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Abstract

The LHC experiments have already reached their energy limitations and are start-

ing high luminosity programs to continue direct searches for new physics signals. At

the same time the importance of low energy experiments in the field of experimental

particle physics is rising, as they offer a wide range of possibilities to challenge the

Standard Model of particle physics and to look for indirect signs of new physics in

quantum corrections and forbidden processes.

The NA62 experiment at CERN is one of the most active particle experiments in

the kaon physics today. It was designed specifically to study the ultra-rare "golden

decay" K+ → π+νν (Kπνν). A new result with the most precise measurement of the

Kπνν branching fraction obtained from the full NA62 data set recorded in 2016–2018,

has been recently presented at the ICHEP 2020 conference. The same data is used in

multiple other analyses of rare kaon decays and searches for new particles from the

hidden sector, also producing world leading results.

NA62 is preparing for the new run expected to start in 2021. Analysis of the avail-

able data set showed that the NA62 has potential to reach the precision of the Standard

Model Kπνν branching fraction prediction. Additionally, it revealed several drawbacks

of the current experimental setup and indicated data analysis methods and algorithms

that need improvement before the new run.

This work details the author’s contribution towards the Kπνν decay measurement

at the NA62. The contribution is twofold, which is reflected in the organization of the

presented thesis.

First the analysis of the STRAW spectrometer reconstruction efficiency for single

track events is presented. The efficiency is measured for π+, µ+ and e+ tracks from

selected K+ → π+π0, K+ → π0µ+νµ and K+ → π0e+νe events, respectively. The

track reconstruction efficiency for all three types of charged tracks is measured to be

above 95 % in 2016 and above 98 % in 2017 and 2018 data sets when all reconstructed

candidates are considered. The efficiency for tracks reconstructed using hits from all

four STRAW chambers is above 92 % in 2016 and above 94 % in 2017 and 2018. The

reconstruction efficiency measured on π+ tracks was used in the Kπνν analysis of 2017

and 2018 data sets.

Secondly, one of the critical parts of the Kπνν analysis – the matching between the

kaon and pion tracks – is studied. A new matching algorithm based on hypothesis test-

ing using likelihood is proposed. Performance of the algorithm is studied with fully

reconstructed K+ → π+π+π− event candidates and decrease in mismatch rate of up to



80 % is observed. Additionally, a part of the main Kπνν analysis was implemented in-

dependently in this work to study the effect of the proposed matching algorithm on the

reconstruction tails of the two dominant kaon decay background sources, K+ → π+π0

and K+ → µ+ν, in the 2017 data. The new algorithm significantly improves the resolu-

tion tails of the kinematic variable m2
miss and thus reduces the K+ → π+π0 background

by up to 30 %, leading to an increased signal-over-background ratio with a single event

sensitivity comparable to the main analysis. After the planned upgrade of the NA62

detector system, the new matching algorithm is intended to be used in the main Kπνν

analysis in the next run.

Keywords: NA62 experiment, rare kaon decays, reconstruction efficiency, likelihood



1 K+ → π+νν decay

Decay of the charged kaon to a pion and a neutrino-antineutrino pair (Kπνν) is one

of the most promising processes to challenge the Standard Model (SM) predictions.

Leading contributions to the Kπνν amplitude in the SM are governed by one-loop elec-

troweak processes [1], as shown in Figure 1.1. Due to the large top mass, the amp-

litude is dominated by the top quark loops, but receives also sizeable contribution from

the charm transitions [2]. The low energy hadronic matrix elements corresponding to

quark currents between hadron states can be extracted from well measured K → πlνl

decays. The branching fraction can be predicted very accurately with the largest un-

certainty coming from features inherent to perturbative QCD. The latest SM prediction

reads [3]

B
(
K+ → π+νν

)
(SM) = (8.4± 1.0)× 10−11. (1.1)
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Figure 1.1: Feynman diagrams for K+ → π+νν leading contributions [4].

