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Abstract

The KT — 7tvi decay is one of the most sensitive channels suitable for
finding indirect signals of new physics at high energy scales. The NAG62
experiment at the CERN SPS plans on measuring the branching ratio of this
decay with an unprecedented precision using a decay-in-flight technique. The
kinematic selection of the signal is based on the reconstruction of the squared
missing mass, obtained from the momentum of the parent K+ and the 7 in
the final state. The main background sources include more abundant kaon
decays such as K+ — 7ntn% K™ — pty, and K — 7tat7~, that under
certain circumstances can mimic the experimental signature of the signal;
in order to reduce the background due to these kaon decays, NA62 relies
on the kinematic selection, an excellent timing between the sub-detectors, a
good particle identification and muon rejection, and a hermetic photon veto.
The main residual source of background is due to the so-called upstream
background, which is any kaon decay or interaction happening before the
fiducial decay region, matched to a pile-up particle in the upstream part
of the detector. In this thesis I performed a K+ — 7Tvi selection that
allowed to study and understand the features of the upstream background
and measure it in the 2017 data set. This task is particularly difficult because
of the non-trivial topology that these kind of events has in order to contribute
to the background.



FEvery great story seems to begin with a snake.
— Nicolas Cage
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Introduction

Precision measurements in the context of flavour physics are one of the most
effective tools to investigate the presence of physics beyond the Standard
Model. In particular, the branching ratio of the ultra-rare decay K™ — ntvw
is an extremely sensitive probe for New Physics. NA62 is a fixed target high-
energy physics experiment located in the North Area of the CERN SPS. The
experiment aims at measuring the branching ratio of K™ — 77 v with an
unprecedented precision. The Standard Model theoretical prediction for this
branching ratio is

BRy(K" — 7vw) = (8.4+£1.0) x 107",
while the most precise experimental value, up to now, is
BR(K' — ntvp) = (1737132 x 10719) .

This FCNC process is theoretically very clean and it is an important test
for the unitarity of the CKM matrix in the Standard Model, besides being a
very sensitive probe for New Physics in many scenarios beyond the Standard
Model. The first NA62 data taking for K™ — 77w started in 2016 and
lasted until the end of 2018; the analysis of the 2016 data led to the observa-
tion of 1 signal event. In September 2019 NA62 announced the observation
of two more signal events that, when combined to the 2016 event, allowed us
to put an upper limit on the branching ratio of the decay:

BR(K" — 7ntvp) < 1.85 x 1071° @90%C.L.

The main source of background in NA62, besides the more abundant kaon
decays in the fiducial volume, is the so-called upstream background originated
by early kaon decays or interactions before the fiducial decay volume. Under-
standing the complex mechanisms behind this unexpected background was
extremely difficult and an enormous effort was made in order to understand
how the background originated, how to suppress it and how to evaluate its
contribution in the signal region. The study of all the technicalities concern-
ing the upstream background is the core of this thesis.
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In Chapter[I]the theoretical motivation for the measurement is given, with
a short summary of the main features of the Standard Model that provide
the context in which this measurement can be understood, and a summary
of some of the models predicting relevant New Physics contributions to the
branching ratio of K — 7vi.

The NA62 detector is described in detail in Chapter [2| where the main
role of all the sub-systems in the analysis is presented.

The description of the 2017 K+ — 7t vp analysis can be found in Chapter
The chapter starts with an overview of the software framework and the
definition of the data samples, and continues with the description of the main
issues of the analysis, the main sources of background and how the signal can
be selected and the background rejected.

In Chapter [4] the upstream background is presented in detail: how the
upstream background originates, how it could contaminate the signal region,
the strategies that can be used to suppress it and how the contribution of
this background to the signal region can be evaluated. A full demonstration
of the ineffectiveness of the 2016 technique for the evaluation of the upstream
background is given and a new method is presented. In the last section of
the chapter, a brief and preliminary overview of the upstream background in
2018 data is given.

The results of this work are presented in Chapter [5], together with the
results obtained by the NA62 Collaboration for the measurement of the
K* — 7fvi decay. The conclusions are given in Chapter [6] where results
and future prospects are discussed.

Finally, an additional appendix was included, appendix [A] reporting the
work I have done on the CHOD detector software that was under my respon-
sability from 2016 to 2019.



Chapter 1

Theoretical framework

In this chapter a general overview of the most important features of the
Standard Model of particle physics will be given. The focus will be on the
aspects more closely related to flavour physics and the NA62 experiment,
e.g. the CKM matrix, the quark mixing and charged weak currents in the
Kaon sector. Finally, the main features of the unitary triangle will be intro-
duced with an emphasis on the theoretical motivation for the measurement
of K* — ntvi at NAG2.

1.1 The Standard Model

Our current understanding of high energy physics is embodied in the Stan-
dard Model (SM) of particle physics, which describes the properties of the
elementary particles and the interactions happening among them. The Stan-
dard Model is remarkably successful: not only the central functions for which
the model was produced are in excellent agreement with the experimental
evidence, but the same is true also for every subsequent and fortuitous de-
tail following from them, such as the suppression of flavour-changing neutral
currents, proton stability and a multitude of other precision electroweak ob-
servables|1] 2]

The Higgs boson is the last addition to the picture. It was discovered in
2012 by the ATLAS and CMS experiments at the Large Hadron Collider with
a mass of my = 125 GeV/c? 3] [4]. Tt differs from all the other fundamental
particles: while all fermions are !/2-spin particle and all bosons are 1-spin
particle, the Higgs is the only 0O-spin scalar boson (see fig. . Moreover,
the origin of the mass of the fundamental particles is understood in the
context of the Higgs mechanism: while the fields associated to all the other
fundamental particles have zero expectation value in vacuum, this is not true



for the Higgs field: as a consequence, the fundamental particles interacting
with the Higgs field acquire mass [1].

mass - =2.3 MeV/c? =1.275 GeV/c? =173.07 GeVi/c? 0 =126 GeV/c?
charge - 2/3 u 213 C 213 t 0 0 H
spin > 1/2 12 12 1 & 0
Higgs
up charm top gluon boson
=~4.8 MeV/c? ~95 MeV/c? =~4.18 GeV/c? 0
-3 d 13 S 173 b 0
112 112 112 1 -&
down strange bottom photon
0.511 MeV/c? 105.7 MeV/c? 1.777 GeVic? 91.2 GeV/c?
-1 B -1 0
112 e 112 ]‘1 12 T 1 ;
electron muon tau Z boson
<2.2 eVic? <0.17 MeV/c? <15.5 MeV/c? 80.4 GeV/c?
0 0 0 £l
12 ])e 12 -I)]‘l 112 -I)T 1 W/
electron muon tau
neutrino neutrino neutrino W boson

Figure 1.1: A schematic representation of the fundamental particles in the
Standard Model, along with their mass, electric charge and spin.

Whilst the outstanding success of the Standard Model in high energy
physics is undisputable, many measurements coming from related fields of
physics seems to be in stark contrast with some of the most fundamental
features of the model:

e the SM lacks a mechanism by which the neutrinos acquire a mass and,
as a result, these particle are supposed to have no mass according to
the model. However the discovery of flavour oscillations in the neutrino
sector implies non-zero masses for these particles [5];

e no fundamental particle in the SM has all the properties needed to
explain the effects of the cold dark matter, a kind of matter which does
not interact electromagnetically and whose existence is deduced only
from its gravitational effects. The most notable evidences hinting to the
existence of this kind of matter include the observations in gravitational
lensing, the cosmic microwave background, the mass location in galactic
collisions and the anomalous galaxy rotation curves [6];

e the observed baryon asymmetry can’t be explained in the SM, accord-
ing to which equal amounts of baryons and anti-baryons were pro-
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duced right after the Big Bang. Although the SM predicts a small
baryon /antibaryon asymmetry coming from the CP-violation induced
by the complex phase in the CKM matrix, the effect is definitely too
small to be consistent with the observations |7][8];

e a quantum description of gravity does not exists at the moment. As
a matter of fact, we still lack a quantum field theory of gravity since
the general theory of relativity can’t be easily harmonized with quan-
tum mechanics. This is usually not considered a problem in exper-
imental particle physics, since gravity is several orders of magnitude
weaker than the other forces and has negligible effects; nevertheless it
highlights an important problem in our fundamental understanding of
Nature [9).

For all these reasons, and many others, physics beyond the Standard
Model is expected to be found. Many different models have been proposed
during the years, involving new exotic particles, extra-dimensions, an internal
structure for elementary particles, and so on. NAG62 will be able to give
a contribution to discriminating between some of these models, while also
performing precision measurement of SM processes.

Indeed, besides the measurement of the branching ratio of Kt — 7tvw
and other precision SM measurements, NA62 can perform direct and indirect
searches for light exotic particles, such as heavy neutral leptons (HNL), dark
photons (DP) and axion-like particles (ALP), and investigate lepton number
and lepton flavour universality violation (LNV /LFV). Some of these searches
have already brought results improving the state of the art, like in the case
of HNL [10], DP [11] and LNV/LFV [12]|, while other searches (such as those
on ALPs) will require further data taking in a particular setup in the future
[13].

1.2 The CKM matrix

The six quarks of the SM are grouped into three generations, each consisting
of a doublet that has an up-type quark with electrical charge +2/3 and a
down-type quark with electrical charge —1/3. The transition of a quark
of a certain flavour to a quark of another flavour happens through charged
weak interactions mediated by W* bosons. This transition is described in
the Standard Model by the Cabibbo-Kobayashi-Maskawa (CKM) matrix.
This unitary matrix connects the weak eigenstates to the mass eigenstates of



quarks in the following way [8]:

d/ vud Vus Vltb d
S1= |V Vs V| |s] - (1.1)
b Vie Vis Vw b

Therefore weak charged current vertices can be written as

1 Vud vus Vub d

9w ,_  _ 5

— 15— v =(1 — . 1.2

Z\/§<u, C, _>7 2( 7) Vcd V;s ‘/cb S ( )
Via Vis Va b

The CKM matrix elements can be written in terms of three rotation angles
and a complex phase:

1 0 0 C13 0 <S’13€_i(S C12 S12 0
VCKM =10 C23 So3 X 0 1 0 X —S12 c12 0 s
0 —S8923 (o3 —513€i6 0 C13 0 0 1
(1.3)

where s;; = sinb;;, c¢;; = cosf;; and ¢ is the phase responsible for the CP
violation in the SM, while 6;; is the mixing angle between ¢ and j quark
families [§].

Because of the structure of the neutral current, flavour changing neu-
tral current processes do not take place at tree level, and they are strongly
suppressed at one-loop. This suppression at one-loop level is due to the
Glashow-Iliopoulos-Maiani (GIM) mechanism [5]. As an example, consider
the decay Kt — wfvi. If one considers the matrix connecting the mass
and the weak eigenstates of d and s quarks, limiting ourselves to only two
flavours, this matrix elements can be approximated using the Cabibbo angle:

d _ cosbc  sinfco d ' (1.4)
s’ —sinfo cosfc/) \s
Therefore, the relevant two terms describing neutral current transitions in
the Lagrangian are

d'Yad = cos® Ocdyad + sin® 0545 + cos O sin O [dYas + 5Yad] (1.5)

§'7s" = sin® Ocdryad + cos® c5yas — cos O sin O [dyas + 57ad] (1.6)



and adding up eq. and
A Vod + 8708 = dyad + 5Y45 , (1.7)

the terms describing FCNC that were present in eq. and cancel out.
Actually this cancellation is not perfect, since one has to consider higher
order corrections making possible FCNC at second order.

Another parametrization can be used to express the elements of the CMK
matrix. This parametrization was introduced by Wolfenstein |14] and makes
use of four real parameters A\, A, p and 7, related to the previous ones in the
following way:

S12 = )\7 S93 — 14)\27 Slgeié = A)\3(p + 277) (18)
_ A2 _ A2
p=pl==),  n=nl-"). (1.9)

Using the Wolfenstein parametrization, the matrix can be expanded in terms
of the small parameter A = 0.225:

1-— ’\2—2 A AN (p—in)
Voxkm = - -2 AN? +O(X) . (1.10)
AN(1—p—in) —AN 1

As it is evident from eq. [I.10] the most favoured quark transitions are those
corresponding to the diagonal matrix elements, while off-diagonal elements
represent suppressed transitions. As of 2018, the measured values of the
matrix elements are [1]:

Vial = 0.97420 £ 0.00021 [Vys| = 0.2243 4 0.0005 |V,| = 0.00349 + 0.00036
Vol = 0218 £0.004  [Vg| = 0.997 £0.017  [Viy| = 0.0422 £ 0.0008 (1.11)
Vil = 0.0081 £0.0005  [V;| = 0.0349 £0.0023  |Viy| = 1.019 % 0.025

It is worth noticing that according to the Wolfenstein parametrization, A = |V,

1.3 The unitary triangle

The unitarity condition for the CMK matrix implies various relations between
the matrix elements such as:

VasVud + VeVea + VigVia - (1.12)



(0,0) (1,0)

Figure 1.2: One of the unitary triangles defined by the unitarity conditions
on the CKM matrix, namely by eq. [L.12] The sides and angles of the triangle
are directly related to the value of the matrix elements.

Eq. represents a triangle in the complex plane defined by the two Wolfen-
stein parameters (p,n). The triangle is shown in fig. [1.2] where p and 7 are

ﬁ:p(l—/\—2) (1.13)

77=n(1—%2) : (1.14)

while the angles of the triangle are:

VidVi Ved Vi VidV
a = arg (—ﬁ) , p=arg (—ﬁ) , = arg (—ﬁ) (1.15)
udVu tdVi cdVe

1.4 The K™ — n"vv decay

The values of the branching ratios of K+ — v and K — 7% provide
an extremely interesting test of the Standard Model [15]. Both processes are
flavour changing neutral current (FCNC), strongly suppressed by the GIM
mechanism. The charged version of the decay proceeds at the lowest level
via the two Z penguin diagrams and the W box shown in fig. [1.3|
Theoretically this process is very clean and the main sources of uncer-
tainty originate from the uncertainties on the CKM matrix elements [15]; in

8



particular, the formula for the branching ratio of K+ — 7" can be written
as follows

BR(Kt — 7twi) =k4 (1 + Apy) - KImAtX(%))Z

)\5
Bl Bl . (1.16)
+(B2err 0 + 67 + B x (@) |
where
A 8
Ky = (5.1734£0.025) - 1071 {m} ; Apy =-0.003 . (1.17)

k. is the hadronic matrix element extracted from semi-leptonic decays
of K, Kg and Kp; Agy is the electromagnetic radiative correction from
photon exchanges; z; = m?/M2,, A = |V,,| and \; = V;*V;4 are CKM factors;
X (x;) represents the loop function for the top quark contribution; PSP (X)
and 0 F,, are the loop functions for the short distance charm quark and long
distance charm and up quark contributions. The top quark contribution
is X(x;) = 1.48 £ 0.01 and includes the two-loop electroweak corrections
and NLO QCD corrections; the short distance contribution for charm quark
and long distance contribution for charm and up quark are, respectively,
PSP(X) =0.365+0.012 and § P.,, = 0.0440.02 and include electroweak and
NNLO QCD corrections. The apparent dependence of the branching ratio
on \ actually cancels out to a large extent since P.(X) ~ A7

Since New Physics seems to be distant enough from the electroweak scale,
the CKM matrix can be determined using tree-level measurements of the
observables |Vis|, [Ve|, |Vus| and v, where « is one of the angles of the unitary
triangle. Therefore the quantities \; and ). can be expressed using only these
input parameters:

2

A
Rel; = V|| Veo| cos y(1 — 202) + (Vi |* — [V [*) A (1 — ?> . (1.18)

s W

umc.t

d W

Figure 1.3: The three most relevant diagrams for the K+ — w7 v decay.
The s — d transition, forbidden at the three level, is dominated by two Z
penguins and a W box diagrams.



