y is lost.

All these background sources are included in our MC
calculations.

To suppress the background channels we use a set of cuts:

Cut 11 Eniss = Epeam — Edetected > 0.5 GeV. The require-
ment on the missing energy mainly reduces the back-
ground (4).

Cut2: Ay = |y, —ye| > 5 cm, where y is the vertical coor-
dinate of a particle in the electromagnetic calorime-
ter (the magnetic field turns charged particles in the
xz-plane).

Cut3: | xy,y, |< 100 cm. The reconstructed missing
momentum direction must cross the active area of
the electromagnetic calorimeter.

Cutd: Myg_, 700+, > 045GeV. Mg _, 0.+, — the
reconstructed mass of the (7%t v, ¥ )- system, assum-
ing m,, = 0. To enforce this cut we use a requirement
on the missing mass squared ME =(Pxk—Pro—P,—
Py)z. For the signal events this variable corresponds
to the square of the neutrino mass and must be zero
within measurement accuracy.

Cut5: —0.003 < M2 < 0.003 GeV>.

The dominant background to K3, arises from K3
with an extra photon (background (1)). This back-
ground is suppressed by a requirement on the angle
between positron and photon in the laboratory frame
®., (see Fig. 4). The distribution of the K,3-
background events has a very sharp peak at zero
angle. This peak is significantly narrower than that
for the signal events. This happens, in particular,
because the emission of the photons by the positron
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Fig. 4 The distribution over ®,, - the angle between positron and
photon in lab. system. Real data (points with errors), signal plus MC
background (solid line histogram), MC background (dotted line his-
togram)

occurs in the setup material downstream the decay
vertex, but the angle is still calculated as if emission
comes from the vertex.

Cut 6: 0.004 < ®,), < 0.080 rad. The left part of this cut is
introduced exactly for the suppression of background
(1). The right cut is against K, background.

After all the cuts, 32676 candidates are selected, with a back-
ground of 4624 events. Background normalization is done by
comparison of the number of events for K .3 decay in MC and
real data samples.

4 Results

The resulting distribution of the selected events over
cos(®y, ), O, being the angle between the positron and
the photon in the kaon rest frame, is shown in Fig. 5. Some
discrepancy between data and MC is seen in two right bins
of Fig. 5, related to that in two first bins of Fig. 4. The effect
of this mismatch on the results is minimized by the cut on
cos(theta*) (see below).

The distribution over E7 — the photon energy in the kaon
rest frame is shown in Fig. 6. Reasonable agreement of the
data with MC is seen. When generating the signal MC, a
generator based on O( p4) calculations [3] is used.

To obtain the branching ratio for the K0,+,,, relative to
the K3 (R), the background and efficiency corrected number
of K3, events is normalized on that of about 9M K3 events
found with similar selection criteria.

The relative branching ratio (R) for the soft cuts E ;ﬁ > 10
MeV and ©7,, > 10° is found to be

Ry = (1.990 + 0.017(stat.) + 0.021(syst.)) x 1072
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Fig. 5 The distribution of the events over cos®},, . Points with errors
are the real data, histogram — MC signal plus background, MC back-
ground - dotted line histogram
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Fig. 6 The distribution of the events over E. Points with errors — the
real data, histogram — MC signal plus background, MC background —
dotted line histogram

And for the cuts EJ > 30 MeV and ©F,, > 20° used in the
most theoretical papers

R = (0.587 £ 0.010(stat.) + 0.015(syst.)) x 1072,

For the comparison with previous experiments the branching
ratio with the cuts E; > 10 MeV, 0.6 < cos@’;y < 09is
calculated

R3 = (0.532 £ 0.010(stat.) £ 0.012(syst.)) x 1072,

The main systematic errors are estimated by variation of
the cuts 1-6. Contributions of each cut variation to systematic
errors are given in Table 1. Some other sources of system-
atics, like trigger effects and effects of the MC model were
investigated and found to be negligible.

The comparison with previous experiments is given in
Table 2.

@ Springer

Table 1 Contributions to systematic errors

R; 1 2 3 4 5 6

Ry 0.003 0.002 0.006 0.008 0.015 0.011
R 0.004 0.001 0.004 0.005 0.010 0.008
R3 0.001 0.001 0.005 0.001 0.010 0.004

Table2 Br(Kt — n%tv,y)/Br(Kt — nletv,)for E$ > 10MeV,
0.6 < cos@jy < 0.9 in comparison with previous data

R3 x 10? Ney Experiment
0.53 £0.01 £0.01 7248 This experiment
0.48 £0.02 £0.03 1423 ISTRA+ [12,13]
0.46 £0.08 82 XEBC [14,15]
0.56 £0.04 192 ISTRA [16-18]
0.76 £0.28 13 HLBC [19]

5 Conclusions

The largest statistics of about 32K events of K3, is col-
lected by the OKA experiment. The relative branching
ratio R=Br(KT — nletv.p)/Br(KT — nlety,) is
measured for different cuts on the photon energy and the
photon—electron angle in the kaon rest frame. The obtained
value of R for EJ > 30 MeV and ©F, > 20° is in
a good agreement with the ChPT O(p*) prediction [3]
R=(0.592+0.005)x 102 and is some 2-3¢ away from the
tree level results [5,6]. The 0(p6) result [4] is 2.50 higher.
That is, the measurement becomes sensitive to the non-trivial
ChPT effects and perhaps to the NP effects.
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