The NA62 Experiment at CERN approaches the K+ → π+νν measurement with a

high momentum (75 GeV/c) unseparated hadron beam with the kaon component de-

caying in flight [1]. The overall goal of NA62 is to measure the branching fraction of

the Kπνν decay at 10 % precision level.

The experimental signature of a Kπνν event is one incoming kaon decaying into a

single positively charged pion and missing energy carried away by neutrinos. Two

signal regions with minimal contamination from the common kaon decays are defined

using the kinematic variable squared missing mass

m2
miss =

(
P
K

+ − P
π
+

)2
, (1.2)

where P
K

+ is the four-momentum of the detected upstream beam particle identified as

a kaon and P
π
+ is the four-momentum of the charged particle detected downstream,

identified as a pion. The choice of the signal regions shown in Figure 1.2 provides 90 %

kinematic rejection of otherK+ decays, listed in Table 1.1. Seven other regions are used

in the Kπνν analysis: three peak and four control regions for background estimation.

To reduce the probability of wrongly reconstructing m2
miss due to misreconstruction
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of kaon or pion momenta, two additional variables, m2
miss(RICH) and m2

miss(beam),

are computed and further constrain mainly the signal regions. For evaluation of

m2
miss(RICH), the track momentum in P

π
+ , measured by the downstream spectro-

meter (STRAW), is replaced with the momentum measured in RICH while keeping the

original direction. In m2
miss(beam), the GTK (beam spectrometer) momentum in P

K
+ is

replaced with the run-dependent mean beam momentum measured with K3π events.

Additionally, each region is divided into four π+ momentum bins: (15–20) GeV/c,

(20–25) GeV/c, (25–30) GeV/c and (30–35) GeV/c.

Figure 1.2: Differential branching fraction as a function of the kinematic variable m2
miss

(Equation (1.2)). Two signal regions are indicated by dashed lines.

Final state Abbreviation Branching fraction

µ+νµ Kµ2 63.56± 0.11%

π+π0 K2π 20.67± 0.08%

π+π+π− K3π 5.58± 0.02%

π0e+νe Ke3 5.07± 0.04%

π0µ+νµ Kµ3 3.35± 0.03%

π+π0π0 K
3π

0 1.76± 0.02%

π+π−e+νe Ke4 (4.25± 0.02)× 10−5

π+γγ (1.01± 0.06)× 10−6

π+νν Kπνν (8.4± 1.0)× 10−11

Table 1.1: K+ decay modes relevant for the presented thesis. Standard abbreviations

and branching fractions [5] are listed. SM prediction for the Kπνν branching fraction is

quoted [3].

The NA62 Experiment collected three data sets for the Kπνν decay measurement,

denoted by the year of data taking (2016–2018). Separate blind analyses were adop-
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ted in each recorded data set. The 2017 Kπνν analysis is of great importance for the

presented thesis. Specifically, the matching between the kaon and pion tracks, crucial

for the reconstruction of signal events and suppression of background contribution to

the Kπνν signal regions, is studied on the 2017 data and discussed in Section 3. Op-

timization of the matching algorithm is desired for the future Kπνν analysis to lower

the background from the K2π and Kµ2 reconstruction tails and potentially also from

upstream events.

(a) (b)

Figure 1.3: (a): Summary of the expected numbers of the Kπνν decays and background

events in the Kπνν signal regions in the 2017 data set. The upstream, K2π, Kµ2 and

K3π contributions were estimated from data, the rest was estimated from simulation.

(b) Reconstructed m2
miss (Equation (1.2)) distribution of data events passing the Kπνν

event selection from the 2017 data set. The expected background and SM Kπνν event

contributions are superimposed as stacked histograms. The distributions of the K2π,

Kµ2 and K3π decays and of the upstream events are extracted from data. The other

contributions are obtained from simulations [6].