ImA; >~ |Vip||Vip| siny (1.19)
)\2
Rel. ~ —\ (1 - 7) : (1.20)

accurate up to O(A*). For the calculation, the values of v = (73.2753)° and
A = |V,s| are taken from the PDG [1], while for |V,s| and |Vy| a weighted

average between the exclusive and inclusive determination is used:
[Viblavg = (3.8840.29) x 107 [Viplawg = (40.7£1.4) x 107 . (1.21)

These last expressions can be plugged into to determine the expected
theoretical value for the branching ratio:

BRy(K" — 7vw) = (8.4+£1.0) x 107" . (1.22)

A similar calculation for the neutral counterpart K; — 7’v can be found
in [15] and leads to

BRy (K — 7vp) = (3.4+0.6) x 107 . (1.23)
B(K* — ntvw) B(Kp — n%p)
o Vsl
= PP(X) 7.0%
Vel 94 * X il X
D7 other L0%  other

14.9%
[Vubl

Figure 1.4: FError budgets for the branching ratio of Kt — 7fviy and
KL — v,

Figure [1.4) shows the error budgets for the two branching ratios. The
CKM uncertainties dominate the error in both cases and, in particular, the
largest contributions to the error come from |V,| and « for the charged
channel, while for the neutral channel there is also an important contribution
from |V,|. Therefore it may be convenient to have an expression for the
branching ratios where the theoretical and the parametric uncertainties are
kept separate:

BR(K* — i) = (8.3940.30) x 10-11. | 1/ 2'8-[ 7 ]0'74 (1.24)
0.0407| L7320
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BR(K;, — 7v) =(3.36 4 0.05) x 10~
|\ 2T WVl TP siny 1? (1.25)
3.88 x 103 0.0407 sin73.20]

The state of the art on the measurement of the branching ratios of the two
K decays is shown below:

BRe(KT — 7vw) = (1.731]52 x 10719) (1.26)

BRex (K, — 7vi) < 300 x 1071 @90% C.L. (1.27)

The measurement of the BR in eq. was performed by the E787/949
experiments at BNL and it is based on the observation of 7 decays of stopped
K™ interpreted as signal [16]. The upper limit in eq. was put by the
KOTO experiment, based on the analysis of 2015 data; this result is expected
to be improved with the analysis of the full data sample [17].

NAG62 published recently its results on the K+ — 7tvv analysis with the
2016 data set; the results and a description of the analysis can be found in
[18]. With a number of expected SM events of 0.267 + 0.001 54 £ 0.0204,5
0.032.,;, an expected background of 0.152t8;3§§|8mt +0.0135,5+ and 1 observed
event in the signal region, NA62 was able to put an upper limit on the
branching ratio of the decay:

BR(K' — ntvp) < 14 x 107 at 95% CL. (1.28)

This result has improved with the 2017 data set, on which this thesis will
focus, and will be further improved with the analysis of the 2018 data set.

1.5 Beyond the Standard Model

The measurement of BR(K™ — ntvi) and BR(K, — n°vi) defines the uni-
tarity triangle independently of the B system, thus being an important test
for the SM itself independently of any new physics model (fig. . In-
deed, the unitary triangle defined by equation is tightly linked to the
two aforementioned decays: the branching ratio of K; — 7w provides the
height of the triangle, while K™ — 77 vi provides the measurement of one
side of the triangle (see fig. [L.5).

Nonetheless, a plethora of models beyond the Standard Model predict
sizable differences in the value of the branching ratio of these two decays.
This models comprise custodial Randall-Sundrum [19], Minimal Supersym-
metric Standard Model (MSSM) Analysis |20][21], simplified Z, Z’ models
[22], littlest Higgs with T-parity [23] and lepton flavour universality violation
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BR (K, - n'%)

Figure 1.5: The relation between the sides of the unitary triangle and the
two decays K™ — 77w and K — mvw.

models [24]. The importance of performing a precision measurement in this
context is better understood looking at the plot in fig. [1.6] where one can
see the different correlation patterns between K™ — ntvi and K — nvi
for different BSM scenarios; the plot shows also the Grossman-Nir bound
[25], that is model independent and it can be derived just assuming the lep-
ton flavour Conservationﬂ In the following, a brief description of NP models
mentioned above for which the K+ — 7tvi decay is relevant will be given.

The Randall-Sundrum model (RS) [19] is a higher-dimensional mech-
anism that solves the hierarchy problem by postulating that a large scale (of
the order of the Planck scale) produces the weak scale through an exponen-
tial hierarchy; in the RS model the hierarchy arises from warped higher-
dimensional space-time, where only one additional dimension is required
[2]. In this context, rare K and B meson decays (such as KT — ntvp,
K — 7, K — 771", K — putp~, Bsa— pu~ and B — K(x)vi)
receive tree level contributions from the Z and the new heavy electroweak
gauge bosons, besides the usual SM one-loop contributions. Specifically, the
branching ratio of kaon decays can have large differences with respect to the
SM, while the effects in the B decays are smaller.

In the Minimal Supersymmetric Standard Model (MSSM) the SM
Lagrangian is extended by supersymmetric terms that typically bring new
sources of flavour violation. The FCNC amplitudes depend on the sparticle
masses and the pattern of their mixing, and important contribution to the
Kt — ntvp decay amplitude can arise from the squark mass matrices |20].
The branching ratios of K — wvv decays are indeed very useful to determine
the flavour structure of the model. In particular, under certain hypothesis,

ISpecifically, I'(Kj, — n%vi) /I (Kt — 7t vi) = sin? 0, where 6 is the relative CP vio-

lating phase between the K — K mixing amplitude and the s — dvv decay amplitude.
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the two branching ratios for X' — mvv decays could receive O(1) corrections
with respect to SM [21].

A correlation between K — 7ty and B — K(K*)utpu~ can arise in
models with tree level Z and Z’ contributions in which either Minimal
Flavour Violation (MFV) or a U(2)? symmetry is imposed on the quark
flavour-violating couplings [22]. In this case, K* — ntvy and K — nlvw
can probe energy scales up to 1000 TeV and Z and Z’ models with general
flavour couplings allow for BR(K+ — ntvr) > 20 x 10711

The Littlest Higgs Model with T-parity (LHT) is one of the sim-
plest New Physics models that can account for new sources of flavour and
CP violation [23]. In this scenario, the branching ratios of K+ — 7w and
K1 — mvv can have significant differences with respect to the SM predic-
tions, while the effect on B meson decays are smaller. The LHT model
predicts new heavy fermions that can interact with the ordinary quarks and
leptons through new heavy electroweak gauge bosons. The Littlest Higgs
model without T-parity was first introduced to deal with the quadratic di-
vergences in the Higgs mass without having to resort to supersymmetry, so
that the cancellation of the divergences happens with the intervention of new
particles of the same spin-statistics. However, a discrete symmetry (the T-
parity, under which all SM particles are even) has to be introduced in order
to make the Littlest Higgs model consistent with electroweak precision tests
and, at the same time, make the new particles of this model in the reach
of the LHC. The LHT produces correlation patterns between the branching
ratios of K™ — vy and K — 7°vi and, in particular, BR(K+T — 7Tvi)
can reach values of the order of 20 - 107!, If no new particle is discovered at
LHC, no deviation from the SM is observed in electroweak and Higgs physics
measurements and the New Physics happens to be at a scale of several TeV,
K — mvv decays become the best candidate to prove the LHT model; if that
is the case, the branching ratio of K™ — 7"vv could be enhanced by up to
a factor 2.

Recent hints of violation of Lepton Flavour Universality (LFU) in
B meson decays may be easily accommodated in models where new interac-
tions responsible for these violations couple mainly to the third generation
of left-handed fermions [24]. For this reason, K — mvr decays are particu-
larly interesting because they are the only kaon decays with third-generation
leptonf] in the final state. In order to relate B physics anomalies and K
decays, an Effective Field Theory approach can be used, where the new in-
teractions satisfy an approximate U(2), x U(2); flavour symmetry. It turns
out that in this case the models predict O(1) deviations from the SM value

2The tau neutrinos.
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Figure 1.6: Correlation between the branching ratios of K™ — 7tvi and
K — v, The green region shows the correlation emerging in models
with constrained minimal flavour violation. The blue region shows the cor-
relation arising from e constraints when LH or RH couplings are present.
Conversely, the red region shows the lack of correlation in models with gen-
eral LH and RH couplings.

of BR(K — mvv).

In conclusion, kaon rare decays are of paramount importance in many
New Physics scenarios. Even in the event of the discovery of New Physics
at the TeV scale by direct searches at the LHC, these analyses are unlikely
to determine the structure of the new theory; for this purpose precision
experiments such as NA62 are fundamental [21].
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Chapter 2

The NA62 experiment

The experimental strategy for the measurement of K+ — 77vi at NA62 is
illustrated in section A brief description of the accelerator complex is
given in section the primary and secondary beam characteristics and the
beam line are described in section [2.3] while the NA62 detector is described
in detail in

2.1 Experimental strategy

NA62 exploits a decay-in-flight technique, letting the kaons decay in flight
along the detector. This allows to have a significant flux of kaons (O(10'?)
over a few years of data taking) and better measurements on the decay prod-
ucts [28]. In the decay-in-flight technique, the exploitation of a high energy
hadron beam boosts the decay products into a small angular region, enabling
to use a fixed target experiment geometry; moreover the decay products are
boosted to high energies, ensuring a more efficient detection and particle
identification. On the other hand, because of the huge beam intensity, the
beam tracker measuring the momentum of the beam particles require partic-
ular care (see , and so does the trigger and the data acquisition system
(section [2.4.11]).

Since the two neutrinos in the final state of K — 7#tvo cannot be seen
by the detector, the only information about the decay comes from accurate
measurements on the upstream track (the K™) in the initial state and the
downstream track (the 77) in the final state. The main variable used in
the analysis for the kinematic rejection of the background K decays is the
squared missing mass, m? i.e. the square of the difference between the

miss?
K™ and the 7 4-momenta,

m2i = (P — Pr)? . (2.1)

miss
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Figure 2.1: Squared missing mass distribution for the signal and the back-
ground Kt decays. The signal is shown in red and is enhanced by a factor
10 in the plot. The two chosen signal regions are delimited by black arrows.

The distributions of the squared missing mass for the signal and the
main background kaon decays are shown in fig. 2.1} Two signal regions can
be defined, in order to avoid the sharp peak of the K™ — 77" that happens
to be right in the middle of the m? . distribution for the signal process.

miss

2.2 The CERN accelerator complex

At present, the CERN Large Hadron Collider (LHC) is the most powerful
collider in the world, with unprecedented center of mass energies. Four main
experiments (ATLAS, CMS, LHCb and ALICE) are located at the interaction
points, where proton beams collide producing all kinds of particles. The
Super Proton Synchrotron (SPS, the last step in the acceleration system
before the LHC), provides the proton beam needed by the NA62 experiment
in order to produce its secondary hadron beam.

A scheme of the accelerator complex is shown in fig. [29]. The protons
are initially extracted from a hydrogen gas thanks to the Duoplasmatron
where electrons are stripped off the gas by an electrical field. The particles
are then accelerated by a linear accelerator, the LINAC2, that uses radio-
frequency cavities to accelerate protons which, at that point, have reached
an energy of 50 MeV. LINAC2 was stopped at the beginning of the Long
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Shutdown 2 and will be permanently replaced by LINAC4 for future physics
runs.

Once the protons pass through the LINAC2, they are sent to the Proton
Synchrotron Booster (PSB), a circular accelerator with a 157 m circumference
that accelerates them to 1.4 GeV and they are subsequently sent to the Proton
Synchrotron (PS). The PS protons are accelerated to 25 GeV before being
injected into the 7 km long ring of the Super Protons Synchrotron (SPS).
The ring of the SPS is divided in sextants, where each sextant is made of two
arcs and a Long Straight Section (LSS). The nominal intensity in the SPS is
1.2 x 10" ppH] [29]. The protons accelerated in the SPS reach an energy of
450 GeV and, eventually, they are injected into the LHC. Another possibility
for the SPS is to extract 400 GeV protons and send them to experiments in
the North Area, such as NA62 [30][28].

The LHC is a 27 km long circular accelerator capable of accelerating
protons to energies as high as 6.5 TeV per beam. The collider has four
interactions points where the four main experiments are located and the
energy of the collisions in the center of mass is 13 TeV. Besides protons, the
LHC can provide heavy-ion beams, so that it is possible to have lead-lead,
proton-lead or even xenon-xenon collisions |29].

LHC

LHCb

SPS

2006 ] Gran Sasso

ATLAS

East Area

PS
1959 (528 m)|

LINAC 2

Leir

N LINAC 3
lons

Figure 2.2: The CERN accelerator complex.

Iprotons per bunch
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NAG62 beam composition
P 23% | 173 MHz
Kt 6% | 45 MHz
7t 70% | 525 MHz
put | <1% | 5 MHz

Total | 100% | 750 MHz

Table 2.1: Composition of the NA62 secondary beam.

2.3 The beam line

A 400 GeV /c slow extracted proton beam provided by the SPS is split into
three branches and, subsequently, impinges on three different targets (T2,
T4 and T6). Protons interacting with T4 make up two different beam lines,
H6 and HS8, while protons that do not interact with T4 are deviated to the
P42 beam line. The P42 beam line transports this 400 GeV /¢ primary pro-
ton beam to the TCCS8 underground tunnel where it interacts with the T10
beryllium target, producing a 75 GeV/c secondary charged hadron beam,
containing about 6% K™*. The instantaneous beam intensity is 750 MHz.
The composition of the secondary beam is reported in table 2.1 The K*
momentum is 75 GeV /¢, with a Ap/p ~ 1.6%.

The beam line defines the Z axis of the experiment, with the origin at
the beryllium target and the positive direction coinciding with the one of the
traveling beam particles; the Y axis is aligned vertically and points up, while
the horizontal X axis forms a right-handed coordinate system.

A 95 cm long copper collimator follows the T10 target, where the K12
beam line starts; a 15 mm hole in the collimator is usually selected to transmit
the beam. A triplet of quadrupole magnets (Q1, Q2 and Q3) and an achro-
mat (Al) select a beam with 75 GeV /¢ momentum and a large solid angle
acceptance (£2.7 mrad horizontally and 1.5 mrad vertically). The achro-
mat is made of four dipole magnets, where the first two displace the beam
of 11 cm downwards and the last two bring it back to the original direction:
in between the two pairs of magnets, there are two copper collimator (TAX1
and TAX2) with holes of different sizes that allow the momentum selection
and dump part of the unwanted particles (fig. . If necessary, the TAXes
can be completely closed and the detector can run in dump mode to perform
searches for exotic particles. Between TAX1 and TAX2, a radiator made of 5
mm thick tungsten foils degrades positron energies by bremsstrahlung to the
point where they are easily rejected by the following beam elements, while
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minimizing the losses of hadrons due to scattering.

After the TAXes, a series of quadrupoles and collimators (Q4-10, C1-7)
focus and select the beam further. The beam passes through a field-free bore
in a dipole magnet (B3), crossing iron plates inserted in the poles of the
magnet. The vertical magnetic field in the surrounding iron sweeps away off-
axis muons of both signs. Two dipoles (TRIM1 and TRIM2) placed before
and after B3 cancel the small deviation of the beam due to the stray-field in
the bore.

The upstream tracking system of NA62 (GTK) consists of three stations
of silicon pixel detectors (GTK1, GTK2 and GTK3) and the second achromat
(A2) is located between GTK1 and GTK3. A steering magnet (TRIMS5) at
the level of GTK3 deflects the beam towards positive X, to compensate the
subsequent effect of the Spectrometer magnet (MNP33) placed 95 m down-
stream keeping the beam in the beam pipe until the end of the apparatus.

The fiducial decay volume consists of the first 60 m of a 117 m long tank,
at a pressure of ~ 107% mbar, 102.4 m after the target. The tank is made
of 19 cylindrical steel sections and hosts 11 LAV stations and the 4 STRAW
chambers. At the end of the vacuum tank, a 2 mm thin aluminium window
separates the vacuum from the neon gas contained inside the 17 m long RICH
vessel. The flange around the hole at the center of the aluminium window
is connected to a thin aluminium tube of 168 mm diameter that transports
the beam in vacuum throughout the length of the detectors.

Finally, after the MUV3 detector, the beam receives a deflection towards
negative X by the BEND magnet, leaving the SAC detector clear from the
hadron beam (see also section [2.4.9); the beam reaches eventually the beam
dump where it is completely absorbed (fig. .

2.4 The NAG62 detector

The NA62 detector is located in the North Area of the SPS, in the under-
ground caverns TCC8 and ECN3, where the NA48 detector |31] used to
be. Indeed NA62 inherited a few sub-systems from NA48, such as the LKr
calorimeter, the charged hodoscope and part of the muon veto.

Figure [2.5] shows a simple sketch of the experiment, starting from the
target where the hadron beam is produced, moving to the upstream detectors
(KTAG, GTK and CHANTTI) in the TCC8 cavern, and ending with the
downstream detectors after the fiducial decay volume (LAV, STRAW, RICH,
CHOD, NewCHOD, HASC, LKr, MUV, IRC/SAC) in the ECN3 cavern. The
full detector, occupying the full length of TCC8/ECNS3, is approximately
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250 m long. In the following, a short description of all the sub-systems of
NAG2 relevant for the K — 77 vi analysis is given.

2.4.1 CEDAR/KTAG

As it has been described in section the 750 MHz NA62 secondary beam
contains just a 6% KT, while the prevalent components are charged pions
and protons. Therefore a fast and efficient kaon tagging sub-system is manda-
tory in order to identify the KT in the beam. This is required to have a 95%
tagging efficiency, a pion mis-identification probability smaller than 107, a
time resolution better than 100 ps in order to minimize accidental coinci-
dences with the downstream 7", and the capability to sustain a 45 MHz K+
rate.

This sub-system is the ChErenkov Differential counter with Achromatic
Ring focus (CEDAR), based on the CERN West Area CEDAR built in the
70s and later updated in NA62 as the KTAG in order to meet the timing
and rate requirements of the experiment. A schematic view of the sub-
detector is shown in fig. 2.6 The CEDAR is a 7 m long tank filled with
1.1 m? of Nitrogen at 1.7 bar as a Cherenkov radiator. Because of the narrow
momentum spread, a beam particle entering the CEDAR emits photons at
a very specific angle which depends only on the particle mass. The photons
are reflected by a mirror into 8 spots, each covered by 48 photomultipliers
(PMT). The light passes through a chromatic corrector before reaching the
PMTs. A ring shaped diaphragm with adjustable aperture (0 to 20 mm) is
placed in front of the PMTs [32]. The choice of a differential counter is ideal
because Cherenkov radiation generated by the passage of particles different
from kaons will simply not reach the PMTs, so that the actual rate on the
detector is 45 MHz and not the total 750 MHz of particles in the beam.

The measured kaon time resolution is ~ 70 ps [32].

2.4.2 GigaTracker

The GigaTracker (GTK) is a silicon pixel beam tracker used to measure the
momentum, direction and the spacial and time coordinates of the particles
in the 75 GeV/c NA62 beam [33].

The GTK is made of three stations, GTK1, GTK2 and GTK3. Each
station is made of 18000 time resolving pixels of 300 x 300 pm?, covering an
area of 60.8 x 27 mm?. The three stations are installed in vacuum inside the
beam pipe with two pairs of bending magnets as shown in fig. [2.7] The silicon
sensors in the stations are read by two rows of five custom made ASICs. The
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Figure 2.6: Left: schematic view of the CERN West Area CEDAR. Right:
picture of the NA62 CEDAR.

whole pixel detector plus the 10 chips is glued on a silicon plate used as a
mechanical support and cooling plate.

The direction of the beam particle is obtained from the position at the
first and the third GTK stations, while using also the position at GTK2 it
is possible to evaluate the vertical displacement between the magnets which
is related to the momentum rigidity. The momentum and direction of the
beam particles are used to compute the squared missing mass (eq. .

In order to obtain the rejection needed for the K — 7+ v measurement,
the angular and momentum resolutions of the beam particle exiting the GTK
need to be 6,, = p,,/p. = 16 prad and dp/p = 0.2%. The time resolution
measured for the track is 75 ps.

The three stations constructed and used for the first data taking in 2016
had a thickness of 380 pm for GTK1 and GTK2, and 280 pm for GTKS3.
Consequently the material budget in the acceptance is 0.73% X, for the first
two stations and 0.62%X, for the third one. The same three stations were
used for the 2017 data taking, when the beam intensity rose from the 35% of
the nominal one that was present in 2016 to 60-65% (depending on the data
taking period).

2.4.3 CHANTI

A possible source of background for the K™ — 7Tvp measurement comes
from beam particles impacting the GTK3 station producing a positively
charged pion, which is detected by the NA62 subsystems in a way that the
origin is wrongly reconstructed inside the fiducial volume, mimicking a sig-
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to compensate the effect of the STRAW magnet placed downstream.

nal event. To avoid this unfortunate situation and reduce this background
to a reasonable level, NA62 makes use of the CHarged ANTI-counter, or
CHANTT |34].

The CHANTT is placed in vacuum, right after the last GTK station and
outside of the beam acceptance. The detector is made of plastic scintillator
counters intercepting charged tracks produced at angles from 49 mrad to
1.34 rad with respect to the beam nominal direction and generated at the Z
position of the GTK3.

In particular, the CHANTT consists of six square hodoscopes, 30 ¢cm side,
placed in vacuum along the beam direction (fig. 2.8)). A central rectangular
hole of 65 x 95mm? with the longer side along the horizontal x-axis is present
so that the detector doesn’t interfere with the beam. The scintillator bars
have a triangular cross section and the signal is read out with WLS (Wave-
Length Shifting) fibers coupled to silicon photomultipliers (SiPM).

The single hit time resolution of the detector is 1.14 ns, while the position
of the hit can be measured with a resolution of 2.5 mm.

2.4.4 STRAW

As already discussed in 2.1 the kinematic rejection of the background for
the Kt — mtvi measurement is based on the squared missing mass (eq.
, which relies on the measurement of the momentum and direction of the
beam particles and of the decay products.

The measurement of momentum and direction of the decay products
downstream the decay region (e.g. the 7 in the final state of the K™ — 7 Tvw
decay) is accomplished with the STRAW Spectrometer (fig. [2.9). Unlike the
compact design of the silicon pixel stations of the GTK, the STRAW is a
35 m long and 2 m wide straw tracker [35], in order to maximize the angular
acceptance for the 7 from the KT decays.
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The Spectrometer is composed of 4 chambers, placed in vacuum at the end
of the decay region, and a dipole magnet (MNP33) of B = 0.36 T providing
a 270 MeV /c pr kick, placed between the second and the third station. The
chambers are 10 m distant from each other, except for the last one that is 15
m far from the third one. Each chamber is made of four views (X,Y,U,V),
where the straw tubes in the X and Y view follow the horizontal and vertical
direction, while the U and V view are perpendicular with respect to each
other like X and Y, but with a 45° tilt (fig. left). The straw tubes in
each view are placed following a certain pattern that is depicted in fig.
in order to guarantee geometrical coverage.

The straw tubes (© = 9.75 mm and 2.1 m long) are realized with a 36 pm
thick Mylar foil with a 50 — 20 nm thick Cu-Au metalization and a 30 pm
gold-plated tungsten wire. The gas mixture used is 70% Ar and 30% CO,
to guarantee a maximum drift time of the order of 150 ns with an operating
voltage of 1750 V.

The reconstruction of the track is based on a Kalman filter fit tech-
nique; the time resolution of the track is of the order of 5 ns, while the
resolution of the K+ — 7+7¥ squared missing mass peak is measured to be
1.2 x 1073 GeV?/c?, close to the design value [36].
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Figure 2.9: A picture of one of the STRAW detector chambers prior to
installation.

X view

21 m 11mm 15 mm 11 mm

Figure 2.10: Left: drawing of the four views present in each STRAW cham-
ber. Right: pattern of the straw tubes in each view of a chamber in the
STRAW.

2.4.5 RICH

The Ring Imaging Cherenkov (RICH) of NAG2 is a key element for the par-
ticle identification, in particular for the separation of pions, muons and elec-
trons in the downstream region.
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One of the main background to the K+t — 7wtvw signal in NA62 is the
K* — u*v,, with a BR ~ 63% which needs to be suppressed by a rejection
factor of 4 x 10'3. This can be accomplished with a combination of kinemat-
ical cuts, the muon veto system and the RICH. In particular, the RICH has
to provide a rejection factor of 10? in the momentum range from 15 to 35
GeV/c.

In addition to this, the crossing time of the track must be measured by
the RICH at a precision level better than 100 ps in order to have an efficient
association between the downstream track passing through the RICH and
the upstream track (the kaon) identified in the KTAG. Moreover the RICH
provides a fast L0 trigger signal.

The muon misidentification probability should not go above 1% level in or-
der to achieve the required 7 — p separation. The best separation is achieved
for low momentum, ideally close to the Cherenkov threshold. On the other
hand, in order for the detector to be efficient at 15 GeV/c, the threshold
needs to be ~ 12.5 GeV/c: the refractive index corresponding to this thresh-
old is (n — 1) = 6.2 - 1075, which is almost equal to the refractive index of
Neon at atmospheric pressure. The smallness of (n-1) imply a low number
of Cherenkov photons, which is compensated by having a long radiator.

A 17 m long vessel is filled with Neon slightly above atmospheric pres-
sure and constitutes the radiator with a volume of 200 m? [37] (see fig. [2.14).
An aluminium beam pipeﬂ crosses the vessel, allowing undecayed particles
to travel in the vacuum until the end of the NA62 detector where they are
eventually dumped. The vessel is divided into four sections with decreasing
diameter, from 3.9 m upstream to 3.2 m downstream and the total radiation
length is 5.6% X,. At the downstream end of the vessel there is a spherical
mirror with a 17 m focal length that is actually a mosaic of 20 hexagonal mir-
rors, as shown in fig. 2.11] The mirrors reflect the photons into two different
spots at the upstream end of the vessel, where two flanges of photomultipliers
are housed. Each flange contains 976 Hamamatsu R7400-U03 PMTs [38].

The time resolution of the detector is shown in fig. It can be
evaluated dividing the ring randomly into two groups of hits and calculating
the difference between the average time of the two groups, or comparing
the time of the full ring with the time of the KTAG candidate. The time
resolution for rings generated by (ultrarelativistic) electrons is found to be
~ 70 ps |39].

The PID performances of the RICH can be assessed computing the
squared mass of the candidate particle, calculated from the velocity

2The aluminium beam pipe starts at the entrance window and passes through the
following sub-detectors.
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measured by the RICH and the momentum measured by the spectrometer,

P ()]
c2 {1+(?) ]

where p is the momentum, n is the refractive index of neon, R is the radius
of the reconstructed Cherenkov ring and f is the focal length of the mirror;
the squared mass for different kind of particles is plotted in fig. A cut
on the squared mass allows to select pions and reject muons. For instance,
in 2016 a 7 identification efficiency of 90% has been measured to correspond
to a muon mis-identification of 0.8% [37].

, (2.2)

Mirror mosaic

Beam
—_—

Vessel filled with neon

Figure 2.11: Schematic drawing of the RICH detector. The beam travels in
vacuum inside the beam pipe, from left to right.
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Figure 2.12: Left: difference between the average time of two subsets of hits
in the same ring in the RICH. Right: difference between the time of a ring
in the RICH and the time of the KTAG candidate.
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Figure 2.13: Squared mass for electrons, muons and pions reconstructed using
the velocity measured by the RICH and the momentum reconstructed by the
spectrometer.
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Figure 2.14: A picture of the downstream part of the NA62 detector. The
RICH green vessel is clearly visible; on the left there is the gray tank of the
LKr calorimeter; between the LKr and the RICH, the CHOD is partially
visible; the blue MNP33 magnet of the STRAW spectrometer can be spotted
on the right.

2.4.6 The Hodoscopes

Two hodoscopes are present in NA62: the old NA48-CHOD (or simply
CHOD) and the NA62-CHOD (also known as NewCHOD). Both hodoscopes
are used for multiplicity rejection in the context of the K™ — 7T v analysis,
to detect photonuclear reactions of pions in the RICH mirrors and to take
part in the LO trigger: the old CHOD provides the control trigger while the
time of the NewCHOD is exploited in the physics trigger.

The CHOD detector (Charged HODoscope) is an hodoscope located
downstream LAV12 and made of 128 plastic scintillators, with 20 mm thick-
ness (0.1 Xo) divided into two planes (see fig. [2.13), that provides the L0
signal for the control trigger and the track time for events with a charged
particle in the final state. The upstream plane contains 64 vertical-oriented
scintillators, while the second plane has 64 horizontal-oriented scintillators.
The scintillators in each plane are divided into four quadrants, each with
16 scintillators whose length vary between 1200 mm for the central slabs to
600 mm for the external ones, forming an octagon shape (see fig. [2.15)); in
each quadrant the scintillator width ranges from 6.5 cm for the 11 internal
slabs to 9.9 cm for the 5 external ones. The scintillation light from each
counter is collected with a plexiglas light guide and detected by a photomul-
tiplier Photonis XP2262B.