Two Kπνν candidate events were observed in the 2017 data set. The expected num-

ber of Standard Model Kπνν events and the background contribution to the Kπνν signal

regions are summarized in Figure 1.3a. The background is dominated by upstream de-

cays in the beam line and interactions between the beam particles and upstream sub-

detectors, with significant contribution from K2π and Kµ2 kinematic tails, as shown in

Figure 1.3b.

Additionally, one Kπνν candidate event was observed in signal region 2 in the 2016

data set, and 17 Kπνν candidate events in total were observed in the 2018 data set.

Combination of the results leads to the total of ∼10 expected SM signal events and

∼7 expected background events, while observing 20 events. This results in the new
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measurement of the Kπνν branching fraction:

B(K+ → π+νν) =
(
11.0+4.0

−3.5

∣∣
stat. ± 0.3syst.

)
× 10−11. (1.3)

The analysis of the full NA62 data set showed that a significant improvement of

the upstream background suppression and increase of the Kπνν signal acceptance are

needed. With the aim of achieving this, the NA62 collaboration plans to install an

additional station to the beam spectrometer and a new upstream veto counter before

resuming the data taking in 2021. Subsequently, certain cuts used to suppress upstream

background in the current analysis are going to be relaxed.

9



2 STRAW track reconstruction efficiency

The efficiency is measured separately using three different kaon decay modes: K2π,

Kµ3 and Ke3. The data recorded using a minimum-bias trigger which does not include

STRAW spectrometer is used for the efficiency measurement. Three offline selection

procedures are developed to select K2π, Kµ3, and Ke3 events without using STRAW

information.

Each event selection starts with π0 identification by selecting cluster pairs in the

electromagnetic calorimeter (LKr) to be considered as π0 → γγ decay candidates. For

each pair of selected clusters, a vertex is found numerically using a constraint on the

invariant mass of the two photon candidates and the (X, Y ) position of the vertex,

which is given by the beam (kaon) path. Given the cluster energies, their positions in

the LKr and the reconstructed vertex position, the π0 four-momentum is calculated as

the sum of the four-momenta of the two photon candidates.

The K2π event selection is based on the identification of π+ using calorimeters and

the background suppression using muon and photon vetoes. Additionally, a cut on the

π+ invariant mass variable is applied to select a clean K2π sample.

The Kµ3 selection is based on the muon pointer reconstruction using information

from the RICH, the muon identification in the MUV3, and photon rejection using the

LAV and the SAV sub-detectors. Finally, a cut on a squared missing mass variable is

applied to select the sample entering the efficiency evaluation.

In theKe3 selection the LKr information is used to reconstruct the e+ pointer energy,

while the radius and the position of the corresponding RICH ring are used for positron

identification.

Each selection algorithm produces a pointer representing the predicted position

and momentum of the positively charged track (π+, µ+, or e+). They are used as in-

puts to the efficiency evaluation algorithm. The pointer is propagated from the vertex

position downstream in the magnetic fields of the Blue Tube and the MNP33 mag-

net. Events that enter the evaluation of the STRAW track reconstruction efficiency are

required to have their pointer in the geometrical acceptance of all four STRAW cham-

bers; the distance from the beam axis is required to be above 10 cm. For each reference

pointer, a STRAW candidate compatible with the pointer is looked for. The pointer po-

sition and its momentum are compared to the reconstructed STRAW candidates at the

Z = 180 m plane, i.e. the candidate reference position before the MNP33 magnet. It is

required that the momentum difference between the pointer and a STRAW candidate

is less than 5 GeV/c (10 GeV/c) for π+ and e+ (µ+) pointers. Furthermore, a momentum

dependent cut is imposed on the distance between the pointer and a STRAW candi-
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date. If a matching candidate is found, the event is considered efficient and enters the

numerator of the efficiency.