A particle travelling through the detector releases two in-time signals into
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the scintillators, one into a vertical counter and one into a horizontal one.
The intersection point of the two counters defines the position of the track
with a time resolution varying from ~ 200 ps in 2016 to ~ 250 ps in 2018.

Figure 2.15: Left: picture of the CHOD detector before the installation of
the RICH. Right: schematic front and lateral views of the CHOD detector.

The NewCHOD detector is a hodoscope with a pad structure and 152
scintillation counters . The detector covers an annular area around the
beam pipe, with a radius ranging from 140 to 1070 mm, and is placed right
after the RICH and in front of the LAV12 detector mainframe. The scin-
tillators are 30 mm thick and have typical sizes of 267.5 x 108 mm? and
133.75 x 108 mm?, organized in rows (see fig. . The scintillation light
is collected by WLS fibers and detected by SiPMs. The time resolution
measured during the 2016 data taking is (1.01 £ 0.01) ns.

2.4.7 LKr

Together with the RICH, the NA48 liquid krypton calorimeter (LKr) is a key
element for the particle identification in NA62. Moreover, the LKr is used
to provide a signal for the trigger and acts as a photon veto, covering angles
between 1 and 8.5 mrad. It is a 27 X quasi-homogeneous electromagnetic
calorimeter placed between the CHOD and the MUV1 (fig. [2.17), filled
with 9000 litres of liquid krypton at 120 K, placed inside a cryostat. The
calorimeter is 127 cm deep and extends for a radius of 128 cm around the
beam pipe and is composed of 13248 longitudinal cells with a 2 x 2 cm? cross

section (fig. [2.18) [28].
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Figure 2.16: Schematic drawing of the NewCHOD detector. Left: support
panel and scintillator tiles. Right: tile rows layout.

The energy resolution obtained from data is

o(E)  4.8% o 1%
E VE E

where the energy E is measured in GeV [28]. The spatial resolution is 1 mm,
while the time resolution can go from 0.5 to 1 ns, depending on the energy
release. Clusters are built starting from a seed that is a cell with energy
Egeeqa > 250 MeV, larger than the energy of the 8 adjacent cells.

©0.9% , (2.3)

2.4.8 MUV

The Muon Veto System (MUV) of NA62 consists of three different detectors
(MUV1, MUV2 and MUV3) and it complements the RICH and the LKr for
the m/p discrimination.

MUV1 and MUV2 together form a hadron calorimeter, placed right
after the LKr calorimeter (fig. , made of alternate planes of iron and
scintillator accounting for about 8 interaction lengths. The front detector
(MUV1) was newly constructed specifically for NA62, whereas MUV2 is the
front layer of the former NA48 hadron calorimeter tilted by 180°. In partic-
ular, MUV1 contains 24 layers of 26.8 mm thick iron plates, 12 mm distant
from each other, covering an area of 2700 x 2600 mm? around the beam pipe.
23 layers of scintillator strips (9 mm thick, 60 mm wide, 2600 mm long) are
placed between the iron plates. Each layer has the strips either vertically
or horizontally aligned, alternately. Similarly to MUV1, MUV2 consists of
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Figure 2.17: From left to right: the MUV1/MUV2 hadron calorimeter and
the tank containing the LKr calorimeter. The beam travels from right to left
(https://cds.cern.ch/record /2274473).

alternate layers of iron plates (24 layers, 25 mm thickness) and plastic scin-
tillators. The scintillator layers are composed by 44 strips for each half of
the calorimeter, with a total of 88 strips per scintillator plane; each strip is
1300 mm long, 119 mm wide and 4.5 mm thick and, like for MUV1, they are
alternately aligned horizontally or vertically in each consecutive plane. The
time resolution of the calorimeter measured with respect to the CHOD was
found to be 0.9 ns, while the energy resolution is

o(E) 0.38  1.37
o 015 = @ -
g = 0lse =,

where the energy E is measured in GeV [2§].

The last component of the muon veto system is the MUV3, or Fast
Muon Veto. An 80 cm thick iron wall separates the hadron calorimeter
from the MUV3, so that a particle detected by the MUV3 has to survive the
whole calorimetric system (LKr, MUV1 and MUV2) plus the iron wall: this
means that the particle has to go through more than 14 interaction lengths.
Therefore the MUV3 is used as a fast muon veto at LO trigger, and also for

(2.4)
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Figure 2.18: Left: structure of one quadrant of the LKr calorimeter. Right:
detailed view of a cell structure.

muon identification. The detector is made of 50 mm thick scintillator tiles
with different dimensions (140 tiles are 220 x 220 mm? plus 8 smaller tiles
around the beam pipe), covering a total area equal to 2640 x 2640 mm?. The
time resolution of muons transversing single channels was measured to be in
the range 0.4 — 0.6 ns in 2015.

2.4.9 Photon veto

One of the most dangerous background for the measurement of K™ — ntvw
is the KT — 777% decay. For this reason NA62 needs a hermetic and effi-
cient photon veto to detect the photons from the decays of 7°’s and reject
the event. In particular, since the kinematic cuts provide a rejection factor
of 10* for K+ — 7+ 70 events, the remaining 10® rejection factor is left to
the photon veto, where the requirement on the momentum range of the 7+
(15 GeV/c < Pr+ < 35 GeV/c) ensures that the pair of photons from 7° de-
cays has an energy above 40 GeV. The photon veto system of NA62 makes
use of different kind of sub-systems, each covering a specific angular region:
the Large Angle Veto (LAV), the Liquid Krypton calorimeter (LKr), the In-
ner Radius Calorimeter (IRC) and the Small Angle Calorimeter (SAC) [2§].

The LAV is composed of 12 stations placed all along the beam direc-
tion, spaced by 6 m downstream and 12 m upstream (see fig. , providing
full hermeticity for photons emitted at angles between 8.5 and 50 mrad with
respect to the Z axis. The first eleven stations are placed along the fidu-
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cial decay volume, while the last one is located between the RICH and the
CHOD, outside the vacuum tank, 3 m upstream the LKr, and is operated in
air. Each station is made of 4 or 5 rings of lead-glass crystals (see fig. ,
each crystal read by a PMT, where every ring is staggered in azimuth with
respect to the others in order to have good hermeticity. The rings are placed
in a plane perpendicular to the beam direction. When one of the two pho-
tons from a KT — 777" decay has an energy below 200 MeV, it is emitted
at angles larger than the LAV coverage. Besides its fundamental role in the
photon veto, the LAV takes part in the physics trigger.

Module of 4
| .end Gilasses

Figure 2.19: Left: picture of one of the LAV stations. Right: drawing of one
of the LAV stations.

For angles between 1 and 8.5 mrad, the photon veto is provided by the
LKr calorimeter. More details on this detector can be found in R.4.7

In order to veto photons emitted at small angles, NA62 is equipped with
a Small Angle Veto (SAV), that consists of two shashlyk calorimeters (lead
and plastic scintillator plates), IRC and SAC covering angle from 1 down to
zero mrad.

The IRC (Intermediate-Ring Calorimeter) is placed right before the LKr
and covers a ring-shaped region with an outer radius of 145 mm around the
7 axis, while the inner radius is 60 mm but it has an offset of 12 mm towards
positive X because of the deflection caused by the Spectrometer magnet on
the beam particles. The IRC is composed of two modules, placed one after
the other, with a depth of 89 and 154 mm (19 Xj).

The SAC (Small Angle Calorimeter) is placed right at the end of the
NAG2 detector, just upstream the beam dump, and covers the remaining
angular region down to zero mrad. It consists of 70 4 70 alternate layers of
lead and plastic scintillators, with a transverse area of 205 x 205 mm? and a
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1.5 mm thickness (19 Xy). The energy resolution is

o(E)  88% o 7.1%
E  VE E

2.4.10 Additional veto detectors for Kj,

(2.5)

Two additional detectors for vetoing the K™ — 77~ 7" decay (from now on
K3 ) are present, namely MUV0 and HASC [28].

The MUVO is a scintillator hodoscope that detects 7~ from Kj. with
momenta below 10 GeV /c. Those 7~ experience a deflection towards positive
X from the Spectrometer magnet, which is applied on top of the deflection
caused by the TRIM5 magnet on the K beam. For this reason, the MUVO0
has been installed on the downstream flange of the RICH and covers a lateral
area with 1.545 m < X < 2.945 m and |Y| < 0.7 m, and a total active surface
of (1.4 x 1.4) m?. The detector is composed of two layers with 48 scintillator
tiles of dimension (200 x 200 x 10) mm?, grouped into 9 super-tiles, with the
signal from each super-tile is read by a photomultiplier.

The HASC (HAdronic Sampling Calorimeter) was installed in order to
detect the 7 from K3 with momenta above 50 GeV /¢, when they propagate
through the holes at the center of the Spectrometer chambers. Since the
detector is located after the MUV3, in a region where the BEND magnet
sweeps away the 77 in the K beam towards negative X, the HASC covers
an area with —0.48 m < X < —0.18 m and |Y| < 0.15 m. It is composed
of 9 modules (100 x 100 mm?), where each module is a sandwich of 60 lead
plates with 16 mm thickness intervalled with 60 scintillator plates with 4 mm
thickness.

2.4.11 TDAQ system

The very high intensity of the NA62 beam requires the presence of a trigger
and data acquisition system able to maintain a high acceptance for signal
events while keeping a remarkable rejection of the background and minimiz-
ing the dead time. The most efficient and cost effective solution that met
these requirements was an integrated trigger and data acquisition system
(TDAQ) [42].

Currently in NA62 two trigger levels are present: a low-level trigger at
hardware level called Level 0 (LO) and a high-level trigger called Level 1 (L1)
at a software level. The L0 collects logical signals (primitivesﬁ[) from CHOD,

3The LO primitives are 64 bit words containing time and detector-specific information
for each event.
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LOQ1 Coincidence between hor. and vert. plane of the CHOD
LORICH Cluster of hits in time in the RICH
LONAG2CHOD | 1 < 4 hits in the NewCHOD
LOQX Hits in opposite quadrants of the NewCHOD
LOMUV3 Tile multiplicities in the MUV3
LOLAV12 Signal from one or more LAV12 blocks
L0Calo E > 30 GeV in the LKr or more than 1 cluster

Table 2.2: Different trigger components used as input in the L0 trigger.

NewCHOD, RICH, LKr, LAV and MUV3, with an input rate of 10 MHz,
that are combined in a dedicated FPGA-based L0 trigger processor (LOTP).
The LOTP checks the time alignment of the primitives and consequently
sends the L0 trigger decision to the readout of the detectors whenever the
primitives match predetermined configurations called masks; a list of the
primitives that can be used as input in the LOTP can be found in table 2.2

At nominal beam intensity, the detectors are required to sustain extremely
high rate and, in addition, a good resolution is mandatory already at the trig-
ger level. The 750 MHz total rate of beam particle produces an event rate of
10 MHz in the acceptance of the downstream detectors. With a typical value
of 1 ns, the time resolution at the trigger level can be considered efficient
enough, minimizing fake triggers and signal rejection due to random veto.
Most of the detectors adopted high-performance TDC and FPGA-based read-
out systems consisting in TEL62 boards and TDCB daughter-cards (see fig.
[43]. Some detectors (GTK, STRAW, LKr, MUV1 and MUV2) adopted
different solutions due to specific constraints: the readout system of the GTK
uses TDCPix chips to provide the hit time and time over threshold, send-
ing the output to the GTK-RO VME 6U carrier board [44]; the STRAW
spectrometer readout is based on the CARIOCA chips [45], integrated in a
custom COVER board with an Altera Cyclone III FPGA [46]|47]; the LKr,
MUV1 and MUV2 calorimeters adopted a Flash ADC readout, where the
basic element is the CREAM (Calorimeter Readout Module) that is a VME
6U board using four 8-channels, 14-bit ADCs [48]; the IRC and SAC use two
different readout systems, the TDCB-TEL62 one and the CREAM-based
system.

Typically, in 2017 data taking the physics mask for 7vv was defined as
LORICH-LONA62CHOD-!LOQX-!LOMUV3-!1L0Calo, while the control trigger
made use just of the CHOD detector and was defined simply as LOQ1 but
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Figure 2.20: A TEL62 board equipped with four TDCB daughter-cards.

with a downscaling factor of 400.

When the detectors get a positive response from the L0, data are read
out by the front end electronics, Multi Event Packets (MEPs) are built and
sent to a PC Farm, with a rate of 1 MHz. Subsequently the L1 collects and
processes data from KTAG, STRAW and LAV and produces higher level
information that is used as a trigger at a software level; the rate out of the
L1 is reduced to about 100 kHz and the final data sample can be stored for
offline analysis. The L1 algorithms used in the analysis are shown in table

A schematic view of the trigger and data acquisition process is shown in
fig. In order to have the correct association between triggered events
and collected data, a precise synchronization at the level of 100 ps is re-
quired: NA62 employs a common clock with a frequency of 40.079 MHz, a
combined system of a Logic Trigger Unit (LTU) and a Timing, Trigger and
Control (TTC) boards to encode and deliver the clock and the trigger data
to the readout of the detectors. The fundamental time unit is the inverse
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L1KTAG | coincidence of > 4 KTAG sectors within £5 ns with re-
spect to LO trigger time.

L1LAV < 2 hits in the whole LAV system within +10 ns with
respect to the LO trigger time.

LISTRAW | longitudinal track momentum P, < 50 GeV /c;

closest distance of approach (CDA) to the beam axis
< 200 mm;

vertex longitudinal position of the CDA < 180 my;
CDA between two reconstructed tracks > 30 mim.

Table 2.3: Different algorithms used in the L1 trigger.

of the clock frequency, namely the timestamp, with a value of 24.950741 ns.
The SPS announces the arrival of the protons sending a warning and syn-
chronization signal, the Start-Of-Burst (SOB), one second before the actual
extraction of the beam, enabling the detectors to start the data acquisition.
Approximately 0.5 s after the end of the spill, the SPS sends an End-Of-
Burst (EOB) signal; therefore the basic unit of data acquisition in NA62 is
the spill, with a duration of ~ 6 s, and it is commonly referred to as burst.
A coherent sequence of bursts taken within a few hours without significant
changes to the NA62 hardware or to the data taking conditions is called run;
the typical good run contains usually about 1500 bursts.
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Figure 2.21: Simplified representation of the trigger and data acquisition
process of NA62.
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Chapter 3

Signal selection and background
evaluation

In this chapter, the analysis strategy for the measurement of the K+ — 7tvi
decayﬂ will be presented, along with the criteria for the signal selection and
the evaluation of the relevant sources of background; the evaluation of the
upstream background, the most important residual background source, is
extensively described in chapter [4

As explained below, a blind analysis strategy is adopted to protect against
bias, and the selection is mostly cut based. Since most of the cuts used in
the selection are the same used in the 2016 analysis, I will report all of them,
but I will describe into details only the main differences, while a complete
explanation of the 2016-like selection procedure can be found in [18] and [49].