The track reconstruction efficiency in a run is calculated as a ratio of the number of

efficient events and the number of all events with a pointer in the geometrical accept-

ance of four STRAW chambers:

ε =
N efficient events

N events with good pointer
. (2.1)

The efficiency dependence on the pointer momentum, position before magnet at Z =

180 m, distance from beam axis and the instantaneous beam intensity is calculated.

Two classes of inefficient events are identified:

• events with no STRAW candidate reconstructed in the event,

• events with STRAW candidate(s) reconstructed, but no candidate satisfies the

position and momentum criteria.

The STRAW reconstruction algorithm is based on hit clustering and produces two

types of candidates (tracks). The candidates of the first type are reconstructed using

hit information from all four STRAW chambers, while the candidates of the second

type miss information from one of the chambers. The momentum and slope measure-

ment resolution are worse for the latter type. Therefore, some of the NA62 analyses,

including the main K+ → π+νν̄ analysis, do not use the 3-chamber tracks. Track re-

construction efficiency is evaluated by considering both types of candidates and then

separately by considering only the 4-chamber tracks.

The STRAW track reconstruction efficiency affects the acceptance of signal and nor-

malization selections in the Kπνν analysis and thus enters the evaluation of the single

event sensitivity of the Kπνν measurement. The efficiency measurement carried out by

the author uses minimum bias data samples obtained in 2016, 2017 and 2018 runs.

2.1 Results

The results of the Straw spectrometer reconstruction efficiency measurement are sum-

marized for single track kaon decay events, see Table 2.1. The efficiency is evaluated

separately for all tracks (≥3 CH) and for four-chamber tracks (4 CH).

We observe a difference between the 2016 data sample and the 2017+2018 data

samples; the efficiency is lower by about 3 % in 2016. The efficiency improvement at

the beginning of 2017 was most probably achieved thanks to an upgrade of the STRAW

readout firmware. Otherwise, the reconstruction efficiency was stable for all 3 types of

studied tracks during the whole data taking period.
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Figure 2.1: π+ track reconstruction efficiency as a function of the momentum of the

reconstructed π+ pointer (top left), the instantaneous beam intensity (top right), the

distance from the beam axis (bottom left), and as a function of the reconstructed π+

pointer position before the STRAW magnet at Z = 180 m (bottom right). Only candid-

ates reconstructed from hits in all four chambers are used for the last. Data sample:

2017, minimum-bias trigger, K2π event candidates.

The measured efficiency values in 2017–2018 are above 98 % for all three studied

charged particles. The standard efficiency measurement does not take into account

events in which a charged particle is lost either due to its decay before or between

the STRAW chambers or due to an interaction with the material of the spectrometer,

since such events generally do not pass our event selections and thus do not enter the

denominator of the efficiency computation as discussed in subsection 2.2.

2.2 Spectrometer track reconstruction efficiency using MC truth

A study is carried out with the standard MC samples without any added pile-up. The

goal of this study is to evaluate the intrinsic inefficiency of the Spectrometer candidate

reconstruction, as well as to estimate the effect of particle decay and interaction on the

candidate reconstruction efficiency. MC truth information is used to select events in
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π+ µ+ e+

≥3 CH 4 CH ≥3 CH 4 CH ≥3 CH 4 CH

2016 data 95.7 % 93.3 % 95.8 % 92.8 % 96.5 % 95.2 %

2017 data 98.6 % 95.1 % 98.9 % 94.3 % 99.8 % 98.4 %

2018 data 98.5 % 94.9 % 98.8 % 94.0 % 99.7 % 98.2 %

K2π MC 99.7 % 97.4 %

Kµ3 MC 99.7 % 96.0 %

Ke3 MC 99.8 % 97.6 %

Table 2.1: Summary of the Spectrometer track reconstruction efficiency measurement

for data and MC. The statistical uncertainties of the presented central values are at the

level of 0.2 % or smaller. Results are stable within 0.2 % (0.3 % in 4 CH case) under

variation of selection cuts.

the denominator of the efficiency and the true charged track is used as the pointer for

the efficiency evaluation. A reconstructed candidate with momentum within 1 GeV/c

from the pointer momentum and with a distance from the pointer position in any

STRAW chamber smaller than 25 mm is looked for. Events, in which at least one such

candidate is found, enter the numerator of the efficiency.