3.1 The NAG62 software framework

The data collected by the NA62 detectors are written into binary files, the
raw files with a typical size of a few GB per burst. The NA62 collaboration
developed a framework (NAG62FW), mostly based on C-++, in order to
decode and reconstruct the raw files, simulate MC events and analyze the
reconstructed files [50]. NAG2FW consists of three main packages:

e NA62MC: a Geant4 [51] based package that provides a full NA62 detector
simulation, with the possibility to define the beam shape, decay mode
and the list of interactions to be considered.

e NA62Reconstruction: a ROOT [52] based reconstruction package.
NA62Reconstruction decodes the event information, building objects

'From now on I may refer to the K™ — v decay also as mvv.
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called hits; each hit contains several information about the signal in
the detector, such as the time, the amplitude and the channel number.
Subsequently, the hits are grouped in higher-level objects called candi-
dates, representing detector specific information such as tracks for the
Spectrometer, rings for the RICH and crossings between vertical and
horizontal counters for the CHOD. When dealing with files generated
with NA62MC, the first step done by the reconstruction is the so-called
digitization, that emulates the response of the detector readout to
the simulated signals; then the digitized hits pass through the same
reconstruction procedure as the hits from data. The reconstruction
takes care of applying time corrections to all the detectors hits and/or
candidates, such as T0’s and time-walk corrections.

e NA62Analysis: a ROOT based analysis framework. NA62Analysis
contains several tools and template classes called Analyzers, enabling
the user to access the reconstructed files in an easy and direct way.

3.2 Data samples

The NAG2 Collaboration took data for the measurement of the K+ — ntvi
decay from 2016 to 2018; the data samples have been divided into 3 main
different subsamples, one for each year. The 2016 run lasted 30 days, from
mid-September to mid-October, and ~ 10! K+ decays were collected. The
2017 run refers to the period from May to October, for a total of 161 days of
data taking and ~ 3 x 102 K+t decays collected. 2018 was the last year of
data taking before the Long Shutdown 2, and data were taken for 217 days
from March to November, recording ~ 5 x 10'? K decays.

A further sub-division of the 3 annual data sets (2016, 2017 and 2018)
is done: different periods during the same year correspond to different con-
ditions of the detector during the data taking and they require a special
treatments at the reconstruction and analysis level. In particular, in the fol-
lowing chapter I will refer to two different periods of 2017 that I will call
2017-1 and 2017-I1% data collected in 2017-I1 were taken after the inser-
tion of a shieldingﬂ (see fig. in the upstream part of the detector that
removed part of the upstream background (see chapter [4), hence it is impor-
tant to distinguish the two periods when analysing the upstream background
characteristics.

2 Actually, these two sub-samples are called 2017A and 2017B in the na62fw, but I chose
to change nomenclature in order to avoid confusion with the naming convention used for
the definition of the bifurcation analysis samples in chapter

3A copper block.
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Figure 3.1: (a) From left to right: the TRIM5 magnet, the old collimator
and the last achromat. (b) The inside of the last magnet of the achromat,
before the insertion of the shielding. (¢) The inside of the last magnet of the
last achromat, with the copper shielding inserted in September 2017.
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Prior to performing the analysis, the data must pass through different
stages. The first step is the reconstruction, that builds objects like hits and
candidates, with well-defined data members and member functions (see also
B.1). The reconstructed file undergoes a filtering procedure, where a loose
selection on the data is performed. There are several filtering analyzers for
different kind of analysis; the filter used for this analysis (called wvv Filter
or PNN Filter) applies the following selection criteria:

e 1o global reconstruction errors in any of the detectors;

event triggered by the LO PNN mask;

at least 1 and not more than 10 candidates reconstructed in the Spec-
trometer;

at least 2 CHOD hits, one in a vertical and the other in a horizontal
counter, both in the same quadrant;

at least 1 Spectrometer track with the following characteristics and
requirements:

hits in all 4 chambers;

x* < 30;

difference between the momentum before and after the fit not
greater than 25 GeV /c;

extrapolation of the track in the acceptance of NewCHOD,
CHOD, LKr and MUV3;

no good vertex with any other track with hits in 4 chambers and
X% < 30; a vertex is good if the closest distance of approach (CDA)
is less than 10 mm, the Z coordinate of the vertex is between 80000
and 180000 mm and the tracks are in a +10 ns time window with
respect to each other;

momentum between 8 and 50 GeV /¢;

at least 1 KTAG candidate with at least 4 sectors in a 5 ns time
window with respect to CHOD:;

at least 1 hit in each GTK station in a 42 ns time window with
respect to CHOD;

no hits in MUV3 associated to the track in a =4 ns time window
with respect to CHOD;
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— no photons in the LKr, where a photon in this case is defined as a
cluster at least 180 mm away from the extrapolation of the track
and in a £5 ns time window with respect to CHOD;

— no photons in LAV, where a photon in this case is defined as a
signal in any LAV block selected by the standard matching tool
in a £2 ns time window with respect to CHOD.

The output of the filter is noticeably smaller than the original, but the data
structure inside the file is still compatible with the parent reconstructed files;
moreover, the filter selection is loose and general enough to enable different
approaches to the same analysis.

The very last step in the data processing is extremely analysis-specific and
is simply called reduction. In reduced files, candidates and hits are removed
and only the values of the most important variables that will be used in the
analysis are kept in a ROOT tree. Most of the values stored in this tree
are high-level variables such as the squared missing mass, the boolean value
of the photon veto response in the LAV, or the position of the downstream
track extrapolated at the first chamber of the STRAW. The reduced files
are much smaller and the structure is a simple ROOT tree, consequently the
analysis performed on the reduced files is orders of magnitude faster than on
the filtered files.

It is worth mentioning that some bursts (or, sometimes, whole runs) are
discarded a priori from the analysis by the data quality software tools; this
usually happens when there was a hardware failure during the data taking
that cannot be recovered offline in any way.

3.3 Analysis strategy

As mentioned in the signature of the KT — 7nTvi decay is just one
charged track in the initial state and one charged track in the final state, with
a missing mass from the two neutrinos. Thus, the main variable for the kine-
matic selection of the signal is the squared missing mass m? = (Px — P;)?,
where Pk and P, are the 4-momenta of the kaon and the pion, respectively.
The missing mass distribution for the signal is quite broad and overlaps with
the distributions of various background sources, as shown in fig. 2.1 The
main sources of background from kaon decays are:

e K* — pfy, (K5): in the case that the muon is mis-identified as
a pion, the Ko can potentially be a background. Theoretically, the
missing mass distribution for this process is completely contained in
the negative side of the plot shown in fig. [2.I, with a peak close to
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zero, and therefore perfectly separated from the signal region; in reality,
however, resolution effects come into play, spilling a significant part of
this events into the signal region.

o KT — 77% (K, ): if the photons from the decay of the 7 are lost, the
K5, is indistinguishable from the signal, more so because its missing
mass distribution happens to be right in the middle of the K+ — ntvi
missing mass distribution.

o Kt — 7fntr~ (K3 ): the decays of this type populate the region
with high missing mass and they can potentially become a background
source if the kinematic variables are misreconstructed and the require-
ments on the track multiplicity fail.

e KT — ntatety, (K): because of the neutrino in the final state, the
missing mass distribution of this process overlaps largely with the signal
region at high missing mass, however its branching ratio is relatively
very small (~ 107°).

e Other K* decays such as K™ — putn'v,, K™ — etn', and
KT — 7~ are found to be negligible with respect to this analysis.

Because of these features, two different regions in the m?2 . can be identi-

fied in which the background is significantly lower, and can be used to select
kinematically the signal: the first region (R1) between the K, and the Ky,
peak, and the second region (R2) between the Ky, peak and the K3, distri-
bution. The pion is required to have a momentum between 15 and 35 GeV /c;
the lower limit on the momentum is related to the RICH Cherenkov thresh-
old, while the upper limit is chosen in order to keep an efficient PID in the
whole momentum range (see also and to have enough 7° energy in
K decays to veto the event. The branching ratios of the kaon decays listed
above are reported in table [3.1]

The squared missing mass as a function of the pion momentum for the
2017 data sample is shown in fig. [3.2] where the signal and control regions
are covered because of the blind analysis procedure adopted. The exact
definition of the signal and control regions is given in |3.3.7]

3.3.1 Single-track event selection

Two main objects are created in the reduced tree, downstream tracks and up-
stream tracks. The downstream track is the candidate for the pion in the
final state, built starting from a STRAW track candidate using as a reference
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Process Branching ratio
K+ = uty, (K:[Q 63.56 %
Kt — nt7% (K3 20.66 %
KT = atrtn™ (K3 5.58 %
Kt — rrntetv, (K} 4.3 x 1075
K* — 7v (signal) 8.4 x 1071

Table 3.1: Branching ratios of the main kaon decays contributing to the
background of K™ — wtvi. The branching ratio for the signal is reported
as well for comparison.

the average time of the CHOD in a £25 ns time window around the trigger
time. The reconstructed tracks must always have associated candidates in
RICH, NewCHOD, CHOD, and LKr; the track time is defined as a weighted
average of the STRAW hits time and the matched candidates times in RICH,
CHOD and LKr (the weights are inversely proportional to the detectors time
resolution). The STRAW track is extrapolated and projected onto the XY
plane of the downstream detectors (CHOD, NewCHOD, RICH and LKr) and
associated with their candidates based on geometrical and time information.
LKr, MUV1 and MUV?2 hits are combined to reconstruct the total calori-
metric energy of the downstream track, through a standard multi-variate
algorithm (MVA) implemented in the NA62 software framework.

The upstream track is the candidate for the kaon in the initial state
and it is built combining the information of KTAG and GTK. The track
is reconstructed in the GTK using the time of the KTAG candidate as a
reference.

The downstream tracks are associated to the upstream tracks using the
time association and the closest distance of approach (CDA) between the
two tracks. A matching discriminant is built starting from the CDA and
AT = Tqgrk — Tkrag and represents the probability that the CDA and the
AT have values larger than observed; the CDA and AT distributions prior
to the selection are shown in fig. The discriminant and the K+ — 7t
matching definition are mostly unaltered with respect to the 2016 analysis,
any changes to those definitions are given in the following. The matching
discriminant definition is:

D(CDA, AT) = [1 — p(CDA)] - [1 — p(AT)], (3.1)
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Figure 3.2: Left: squared missing mass vs momentum for the 2017 data set
before the selection; the K, K5, and Kj, regions are clearly visible. Right:
squared missing mass vs momentum after the full 7vv selection. In both
plots, the signal and control regions have been covered by, respectively, red

and black boxes in order to perform a blind analysis.

where p(CDA) and p(AT) are the cumulative distributions of the CDA and
AT:

1 CDA
P(CDA) = v [ /0 F(CDA) dCDA’] (3.2)
CDA
AT L lAT'Q AT')d|AT’ 3.3
p( )‘W[/ (AT AT (33

In the equations above, f(CDA) and f(AT) are the probability density func-
tions (PDFs) of CDA and AT, NSZW™ and NX¥™ are normalization factors
evaluated in CDA € (0,100) mm and AT € (—0.95,0.95) ns. The PDFs are
evaluated from K™ — 7777~ decays in the control trigger:

F(CDA) =0.25 - ¢ (¥37) +0.039 - e 05 (55) 4 (3.0
0.0033 - e O145CPA _ 4 6.1074 +1.5-107°;
2 2
FIAT) = 0.027 - e 05(015)" 1 0.0017 - e 05 (53) (3.5)

Another discriminant (Dgjcn), similar to the one just described, can be
built using ATkicy = Tark — Trich; both the KTAG and the RICH discrim-
inant are used in the analysis, in order to reinforce the K™ — 7" association.
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The PDF used for the ATricy is:
F(ATwon) = 0.026 - 3330 £ 0.001-0%(35) . (3.6)
The Kt — 7t association is successful if the following conditions are met:
e at least one of the two discriminants D and Dgicy is greater than 0.03;
e D > 0.005;
e Dricu > 0.005;

o |Tork — Tkrac| < 0.6 ns.

The distribution of the KTAG discriminant D(CDA, AT') is shown in fig.
[3.4] along with the plot of the CDA vs AT.

A set of cuts is applied in order to reject a multi-track topology where
multiple tracks are reconstructed both in GTK and STRAW: a STRAW track
cannot have more than 4 associated GTK tracks; events with more than 2
tracks in the STRAW are rejected and, if there are 2 tracks in the STRAW,
they must be both positive and their CDA must be greater than 30 mm.
After this rejection, for events with 2 tracks in the STRAW, a matching to
KTAG, GTK, RICH, CHOD, LKr, MUV1 and MUV2 is performed to keep
only events where the candidates closest to the trigger time in each detector
match the same track.
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Figure 3.3: CDA and AT distributions for events before applying the wvv
selection.
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Figure 3.4: Left: Distribution of the KTAG matching discriminant
D(CDA,AT). Right: CDA vs AT, the region inside the red line is the
one selected by the matching discriminant cut.

3.3.2 RICH Particle Identification

The RICH particle identification is applied in the momentum range
(15,35) GeV/c. Two main RICH variables can be used to reject particles
that are not pions, the likelihood and the mass [53].

A 7t is identified through a likelihood algorithm that extrapolates the
track to the RICH mirror predicting the ring center; the algorithm uses the
momentum to predict the ring radius and the number of hits for different
particle hypothesis (r, p, e, K) [54]. In fig. the ring radius computed by
the RICH algorithm is plotted as a function of the momentum of the particle.
In the 2017 Kt — 7t selection, the following variable is computed:

E!Tl‘

max

= max{L(e), L(1), L(K), L(noise)} , (3.7)

where L(e, 1, K) is the likelihood for a certain particle hypothesis (electron,
muon or kaon) and L£(noise) is the likelihood calculated under the hypothesis
that the hits are generated by a uniform distribution due to accidental hits.

Another cut can be applied on the mass computed using the RICH algo-
rithm,

F?.n?
MI%ICH = Pg <F2+R2 - 1) ’ (38)

where ' = 17020 mm is the focal length of the RICH mirror, n is the refrac-
tive index of the neon in the detector, R is the Cherenkov ring radius and
P, is the 77 momentum as measured by the STRAW spectrometer.
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Figure 3.5: Left: ring radius as computed by the RICH algorithm as a func-
tion of the track momentum. Right: Ratio between the energy reconstructed
by the LKr calorimeter and the momentum of the track.

The particle is positively identified as a 7 if:

L!w

max

<012, (3.9)

125 MeV /¢* < Mpicn < 200 MeV /¢ . (3.10)

3.3.3 Calorimetric particle identification

The calorimetric particle identification makes use of the information from
LKr, MUV1, MUV2 and MUV3 and is optimized to suppress to an acceptable
level the pt from K5 decays. The optimization is performed by the MVA
implemented in the na62 software framework . A p" in the calorimetric
system behave as a minimum ionizing particle (MIP) and is rejected if one
of the following conditions is true:

e MUV3 hit in time with CHOD,
e Durp < 1,
e Prob(m) < max{0.7,0.98 — 0.4596 - ¢~ (Pr—11:44)/5.27} .

Dyprp is the MIP discriminant that is built according to the average energy of
a MIP in LKr, MUV1 and MUV2; Prob(r) is the pion probability computed
by the MVA tool. Muons undergoing catastrophic bremsstrahlung and ab-
sorbed in the LKr are rejected making use of two variables that define the
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shape of the shower and that can distinguish between electromagnetic and
hadronic showers:

Eseed
Rsee = y 3.11
d Ecluster ( )
Ncell
Rce - y 3.12
! Ecluster ( )

where Fieq is the energy of the most energetic cell in the cluster, Euster 18
the energy of the cluster associated to the track and N is the number of
cells in the cluster. An electromagnetic shower is identified by at least one
of the following conditions:

® Ryeq > 0.2 and Ry < 3 GeV L,
® Rieq < 0.2 and Rey < 1.8 GeV ™1,
® Ryeq > 0.35,

® Ryeq < 0.05.

The electromagnetic cluster satisfying these criteria is rejected only if
% < 0.01 and % < 0.01, where FEggo is the total energy in the
calorimetric system (LKr, MUV1 and MUV?2); if this last condition is not
met, the cluster is rejected anyway if 0 < Rgeeq < 0.8 and Reop < 1.4.

In order to reject positrons, two additional cuts are applied on the ratio

between the energy and the track momentum, requiring Erk,/P, < 0.8 and
Ecao/Pr < 1.2 (see fig. 3.5] right).

3.3.4 Photon rejection

The pion defining the downstream track must not have any extra activity
associated to it in the downstream detectors participating in the photon
veto, therefore any extra activity in LKr, LAV, SAC and IRC is used to
reject the event.

As regards the LKr, extra in-time clusters are reconstructed with the
standard LKr reconstruction and are taken into consideration only if they
are more than 100 mm away from the cluster associated to the pion track.

Moreover, any event with extra hits in LAV, SAC or IRC is rejected by
the standard matching tools in the NA62 software framework if the extra
activity is within 43 ns of the track time in the LAV and £7 ns in the SAV.
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3.3.5 Multiplicity rejection

The rejection of events with multiple charged tracks in the final state makes
use of the HASC and MUVO0, the LKr calorimeter, the hodoscopes and the
STRAW spectrometer. The following conditions reject events in which a
kaon decays in multiple charged tracks but not all of them are reconstructed
in the STRAW, or events with photons interacting with the material before
the calorimeter.

e Events with hits in the HASC in time with the track are rejected; these
cut suppresses K3, decays where one of the 7 travels inside the beam
pipe and is deflected by the magnet after MUV3, releasing a signal
in the HASC; alternatively a photon from a 7° can interact with the
material of the beam pipe and convert into an electron-positron pair,
with the positron deflected by the magnet after MUV3 into the HASC.

e Events with hits in the MUVO0 in time with the track are rejected;
this cut rejects K3, decays where the 7~ decays into a muon and an
antineutrino before entering the RICH.

e Further charged multiplicity rejection is achieved combining in-time
hits from LKr, CHOD and NewCHOD, asking for in-time activity in
at least two out of three detectors in order to reduce the random veto.

e Finally, multiplicity rejection makes use of reconstructed STRAW seg-
ments not, belonging to the pion track.

3.3.6 Beam background rejection

One of the main residual background to the Kt — 7" v in the NA62 appara-
tus after the rejection of kaon decays in the fiducial volume is the background
originating by early kaon decays before the fiducial region, matched to ac-
cidental GTK tracks. The rejection of the upstream background relies on
geometrical cuts applied on the impact position of the 7 track at the first
chamber of the STRAW and at the TRIM5 dipole magnet, in-time activity in
the CHANTT and track multiplicity in the GTK. The study of the upstream
background in the 2017 data is the main topic of my PhD thesis; a detailed
description of the features of this background source can be found in chapter

£l
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3.3.7 Kinematic selection of signal events

Events in the momentum range between 15 and 35 GeV/c surviving all the
cuts described in the sections above, are divided into different kinematic re-
gions. In particular, the squared missing mass m?.__ is used for the definition

miss
of signal and control regions. The m2,.. can be computed in three different

ways:
m?niss - (PK - P7T>2 ) (313)
miliss,nom - (PK,nom - P7'l')2 ’ (314)
mrzniss,RICH = (Px — Pﬂ',RICH)Z , (3.15)

where Py is the 4-momentum of the kaon measured by the GTK, Pk nom
is the nominal 4-momentum of the beam, P, is the 4-momentum of the
pion measured by the STRAW and P, gicn is the 4-momentum of the pion
measured by the RICH assuming the 71 mass.

The m? .. is used for the definition of the signal regions, while the two
other missing mass definitions are used to refine the kinematic selection in
order to have a better suppression of the background originated by mis-
reconstruction of tracks in the STRAW and in the GTK. The definition of the
signal region is given in table [3.2] while the definition of the control regions
is given in table 3.3} their limits are chosen to be adjacent to the signal
regions but still far enough from the background peaking regions, so that
they basically contain the non-gaussian part of the background resolution.
The lower limit for the K, control region is based on the analytic formula
of the squared missing mass of K, events when the 7 mass is assumed,

75
ml%in—u = (77/L3r+ o m?fr) (1 - p_) ) (316)
and its resolution is o = 1.2 - 1072 GeV?/c*, constant in the 15 — 35 GeV /c

momentum range, calculated using K, MC events.

3.3.8 Background evaluation

As mentioned in the previous sections, the main background sources
from kaon decays in the fiducial region are due to the K+ — ptu(y),
Kt = 7t7%7), Kt —» 7fat7~ and K™ — nt7 etv decays. While for the
last process the m?2 . distribution overlap largely with the signal region R2
(fig. , the first three decays enter the signal regions only because of
mis-reconstruction of the m2, .. The expected background events entering
the signal region, for each background process 7, can be computed as

NPM6 = ;. flin (3.17)
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Signal regions definition
Signal region Miiss M igs mom mr211iss,RICH
R1(p, < 20) 0,0.01 —0.005,0.0135 | 0,0.01
R1(20 < p, < 25) | 0,0.01 —0.005,0.0135 | 0,0.02
R1(px > 25) 0,0.01 0,0.0135 —0.005, 0.02
R2 0.026,0.068 | 0.024,0.068 0.02,0.07

Table 3.2: Definition of the signal regions R1 and R2. R1 definition depends
on the momentum region. The pion momentum p, is in GeV/c, all the
squared missing masses are in GeV?/c*. The squared missing masses ranges
are given as (m?,m37) and are to be intended as m? < m? < m3.

Control regions definition
CR1 0.01 < m?, < 0.015
CR2 0.021 < m?2,., < 0.026
CRk,, mﬁinw +0.0036 <m?2;, <0

miss
miss

CREg,,. | 0.068 <m?2,.  <0.072

miss

Table 3.3: Definition of the control regions. C'R1 and C'R2 are control regions
for the Ky, decay, C Rk, is the control region for the K, background, while
CRks,, is the control region for Kj.. The definition of the K, kinematic
boundary is given in eq. [3.16{ All the squared missing masses are in GeV2/c4.
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where N; is the number of events remaining in the corresponding m?2 . . region

of the decay i after the full Tvv selection, and fX" is a fraction of background
entering the signal region that can be modelled from data using the tails in
the various background m2,,  distributions. The whole procedure is applied
in four equal bins of 77 momentum, from 15 to 35 GeV/c. The procedure
is first applied to predict the background in the control regions, so that the
method can be validated and subsequently used to predict the background in
the signal regions. The definition of the m?2. . region for the decays is given

miss
in table 3.4

2
miss

K+ = ptv, | mi,_, — 0.0060 < m2y, < mi,_, +0.0036

miss

Kt —mtr® ] 0.015 < m2, < 0.02, 0 < m2, piey < 0.07

miss

Kt > atnta™ m2... > 0.072

miss

m? .. regions for different K decays

Table 3.4: Definition of the background mZ,, regions. The K, analytic
expression miin_u has been defined in eq. |3.16f You may notice that the

boundaries of the missing mass regions are adjacent to the control regions in

table .

As regards the KT — nfr etv, decay, the aforementioned procedure
cannot be applied since the multiplicity rejection is correlated to the kine-
matics; therefore the background induced by this decay is evaluated from
MC simulations.

3.3.9 Normalization and Single Event Sensitivity
The Single Event Sensitivity (SES) is defined as

1
SES = ——— 3.18
NK * €rvv ’ ( )
where Nk is the number of kaon decays in the fiducial region and €., is
the signal efficiency. The number of kaon decays can be computed from the
number N, of Kt — 7+7% decays in the control trigger as follows:

Nir - R

Ng=-——"_*°
K AWW'BRWW

(3.19)

In the equation above, the K+ — 777 decays contributing to N, are se-
lected with a mrv-like selection releasing the photon and multiplicity rejection
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and requiring a m? . in the K™ — 77 7% peak region; A, is the acceptance

for this selection, R = 400 is the downscaling factor of the control trigger
and BR,, is the branching ratio of the K™ — 777" decay.
The efficiency of the wvv selection can be written as

Ervy = ZAiyuegrigejl;{V ’ (320)
J

where the sum includes four equal bins j of 5 GeV momentum, A,,, is the
signal selection acceptance, €g is the trigger efficiency and egy is the random
veto efficiency. The random veto efficiency is defined so that 1 — egy is the
percentage of signal events rejected by the photon and multiplicity cuts as a
result of accidental activity in the detector. Other possible effects are either
implicit in A,,, or they cancel out when multiplying by Ny to compute the
SES, for instance the random veto due to accidental activity in the MUV3.
The expected number of signal events is

B Ry (SM)
Nexp —
™ SES

where BR.,,(SM) is the Standard Model expectation for the K™ — ntvw
decay.

The results of the mvv analysis, along with the background evaluation are
reported in chapter

(3.21)
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Chapter 4

Upstream Background

The so-called upstream background is by far the most dangerous source of
background for the measurement of the K+ — ntvi decay at NA62; the
study of this background was the main focus of my PhD activity.

4.1 Characteristics of the upstream back-
ground

We call upstream background any event originated before the fiducial decay
volume that, for any reason, reaches the fiducial volume and survives all
the cuts of the signal selection. Upstream background events can be orig-
inated either by early decays of K™ or interactions of beam particles with
the material in the beam line, and in particular there are the following main
possibilities:

1. the downstream 7% comes from an early K+ decay between GTK2 and
GTK3, with an accidental pile-up GTK track; the resulting 7 sneaks
through the inner part of the collimator and reaches the fiducial decay
volume. This kind of events have been called snakes in the jargon of
NA62.

2. the downstream 7" comes from an early K decay between GTK2
and GTK3, with an accidental pile-up GTK track; the resulting 7"
passes above the final collimator and reaches the fiducial decay volume,
because of the lack of shielding in front of the central region of the
last dipoles. This kind of events are called mambas in the jargon of
NA62, and the background they originate was partially suppressed in
the 2017-11 data sample thanks to the shielding installed in September
2017.
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3. the downstream 7" comes from an interaction of a beam particle with
GTK2 or GTK3, matched to an accidental K+ in GTK.

4. the downstream 7 is promptly produced in inelastic collisions of a
beam K with the GTKS3.

5. the downstream 7" comes from the decay of a long-living particle (e.g.
Kg, Ki or KT) produced in inelastic collisions of beam K% with the
GTKS3.

In the following, T will refer to these classification as type 1, type 2, type 3,
type 4 and type 5 background, in the same order as they are listed above.

In the first three cases there is an accidental track in the GTK (pile-up
track) matched to the downstream 7" and, in particular, in the first two
cases the K that originated the downstream 7 cannot form a track in the
GTK because it decayed (or interacted) before the last station.

Various cuts are applied in the mvv analysis to suppress and reject up-
stream events (see also [3.3.6). For what concerns the first three types of
upstream background, the most relevant cuts are:

e K+ — 7t matching cut, that uses the time of KTAG, GTK, RICH and
the CDA of the vertex, building the discriminant mentioned in [3.3.1} a
full description of the procedure can be found in [56];

e CHANTI veto;
e cut on the fiducial region, performed in the Rsrrawi VS Zyertex Plane;

e cut on the extrapolated position of the downstream 7% back at the
position of the TRIM5 magnet; the cut rejects a rectangular region in
| X| < 100 mm and |Y| < 500 mm (bozx cut, more on this cut later).

As regards the type 4 and 5 upstream events, where there is an interaction
of beam K with the GTK3, the rejection is mainly achieved by the following
cuts:

e CHANTI veto, since the interaction producing the 7 is associated to
a high particle multiplicity easily detected by the CHANTT;

e cut on the fiducial region, same as above;
e CDA cut in the K™ — 7" matching;

e box cut at TRIMb, same as above.
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The classification of the upstream background into the five groups listed
above is backed up by the analysis of a data sample artificially enriched of
upstream-like events, relaxing or inverting the cuts against the beam back-
ground on the Kt — wtvi selection. In particular, the enriched sample
passes a mwrr selection but the cuts on the Zieex, CHANTI and the box
cut are not applied, while the K — m matching cut is inverted. Figure [4.1
shows the distribution of these events at the TRIMS position, where the
events crowd around some regions that indicate that the tracks originated
upstream of the GTK3 station enter the fiducial volume depending on the
material and stray magnetic field on their path.
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Figure 4.1: Distribution of the extrapolated position of the 7" track at
Zrrivs for a sample of data enriched with upstream-like events. The blue
lines correspond to the region covered by the last dipole and second achro-
mat, the black lines define the acceptance region covered by the CHANTI
detector, while the red lines correspond to the contour of the final collimator.

In order to understand how these kind of events can represent a back-
ground to our signal, it is useful to refer to the simple sketches in fig. [£.3]
and [£.5] The standard signal event topology is depicted in fig. 1.3} a K in
the beam is detected in the KTAG and in all the three stations of the GTK;
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the kaon enters the fiducial region and decays into a charged pion and two
neutrinos; then, the downstream 7 is detected by the STRAW spectrometer
and by the other downstream sub-detectors. If the downstream track is ex-
trapolated back at the Z coordinate of the TRIM5 magnet, the signal events
are distributed uniformly around a ring centered on the beam pipe (see fig.
, leaving the region of the beam pipe empty because the vertex between
the upstream and the downstream track for a signal event is always inside
the fiducial volume. This can be better understood looking at the dashed

line in fig. [4.3
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Figure 4.2: MC distribution of the downstream track of signal events extrap-
olated at the TRIM5 Z-position [57].

For the sake of argument, in the following I will present three possible
upstream background scenarios.

e It might happen that a KT decays between GTK2 and GTK3 (fig.
[M.4). Suppose, for instance, that the decay is a K+ — 7% and the
photons from the 7° decay are lost or absorbed by the material in the
beam line. In some special cases, the 77 in the final state could sneak
through the holes in the collimators and reach the fiducial region: if
a pile-up 71 is present in the GTK, then this can form a fake vertex
with the pion from the K decay, resulting in a signal-like signature.
However, in this kind of events, the extrapolation of the downstream
track at the TRIMS5 position will result in a distribution very close to
the center of the beam, unlike signal events (see fig. , therefore a
geometrical box cut can be applied to get rid of this kind of background.

e A 7" from an early KT decay in the achromat region (see also fig. [2.3)),
can pass through the aperture of the last dipole of the achromat itself
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(since there is no collimation in Y), exiting at a coordinate Y and with
a YZ slope such that it can jump above the final collimator, outside
the acceptance of the CHANTI, and pass through the return yoke of
TRIMS5 without interacting (2.5 A7); this downstream pion can form a
fake vertex in the fiducial region between 130 and 145 m with a pile-up
track in the GTK (fig. . This kind of events, when extrapolated at
the TRIMS5 plane, are distributed along the vertical direction (see fig.