We only consider events in which the charged particle reaches the first STRAW

chamber and its position is in the acceptance of all four STRAW chambers. In case the

particle decays or interacts inelastically before passing through the fourth chamber,

the position is obtained by extrapolation from the latest available MC checkpoint. The

fractions of such events are given in Table 2.2.

Decay Reach end of CH4 Decay in CH1-4 Inelastic1 interaction in CH1-4

K2π 97.32% 2.20% 0.48%

Kµ3 99.97% 0.03% 0.00%

Ke3 99.95% 0.00% 0.05%

Table 2.2: Probabilities for the charged particle entering the STRAW (in acceptance of

all chambers) to reach the end of STRAW CH4, to decay and to interact inellastically.

First, the track reconstruction efficiency is evaluated for particles that reach the end

of STRAW CH4. The results in Table 2.3 show that the reconstruction efficiency is

lower (especially for Ke3) than the efficiency obtained using the standard procedure
1Inelastic, Scintillation, Annihilation processes in GEANT4.
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π+ µ+ e+

ε [%] ε(4CH) [%] ε [%] ε(4CH) [%] ε [%] ε(4CH) [%]

All events 98.84% 96.03% 99.35% 94.91% 95.95% 89.04%

Selected events 99.68% 98.82% 99.88% 97.96% 99.65% 97.91%

Table 2.3: Spectrometer reconstruction efficiency with MC truth.

in Table 2.1. To explain this discrepancy, we evaluated the efficiency on MC events

passing the K2π, Ke3 and Kµ3 event selections. Results are given in the second row of

Table 2.3 and show that for those events, the MC truth efficiency is compatible with the

standard results. This can be explained by the fact that the inefficiency in the first MC

truth sample is caused by events in which the charged tracks lost significant fraction

of their energy or scattered in the STRAW chambers. As a result, they do not pass the

selection criteria, especially the kinematic constraints on m(π+) or m2
miss.
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3 Kinematic studies for theK+ → π+νν measurement

The second goal of this thesis is to develop a new algorithm for matching single

STRAW candidates with GTK candidates. The aim is to improve the performance

of the existing algorithm in the Kπνν analysis on the 2017 data set with regards to

K2π and Kµ2 backgrounds. For this project, four event selections (Kπνν , K2π for nor-

malization, K2π, Kµ2) as well as the standard matching algorithm were implemented

independently of the main analysis, but using same selection criteria [6]. Event-by-

event comparison of the independent analyses proved to be useful to debug the main

2017 Kπνν analysis before opening control and signal regions.

The strategy to develop a new matching algorithm follows three steps. First theK3π

decay events, in which full kinematic information (momenta and positions of all the

decay products) is available, are used to find the correct GTK candidate. Then a new

algorithm to match individual pion tracks to GTK candidates is developed, based on

standard statistical classification methods involving Bayes’ theorem and likelihood-

ratio hypothesis testing [7]. The proposed matching algorithm checks compatibility

of the reference STRAW track with a subset of reconstructed GTK candidates. Each

track-GTK candidate pair is characterized by a set of three values: distance at vertex

Dvtx, and positive and negative linear combinations of the differences between the

RICH and KTAG times associated to the STRAW track and time of the GTK candidate,

∆T+ and ∆T−, respectively. Based on these values, two hypotheses are tested. Kaon

hypothesis H0, by which the GTK candidate is the correct one and corresponds to the

reference downstream track, and pile-up hypothesis H1, by which the GTK candidate

is a pile-up particle and does not correspond to the reference downstream track. For

each hypothesis, probability density functions of Dvtx, ∆T+ and ∆T− are provided by

fitting the relevant distributions obtained from K3π data events in the first step. The

event category N is determined by counting the number of GTK candidates of good

quality which are compatible with the kaon beam and in time with the STRAW track.

Given the category N , the probability fN of reconstructing and randomly selecting the

correct GTK candidate in an event with N good GTK candidates in time with the track

is obtained from K3π selected events.

The probability that the tested GTK candidate is in fact the correct one correspond-

ing to the reference track is computed as follows:

P (H0|γ) =
L (γ|H0) · fN

L (γ|H0) · fN + L (γ|H1) · (1− fN)
, (3.1)

where γ = {Dvtx, ∆T+, ∆T−} corresponds to a set of values characterizing each track-

GTK candidate pair and L (γ|Hi) is likelihood of Hi given observed set of values γ.
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All GTK candidates considered for the reference STRAW track are sorted by de-

creasing probability, with the best candidate being the one with the largest P (H0|γ).

The best GTK candidate is matched to the reference track if the probability is greater

than a predefined threshold. In event categories with more than one GTK candidate

considered in matching to the reference track (i.e. N > 1), the two best GTK candidates

are compared using likelihood ratio test

Λ (Γ) =
L (Γ|HA)

L (Γ|HB)
, (3.2)

in which Γ = {γc1 , γc2} is a set of values obtained by two independent measurements

for GTK candidates c1 and c2, respectively, and hypothesis HA corresponds to the case

in which the best GTK candidate is the correct one and the second best GTK candidate

is a pile-up candidate, and vice versa for hypothesis HB. Instead of using Λ (Γ), which

is unbounded from above and always equal to or greater than 1, a new function is

defined with the same monotonicity and codomain equal to interval [0, 1):

F (Γ) =
Λ (Γ)− 1

Λ (Γ)
. (3.3)

Finally, the thresholds for F (Γ) and the probability of the best GTK candidate (sep-

arately in categories N = 1 and N > 1) are obtained by a histogram scanning proced-

ure in comparison with the standard matching algorithm. Two variables of interest,

the total number of expected K2π and Kµ2 events in the Kπνν signal regions, Nexp bg, and

the number of K2π normalization events in the K2π peak region, N2πN , are evaluated

from the full Kπνν analysis and two ratios are defined:

• Rbg =
(
Nexp bg(likelihood)

)
/
(
Nexp bg(standard)

)
,

• R2πN = (N2πN(likelihood)) / (N2πN(standard)).

Five sets of thresholds with best performance given by Rbg ≤ 1 and R2πN ≥ 1 are

selected and summarized in Table 3.1a.

Performance of the new matching algorithm is first tested with K3π events selected

from 2017A data set. For each selected event, a K3π kaon candidate is built from the

three pion candidates. One of the two positive pions is randomly chosen and used

as a reference track in the tested STRAW–GTK matching algorithm. Three variables

are defined to evaluate the performance by comparing the GTK candidates selected by

STRAW–GTK and K3π– GTK matching algorithms and the results are summarized in

Table 3.1b.

Variables A and B are used to assess the performance of the matching algorithm on

events in which the correct GTK candidate is reconstructed. They estimate the rates of
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N = 1 N > 1

P (H0|γ) F (Γ) P (H0|γ)

SET 1 0.894 0.840 0.636

SET 2 0.952 0.360 0.660

SET 3 0.946 0.396 0.752

SET 4 0.936 0.810 0.714

SET 5 0.930 0.906 0.654

(a)

A [%] B [%] C [%]

Standard 73.47 1.41 2.81

SET 1 79.20 0.44 3.36

SET 2 75.42 1.43 2.61

SET 3 74.19 1.12 2.52

SET 4 74.86 0.45 2.68

SET 5 75.45 0.28 2.81

(b)

Table 3.1: (a) Five sets of threshold values selected by the scanning procedure defining

final quality cuts in the new matching algorithm. (b) Comparison of the performance

of the new and standard STRAW–GTK matching algorithms evaluated on the same

sample of K3π events.

good match and mismatch, respectively. Variable C gives an insight into the behavior

of the matching algorithm when dealing with upstream background, as it corresponds

to the fraction of K3π events with only out-of-time GTK candidates reconstructed in

the event.