11).

e Alternatively the 7+ from an early event can pass through the cracks
of the final collimator, inside the acceptance of CHANTI, and pass
through the return yoke of TRIM5 without interacting. In this case
the pion will be detected by CHANTI most of the times, but one has
to take into account the detector inefficiency. Accidentally, they can
make a fake vertex with a pile-up GTK track in the region between 115
and 130 m.

Because of the mechanisms just described, the extrapolated position at
TRIMS for a conspicuous number of upstream background events fall in the
region defined by |X| < 100 mm and |Y| < 500 mm; the events falling into
this region were consequently removed in the 2016 analysis (box cut) [1§].
As mentioned earlier, the same cut is applied in the 2017 analysis, since
no significant modification to the beam line was made with respect to the
previous year.

All the topologies described would normally be rejected at the analysis
level by the beam background cuts listed previously. The real problem arises
from the fact that the upstream background tracks could undergo multiple
scattering. For instance, if a 7 from an early kaon decay is scattered at
the first chamber of the spectrometer (STRAW1), the pointing of the track
is lost, the extrapolation of the track at the TRIMS position is not reliable
anymore and the event may not be rejected by the box cut. In this case,
the upstream background events mimic perfectly a signal event. Because of
this, it is extremely important to evaluate the residual contribution of the
upstream background inside the signal region.

The time structure of the upstream events is manifold and it can be
visualized looking at the time coincidence between the three most relevant
detectors (see fig. , i.e. the KTAG, the GTK and the RICH:

e In the case of early kaon decays, where the K+ decays before GTK3,
the RICH and KTAG detectors are in time because the downstream
7" comes from the decay of the K™; conversely the GTK and the
KTAG are not in time, since the signal in the GTK must come from
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Figure 4.3: A simplified not-to-scale sketch of the NA62 experiment in the
XZ plane. In this sketch, the typical topology of a signal event is depicted.
The red line represent the beam KT decaying into a charged pion (blue solid
line) and two neutrinos (blue dotted lines). The direction of the pion track
can be extrapolated back (gray dashed line) at the TRIM5 magnet Z position.

an upstream pile-up 7t. Therefore, if one plots the distribution of

Tricu — Tkrac Vs Tark — TkTag, these events will be distributed in the
horizontal arm of the plot in fig. [4.6]

e In the case of interactions, there are various possibilities:

— if a 7" interacts with the GTK2 or GTK3 producing a 7 (or
a long-lived particle) that eventually reaches the decay volume,
then a K™ must be present in the GTK and therefore the GTK
and KTAG are in time, but the KTAG and RICH are not (vertical

arm of plot [4.6));

— if a KT interacts with the GTK2 and there is a pile-up 7" in the
GTK, then the KTAG and RICH are in time, but KTAG and
GTK are not (similarly to the early decay case);

— if a K interacts with the GTK3 station, all the three detector
(KTAG, GTK and RICH) are in time with respect to each other

(central part of the plot [4.6)).
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Figure 4.4: Simplified not-to-scale sketch of the NA62 experiment in the XZ
plane. A beam K™ (red line) decays between GTK2 and GTK3 into a 7w
(blue solid line) and a 7°; subsequently the 7° decays into a pair of photons
escaping detection (blue dotted lines). The GTK track is formed by a pile-
up beam particle leaving a signal in all the GTK station (black dashed line),
forming a fake vertex with the 7% from the kaon decay.

So far there is no evidence of type 4 or type 5 events (interactions with the
GTK): looking at the side-bands of the time distributions in the timing plot
shows that the accumulation of events in the central part of the plot can be
easily explained just in terms of the vertical and the horizontal arms.

4.2 2016 strategy: the bifurcation analysis

In order to evaluate the upstream background contribution to the signal
region, in the 2016 analysis a bifurcation technique was adopted [18][58]. In a
bifurcation analysis, two independent cuts are chosen and inverted, obtaining
bifurcated samples that are outside of the signal region. The two independent
criteria for the bifurcation technique need to be relevant for the background
that is the subject of the study: the chosen cut in the 2016 analysis are
the K™ — 7T association (hereinafter referred to as cutl) and the box cut
(hereinafter referred to as cut2). Specifically, the K — 7 association is the

66



STRAW1.2 STRAW3.4

S LI

fake vertex! i\

Y
T * * MNP33 RICH
w7 fiducial volume magnet

Figure 4.5: Simplified not-to-scale sketch of the NA62 experiment in the YZ
plane. In this case a beam K7 (red line) decays between GTK2 and GTK3
into a 7+ (blue solid line) and a 7°; subsequently the 7° decays into a pair
of photons escaping detection(blue dotted lines). The 7 enters the decays
region from above, jumping over the collimator, and form a fake vertex with
a pile-up GTK track.

logical AND of three cuts (K™ — 7" discriminant, timing between KTAG
and GTK, and CDA), and cut2 is just the boxcut defined in the previous
section.

These two cuts define four sub-samples called A, B, C and D (see fig. [£.7).
Sample A is the signal region where cutl and cut2 are the same as those used
in the mvv selectionﬂ; in sample B the box cut (cut2) is inverted; in sample
C the KT — 7" association (cutl) is inverted; in sample D both cuts are
inverted with respect to the wrv selection; for the reader’s convenience the
bifurcation samples definitions are summarized in table [4.1]

In order to exploit the bifurcation technique, two essential conditions
must be met: the criteria cutl and cut2 must be uncorrelated and all the

'Tt is important to keep in mind that region A is the signal region, i.e. the combination
of the two regions R1 and R2 defined in section For this reason it is not possible
to look into region A until the analysis is complete, since we decided to go for a blind
analysis.
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Figure 4.6: Distribution of upstream background-like events in Tricyg —TkTAG

vs Tark —Tkrac, times in ns. The sample shown in the plot has been enriched
with upstream events.

events in the bifurcated samples B, C and D must be of the same nature.
If these two assumptions are valid, then the expected upstream background
in region A is related to the number of events observed in the bifurcated
samples by the following simple equation:

B-C
Aoy = =5~ (4.1)

Indeed, if Ny is the total number of events before applying the criteria

cutl and cut2, and P(cuti) is the probability that an event satisfies the
criterium cuts, then

Aexp = NoP(cutl Ncut2) = NoP(cutl)P(cut2) (4.2)

because of the uncorrelation between cutl and cut2. Exploiting the definition
of the bifurcation samples,

B = NyP(cutl)P(cut2) (4.3)
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A (signal region) | (good matching) x (out of box)
B (good matching) x (in box)
C (bad matching) x (out of box)
D (bad matching) x (in box)

Table 4.1: Definition of the bifurcation analysis sub-samples. All the sub-
samples pass a mrv selection, the only difference is in the way the K+ —
matching and the box cut are applied.

C = N, P(cutl)P(cut2) (4.4)
D = NyP(cutl)P(cut2) (4.5)

one can easily demonstrate the validity of equation [4.1]

The method can be validated redefining the bifurcation samples, as shown
in fig. 4.7 The two independent criteria are varied, so that the new bifur-
cation samples B’, C” and D’ are consistent with the previous ones. In this
way, new samples B”, C” can be used to evaluate the expected background
in a new control region A’. For the new samples, the following relations hold:

B -
Aexp - T (46)
B".C"
A/exp = T = Agbs (47)

where the control region A’ can be opened? (AL,,) since it is completely
separated from the signal region A.

In the case that more than one background source is present, e.g., let’s
say, there are two background sources called v and v (Ng = N, + N,,), the
basic assumption under which this model is built does not hold, but some
relations between the samples can still be defined. In general, two different
backgrounds will have different survival probabilities for the two cuts and
this introduces a cross term in the equations. In this case, if one defines
Acyt1 = P,(cutl) — P,(cutl) and Acyo = P,(cut2) — P,(cut2), equation

becomes: B.C NN
Aexp = D + uD vAcutlAcuﬂ . (48)

2As opposed to the signal region A that is kept closed because of the blind analysis
strategy adopted.
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Figure 4.7: Representation of the bifurcation technique. On the left hand
side, cutl and cut2 define the signal region A and the bifurcation samples
B, C and D, which can be used to evaluate the expected events in A. On
the right hand side, the validation procedure is shown: the two criteria cutl
and cut2 are slightly varied in order to obtain new samples B’, C’ and D’,
consistent with the previous samples. At the same time, regions B”, C” and
D’ can be used to evaluate the expected background in the control region A’.
[lustration taken from [59).

The main problem here is that equation can be evaluated only either
opening the signal region or using a Monte Carlo simulationP}

4.3 Limitations of the bifurcation analysis in
2017 data

The evaluation of the upstream background in 2017 is definitely trickier than
in 2016. While the 2016 analysis was very meticulous and the results con-
cerning the upstream background rely on reasonable assumptions, it is worth
noticing that the statistics in 2016 was so low that the presence of different
upstream background sources or other small differences with respect to the
model were hardly noticeable.

In particular, with regards to the upstream background studies, the main
features of 2017 data which differ with respect to 2016 are the higher statistics

3A third way would be to rearrange eq. in a way that it depends only on the total
number of events Ny and not on the number of events in the signal region. However this is
obviously equivalent to implicitly opening the signal box, therefore it is not an acceptable
solution for this analysis.
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Figure 4.8: Left: extrapolation of the downstream 7" track in the (X,Y)
plane at the TRIM5 Z-position for the data sample 2017-1 (before the in-
sertion of the plug). The events pass a KT — 77 vi selection but with an
inverted K — 7" association. The cuts on CHANTI, the fiducial volume and
the box cut are not applied. Right: same plot but for events in the 2017-II
sample, after the insertion of the copper plug that removes almost completely
the type 2 upstream events. It is worth mentioning that the 2017-IT sample
is ~ 2 times smaller than 2017-1.

and the presence of the copper plug in the last period of the data taking (fig.
. Therefore, data collected in 2017 were split into two main sets that
I will call 2017-1 (before the insertion of the plug) and 2017-II (after the
insertion of the plug)lﬂ The results of the upstream background analysis on
the 2017 data sample is given in the following.

The first data sample analyzed was 2017-1, since it is the largest one
and the most similar to the data taking conditions of 2016, while 2017-I1 is
the only sample of 2017 with the copper plug inserted, providing important
information on the structure of the background itself. Plots in figure 4.8 show
the clear effect of the copper plug, and they demonstrate the geometrical
origin of type 2 events, suppressed by the plug in the 2017-1T data.

In the following, I will give an argument to demonstrate that the bifur-
cation technique used for the 2016 analysis cannot be applied to 2017 data.
In order to do this, I will compute the results of the bifurcation analysis in
2017-1 and extrapolate from there to 2017-11, comparing the expectation to

4Actually two additional sub-samples are present. Their contribution is taken into
account in the final result, although it is pretty negligible for the arguments I will make
in the following.
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Figure 4.9: Left: time distributions of events in the bifurcation samples B
(black circles) and D (colored dots) for the 2017-I period. Right: same plot
for sample C (black circles) and D (colored dots).

the observed numbers.

Before computing the results of the bifurcation analysis, it is interesting
to look at the time and geometrical distributions of the different bifurcation
sub-samples B, C and D for 2017-I events. The time distribution is shown in
figure : from these distributions, it is clear that sample D is dominated
by accidental associations between upstream and downstream tracks; sample
B and C look accidental too, though the low statistics does not allow for
conclusive statements. Figure [4.10] shows the geometrical distribution of
extrapolated tracks at TRIMSb.

In 2017-1, the number of events observed in the bifurcation sub-samples
are B =34, C' =16 and D = 1816. Assuming the bifurcation technique can
be used, the number of upstream background events expected in the signal
region A are:

. B-C
AT = —— = 0.301005 (4.9)

Moving to the 2017-I1 sample, the time distribution is shown in figure
Although the statistics is significantly lower than in 2017-1, looking at
these distributions the events still look quite accidental at first glance. The
geometrical distributions of the extrapolation at TRIM5 (figure does
not show particular features with respect to 2017-I, except for the suppres-
sion of type 2 events at positive Y due to the copper plug.  Since I am
interested in validating the technique and understanding better the features
of the upstream background, I will not compute the expected background
events in the 2017-II data set, as I have just done for the 2017-1 one, and I
will follow a different path. I will try to do an educated guess on the number
of events expected in the bifurcation samples in 2017-11, knowing the num-
ber of events observed in 2017-1. Of course a discrepancy is expected between
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Figure 4.10: Extrapolation in the (X,Y) plane of the downstream 7" track
at the TRIMb Z-position for events in the bifurcation samples B, C and D
for the 2017-1 period.
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Figure 4.11: Left: time distributions of events in the bifurcation samples B
(black circles) and D (colored dots) for the 2017-II period. Right: same plot
for sample C (black circles) and D (colored dots). Both sample B and C are
compared to sample D since D has a much higher statistics and having it in
the background of the plots makes clearer how the low-statistics sample B
and C are distributed.

the expected and observed events in 2017-1I, because there is a fundamental
difference between the two periods, that is the copper plug.

B|C| D N+ 0
2017-1 | 34| 16 | 1816 | 33 x 108
2017-11 | 7 | 9 | 184 | 19 x 106

Table 4.2: Number of events in the bifurcation samples B, C and D for the
2017-1 and 2017-II periods. The number of K+ — 77 7Y is also shown.

In order to extrapolate from 2017-1 to 2017-11, a scaling factor is needed;
a reasonable choice is the number of K+ — 777° decays. All the relevant
numbers for the following calculation are shown in table 4.2l The number of
events in sample D expected in 2017-IT (if the plug was not there) are:

2017-11 2017-1 N2V 19
Dexp = Dobs ) % = 1816 - — ~ 1000 , (410)
N7r+7r0 33

which is roughly 6 times more than the observed number (184). As already
stated, there is no particular concern in this discrepancy since we are not
taking into account the effect of the plug in the calculation and we can
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Figure 4.12: Extrapolation in the (X,Y) plane of the downstream 7" track
at the TRIMb Z-position for events in the bifurcation samples B, C and D
for the 2017-1I period.
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assume that the suppression factor is purely due to the plug. Moving to
sample B, the expected events in 2017-11 are:

N2017—H 19
2017-11 2017-1 mt0 _
Bexp - Bobs ’ Ng?_;?ofl =34 @ ~ 20 ’ (411)

that is approximately a factor 3 more than the number of events observed
(7). Again, a discrepancy is expected because of the plug; while the difference
in the suppression factors between samples B and D is odd, it could still be
understood taking into account the very low statistics of sample B in both
the periods.