The overall goal is to keep the number of events with incorrectly selected GTK

candidate (B and C) as low as possible while retaining the acceptance (given by the

sum of events of types A and B) and high good-match rate (A). In the Kπνν analysis,

the incorrect matching between STRAW and GTK candidates leads to a wrong value of

the reconstructedm2
miss. This, in turn, leads to an enlarged background event rate in the

signal regions and thus decreases the statistical power of the Kπνν branching fraction

measurement. Additionally, the acceptance of the matching algorithm is reflected in

the overall acceptance of the Kπνν event selection.

Comparison with the standard matching algorithm in Table 3.1b shows that the

new algorithm can lower the mismatch rate (B) by up to 80 % (relative) and improve

the good-match rate (A) by 1 % to 8 % at the same time. The rejection power of events

in which the matched GTK candidate corresponds to a pile-up particle is estimated

by the column C. The performance varies between different sets of cut values; from

20 % degradation in SET 1 to 10 % improvement in SET 3 with respect to the standard

algorithm.

Since the Kπνν analysis suffers from low signal acceptance due to strict selection

criteria, a matching algorithm with an improved acceptance (and low mismatch rate)

is desirable. As expected and also indicated by Table 3.1b, a significant increase in

good-match rate (A) in SET 1 results in substantially worsened fake-match rate (C).
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This could be an issue in the Kπνν analysis where the fake-match rate directly affects

the level of upstream background. However, in future data taking at NA62, multiple

changes in the experimental setup are planned, aiming at decreasing the upstream

background level. Thanks to the improved performance, the new matching algorithm

is intended to replace the currently used one in the main analysis of future data.

Performance of the STRAW–GTK matching algorithm in the Kπνν analysis can be

judged by multiple criteria. The focus of this work is on the K2π and Kµ2 backgrounds

from non–gaussian reconstruction and radiative tails of the corresponding m2
miss dis-

tributions, which span across the Kπνν signal regions. Backgrounds result from K2π(γ)

and Kµ2(γ) events which pass the Kπνν event selection and are reconstructed in the

Kπνν signal regions. This only occurs when all photons (from π0 decay and radiat-

ive) remain undetected, and in case of Kµ2, the muon is wrongly identified as a pion.

Such events enter the signal regions due to misreconstruction of m2
miss mainly caused

by multiple scattering or pattern recognition error in the reconstruction procedures in

GTK or STRAW, or by an incorrect STRAW–GTK matching.
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Figure 3.1: K2π and Kµ2 tail fractions in both Kπνν signal regions measured with the

likelihood matching algorithm (SET 5) on the full 2017 data set. Tail fractions are eval-

uated in four bins of the π+ or µ+ track momentum.

The backgrounds are estimated with dedicated K2π and Kµ2 event selections ap-

plied on data. While the estimation of Kµ2 tails includes both components, the ra-

diative part in K2π event selection is strongly suppressed by π0 identification and a

two-body decay kinematics requirement. Consequently, the effect of the remaining

radiative component of K2π tails is measured separately in the main Kπνν analysis.

TheK2π andKµ2 tail fractions measured on the full 2017 data set in four momentum

bins are quantified in Table 3.2. Comparison of the K2π tail fraction in signal region 1,
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obtained with the standard and likelihood matching algorithms, reveals an improve-

ment of up to 30 % in all momentum bins. Less dramatic improvement (up to 4 %)

is observed for the K2π tail fraction in signal region 2 for three of the selected sets of

thresholds for the likelihood matching algorithm. Up to 12 % (6 %) worsening is seen

for the Kµ2 tail fraction in the signal region 1 (2), mainly in the high momentum bin.

Nevertheless, lower K2π tail fraction in signal region 1 is enough to produce smaller

(by more than 8 % at the best) total expected background for three of the five proposed

sets.

fρkin,2π [×10−4] fρkin,µν [×10−4] A(πνν) A(2πN) SES Nexp πνν

Nexp bgSR1 SR2 SR1 SR2 [%] [%] [×10−10]

Standard 5.502 6.443 2.015 0.216 2.454 6.563 0.389 4.881

SET 1 4.533 6.651 2.265 0.230 2.481 6.687 0.379 4.853

SET 2 5.378 6.538 2.071 0.218 2.484 6.648 0.382 4.728

SET 3 4.946 6.375 2.034 0.216 2.429 6.507 0.388 4.988

SET 4 4.120 6.207 2.065 0.220 2.400 6.461 0.392 5.291

SET 5 3.957 6.206 2.099 0.222 2.392 6.453 0.393 5.282

Table 3.2: Summary of the obtained results: K2π andKµ2 tail fractions in theKπνν signal

regions (summed over momentum bins), acceptances of the Kπνν and K2π normaliza-

tion selections computed from the Kπνν and K2π Monte Carlo samples, respectively;

single event sensitivity (SES) measured on the full 2017 data set; the expected signal-

over-background ratio (accounting only for the Kµ2(γ) and K2π background).

The acceptance of the Kπνν event selection with the likelihood matching algorithm

varies for the proposed sets of threshold values between up to 1.2 % improvement and

about 2.5 % loss with respect to the case with the standard matching. Similar results

(up to 1.9 % improvement and less than 1.7 % loss) are observed for the acceptance of

theK2π normalization selection (see Table 3.2). Both acceptances are used in evaluation

of the single event sensitivity and the expected number of Kπνν events to be observed

in the Kπνν signal regions combined, both varying between up to 1 % worsening and

up to 3 % improvement. The expected signal-over-background ratio, shown in the last

column of Table 3.2, is higher by up to 8.4 %. The ratio reveals that the major part of

the improvement comes from the signal region 1 for m2
miss in range (0.005, 0.01) GeV2/c4

dominated by the left tail of the K2π distribution.
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Figure 3.2: (a) Stack plot obtained as a combination of the m2
miss distribution of the

Kπνν MC events passing the Kπνν selection and two distributions of 2017 data events

selected by the K2π and Kµ2 selections, overlaid with the Kπνν– selected data. Distri-

butions are produced with the likelihood matching algorithm (to be compared with

Figure 1.3b). Contributions from upstream events, Ke4, K3π, and other less abundant

background components are missing. Grey dashed lines indicate the two Kπνν signal

regions. (b) m2
miss distribution of events passing the Kπνν event selection with the like-

lihood matching algorithm, as a function of the π+ track momentum (to be compared

with Figure 23 in [6]). Grey area corresponds to the Kπνν Monte Carlo events, black

dots are 2017 data events. Two red rectangles correspond to the Kπνν signal regions.

The final cuts of the likelihood matching algorithm are defined by threshold values of

SET 5.

Figure 3.2 shows the 2017 data andKπνν Monte Carlo events passing theKπνν event

selection. Three peak regions, corresponding to the three most abundant kaon decays,

are recognized in data: Kµ2 at negative m2
miss, K2π at m2(π0) between the Kπνν signal

regions, and K3π at large m2
miss. Data points in the signal regions correspond to the

observed Kπνν event candidates. The Kπνν event selection with both standard and

likelihood matching algorithms results in zero events in the signal region 1 and three

(or four) Kπνν event candidates in the signal region 2, two of which (and only these

two) are also observed by the main Kπνν analysis [6]. Investigation of the third event

revealed that it was rejected by an older version of the StrawSegmentAlgorithm

tool used in the main Kπνν analysis. The extra Kπνν candidate event is observed with

four out of the five proposed sets of final matching cuts for the likelihood algorithm.
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