Things get interesting when moving to sample C, where performing the
same calculation one obtains:

ORI _ 20171, E - 16 - 19 9 (4.12)
exp obs Nﬁ?.%:oﬁl 33 ’

which is exactly the number of events observed in sample C in 2017-11: events
in C seems to be totally unaffected by the presence of the copper plug. This
conclusion is paramount: events in sample C are fundamentally different
from events in sample B or D and, in particular, the plug that is specifically
built to remove type 2 events does not have any effect on the events in C.

Consequently, one of the two key assumptions upon which the bifurcation
analysis is built does not hold anymore and a new method to evaluate the
upstream background must be found. Even if one could recover in some
way the bifurcation analysis, a new method for the upstream background
evaluation is mandatory, because the bifurcation analysis cannot be applied
in any meaningful way in the 2018 data sample; the reason is that in 2018
a new collimator was installed, and this collimator gets rid of most of the
upstream eventﬂ in the bifurcation samples (more on this topic in section
1.6). Trying to apply the bifurcation analysis in 2018 data would result in
numbers with uncertainties that are too large for our purposes.

4.4 Evaluation of the upstream background in
2017 data

The new method T will discuss in the following relies on the evaluation of the
probability that a downstream track is associated to an upstream trackﬂ The

5The collimator is particularly effective against type 2 events.

6Tt is important to mention that this method was first presented by me to the NA62
Collaboration in a simplified version, and then developed further by R. Marchevski to
include a dependence on AT.
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number of expected upstream background events (Nypbke) can be written as
the product of the number of events with a downstream 7 originating up-
stream (N'P*"*™) times the probability that the downstream 7 is matched
to an accidental GTK track (pmistag):

Nup—bkg = N;:J}:stream * Pmistag - (413)

The aforementioned probability, in turn, can be written as

__ reco matching
Pmistag = ppile—up "Pr—n s (414)

reco

biloup 18 the probability that the track is reconstructed and survives

where p
matching

the pile-up treatment, and p, " is the probability that the reconstructed
track is matched to a downstream 7'. Therefore, the expected number of
upstream background events is

. upstream reco matching
Nupokg = N : (4.15)

* Ppile-up " Pr—n

The product of the first two terms defines the number of accidental upstream
events and is something very similar to what can be found in the bifurcation
sample C, though not quite the sameﬂ therefore I will call this term N¢:

Nup—bkg = NC : pr[r;zic:rhing (416)

Given the definition of N¢, a way to evaluate it is to count the events passing
a v selection but with a CDA > 4 mm.

For the sake of simplicity, from now on I will refer to the last term in eq.
4.16 (pr*™"8) as mismatch probability. This probability can be evaluated
with several methods, T will evaluate it from MC distributions of accidental
upstream events. In particular, for the evaluation of the mismatch probabil-
ity, the PDFs of all the relevant variables used in the K™ — 7 matching are
needed, i.e. the CDA and the time of KTAG, GTK and RICH. The CDA
distribution of upstream events has a limited statistics, since the MC tools
needed had just been developed and tested by the NA62 Geant4 beam line
working group at the time of writing this thesis (fig. [4.14)); T chose to fit the
distribution with a fourth grade polynomial, after comparing the goodness
of the fit (x?) with other hypothesis. The CDA distribution I used is the one
for type 1 events (snakes), since they are by far the main contribution to the
sample N¢; indeed T demonstrated in 4.3 how sample C does not contain type
2 events (mambas), and interactions are either suppressed by the kinematics

"It is important to keep in mind that sample C contains events that are inside the box
cut (like the signal) but are rejected by the matching discriminant cut.
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(type 3) or simply not noticeably present (type 4 and 5, as shown at the be-
ginning of the chapter). The time distributions have been generated by me
considering gaussian PDFs for KTAG and RICH, with a sigma compatible
with the time resolution taken from data, and using a uniform distribution in
a +1.2 ns time window for the GTK, compatible with the time distribution
of pile-up tracks at that time window. In particular, the time of the three
detectors was generated according to the following distributions (see also fig.
4.13)):

e KTAG: gaussian with =0 and o = 75 ps;
e GTK: uniform between —1.2 and 1.2 ns;

e RICH: gaussian with = 0 and o = 95 ps.

Once the distributions are defined, it is possible to generate random points
in the CDA vs AT (or ATgicn) plane, as shown in fig. [4.14} then, those
points can be used to compute the kinematic discriminants D(CDA, AT)
and DRICH(CDA7 ATRICH)-

The mismatch probability is the fraction of events selected by the K+ —z™
matching procedure described in [3.3.1] applied in the same way as in the
mrr analysis. Indeed, these events have been specifically generated to be
accidental in time and with a CDA distribution consistent with an accidental-
events topology, therefore they "should" be rejected by the wrv-like matching
discriminant cut; if they are not rejected, they contribute to a mismatched
sample.

The expected number of upstream background events in the signal region
is:

0.6ns
Nup-bkg = NC(|AT|) ’ prlr;a—tjrhmgﬂATD * fscate d(|AT|) (4'17)
0
which is discretized in bins of |AT| as
Nup-bkg - Z NC(‘ATD 'p?a—tfrhing(lATD * fscale - (4‘18)
|AT|

In the formula above, fs e is a scaling factor that has to be introduced
to correct for the events rejected by the CDA > 4 mm requirement in the
definition of the sample No. This scaling factor can be evaluated from the
fraction of events with CDA < 4 mm in the CDA vs AT plot generated from
the MC; this increases the value of Ny,_pkg of ~ 10%.

The values of the mismatch probability and the number of events Ng are
listed for each bin of |AT| in table The statistical uncertainty on the
mismatch probability is of the order of ~ 2% while the uncertainty on fscale
is negligible.
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Figure 4.13: Random time values generated for KTAG, GTK and RICH. The
KTAG and RICH times take into account the respective time resolutions,
while the GTK times are distributed uniformly in (—1.2,1.2) ns.

4.5 Validation of the method

The method presented above can be validated in a simple way using control
sub-samples of data dominated by a specific component of the background.
Following the definition of the bifurcation samples, we can define four sub-
samples with these characteristics:

B1 good K* — 7" matching and extrapolation of the 7™ track at TRIM5
inside a box defined by |X| < 100 mm and |Y| < 140 mm;

B2 good K™ —7" matching and extrapolation of the 71 track at TRIMS5 in-
side a box defined by | X| < 100 mm, |Y'| > 140 mm and |Y| < 500 mm;

D1 bad K* — 7" matching and extrapolation of the 7+ track at TRIMb5
inside a box defined by |X| < 100 mm and |Y| < 140 mm;

D2 bad K™ — 7" matching and extrapolation of the 7+ track at TRIMS5 in-
side a box defined by | X| < 100 mm, |Y'| > 140 mm and |Y| < 500 mm.
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Figure 4.14: Left: fitted Monte Carlo CDA distribution of type 1 up-
stream events (normalized) coming from a true Zyeiex < 100 m. Right: MC-
generated points in the CDA vs AT plane, according to the CDA distribution
on the left and requiring that the KTAG and GTK association is accidental.

The modified box cuts upon which the definition of these subsamples
relies are depicted in figure [{.15] Because of this classification, sample D1
is dominated by type 1 events (snakes) while D2 is dominated by type 2
events (mambas). Since events in sample D2 are particularly abundant, the
CDA distribution of type 2 events can be directly measured from data; the
mismatch probability and the CDA of type 2 events is shown in fig. [.16]
while the time distributions of events in B2 and D2 are shown in fig. [1.17]
Finally, the same distributions for events in B1 and D1 are reported in fig.
418

Sample Bl (B2) is to D1 (D2) as sample N is to the signal region A; we
can estimate the number of expected upstream background events in region A
using the events Ng weighted with the suppression coming from the K™ — 7+
matching, that comes from the shapes of the CDA and AT of the events in
the sample. Therefore, a way to validate the method is to predict the correct
number of events in B1 and B2 using the number of events in D1 and D2,
respectively, and applying the mismatch probability of the relevant type of
events.

In particular, the mismatch for type 1 is the same used for the evaluation
of the upstream background and relies on MC simulations, since sample D1
does not have enough statistics, while the mismatch for type 2 events is the
one shown in fig. and is measured from data.

The validation procedure predicts N5” = 8.2+ 0.9 events in Bl and
N55» =36 £2 events in B2; these results have to be compared to the
events observed in Bl and B2 that are 12+ 3 and 40 £ 6, respectively.
The validation procedure is consistent within the error dominated by the
statistics in data. As I mentioned before, better results will be achieved
as soon as a more substantial MC sample of upstream events will be
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[AT| bin | Ne(|AT]) | py ™ (IATY)
[0.00,0.04] 2 0.0972
[0.04,0.08] 2 0.0919
[0.08,0.12] 3 0.0833
[0.12,0.16] 2 0.0754
[0.16,0.20] 1 0.0633
[0.20, 0.24] 1 0.0521
[0.24,0.28] 1 0.0387
[0.28,0.32] 0 0.0240
[0.32,0.36] 1 0.0124
[0.36, 0.40] 2 0.00586
[0.40, 0.44] 0 0.00178
[0.44, 0.48) 0 0.00011

Table 4.3: Number of events No observed in each bin of 0.04 ns of |AT],
with the corresponding mismatch probability evaluated from MC simulation
of type 1 events with Z,, < 100 m. The relative error on the probability due
to statistics goes from ~ 0.9% on the first bins up to ~ 2% on the last ones.

All the bins after the last one reported have a product N - p* e — (),

available, allowing to study better the exact composition of all the upstream
sub-samples. The number of events found in D1 and D2 and the respective
mismatch probabilities are reported in table [1.4] and [4.5]

4.6 Upstream Background in 2018

As discussed in section [d] the upstream background was one of the major
sources of background in 2016 and 2017. As already shown previously, in
2017 a copper plug was inserted in order to absorb type 2 events and reduce
partially this kind of background in the 2017-II data sample. However, dur-
ing the 2018 data taking, a critical move was enacted in order to definitely
suppress type 2 events.

In particular, on 20th June 2018 the old NA48 collimator (informally
known as rainbow collimator) was placed and aligned between the last station
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Figure 4.15: Extrapolation of the downstream track at the TRIMb Z posi-
tion for a data sample enriched with upstream background events; the orange
boxes show the modified box cuts for the validation of the upstream back-
ground. Left: the box cut used for the definition of the subsamples B1 and
D1; this region is dominated by type 1 events. Right: the box cut used for
the definition of the subsamples B2 and D2; this region is dominated by type
2 events.

of the GigaTracker and the CHANTI. This new collimator is shown in fig.
while the previous collimator used in the 2016 and 2017 data taking
is shown in fig. The effect of the collimator is clear from fig. [1.21]
where the type 2 component of the upstream background has been completely
suppressed.

An important consequence of this for the 2018 analysis is that the box
cut can be significantly shrunk in the Y coordinate with respect to 2016 and
2017, increasing the acceptance for the K — 7tuvp selection. Since the type
2 component is absorbed by the collimator, one possibility is to change the
Y cut in the box from |Y| > 500 mm to |Y| > 140 mm.

The method discussed in section will allow us to evaluate the up-
stream background in the signal region event after the installation of the
new collimator, whereas the bifurcation method would fail because of the
lack of statistics.
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Figure 4.16: Left: mismatch probability for events in D2 as a function of
|AT|. Right: CDA vs AT for events in D2; the CDA distribution is evaluated
from data.
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Figure 4.17: Time distribution of events in the B2 and D2 sub-samples (time
in ns).
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Figure 4.18: Time distribution of events in the B1 and D1 sub-samples (time
in ns).
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[AT| bin | Npy(|AT]) | pis™™(|AT])
[0.00,0.04] 2 0.0972
[0.04,0.08] 2 0.0919
[0.08,0.12] 3 0.0833
[0.12, 0.16] 2 0.0754
[0.16,0.20] 1 0.0633
[0.20,0.24] 1 0.0521
[0.24, 0.28] 1 0.0387
[0.28,0.32] 0 0.0240
[0.32,0.36] 1 0.0124
[0.36,0.40) 2 0.00586
[0.40, 0.44] 0 0.00178
[0.44, 0.48] 0 0.00011

Table 4.4: Number of events in the validation region D1 observed in each bin
of 0.04 ns of |AT|, with the corresponding mismatch probability evaluated
from MC simulation of type 1 events with Z,, < 100 m.

Figure 4.19: The NA62 collimator used in the 2016 and 2017 data taking.
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|AT| bin | Npi(JAT]) | pity ™8 (|AT])
[0.00,0.04] 99 0.0767
[0.04,0.08] 93 0.0717
[0.08,0.12] 94 0.0652
[0.12,0.16] 79 0.0587
[0.16,0.20] 85 0.0420
[0.20, 0.24] 71 0.0315
[0.24, 0.28] 65 0.0179
[0.28,0.32] 67 0.00997
[0.32,0.36] 66 0.00466
[0.36, 0.40] 54 0.00142
[0.40, 0.44] 70 0.00008
[0.44, 0.48] 48 0

Table 4.5: Number of events in the validation region D2 observed in each bin
of 0.04 ns of |AT|, with the corresponding mismatch probability evaluated
from data.
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Figure 4.20: The old NA48 collimator, now positioned along the NA62 beam
line in order to suppress the upstream background (photo courtesy of Silvia
Martellotti).
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Figure 4.21: Extrapolation of the downstream 7" track at the TRIM5 Z-
position for a sub-sample of the 2018 data.
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Chapter 5

Results

In the following I will present the results obtained applying the method
established in to my mwrv selection to evaluate the upstream background
in the signal region.

The whole signal selection is applied, according to the procedure described
in detail in First of all a single-track event selection is performed, match-
ing the 7" track to the downstream detectors, building the Kt track in the
upstream detectors and applying the K+ — 71 association thanks to the
matching discriminant; next the RICH and the calorimetric PID are applied
to select downstream pions and reject muons and electrons; subsequently the
photon rejection gets rid of events with extra activity in the photon veto; the
multiplicity cuts reject events with multiple charged tracks in the final state;
finally the beam background rejection is applied.

As reported in [4.4] the upstream background is evaluated selecting events
with a large CDA and weighting them with the probability that an accidental
track is matched to the downstream pion. Given the numbers reported in
and applying eq. the expected number of upstream background events
in the signal region is

Nupbkg =1.14£0.3 . (5.1)

The signal box of the K™ — 77w analysis on 2017 data was opened in
September 2019 during the KAON Conference in Perugia (Italy) and 2 events
were observed (fig. [5.1)). The results presented by the NA62 Collaboration
come from the analyses of Dr. Giuseppe Ruggiero [57] and Dr. Radoslav
Marchevski |60], with a signal selection compatible with the one presented in
this thesis and used by me to study the upstream background. The SES and
the expected number of signal events in the signal regions were expected to
be:

SES = (0.389 4+ 0.021) x 1077 (5.2)
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NP =216+ 0.12 £ 0.260y , (5.3)

while the expected events in the signal regions for the various background
sources and the total background contribution are reported in table[5.1} The
SES was evaluated according to the procedure reported in [3.3.9] where the
acceptance for the signal was evaluated to be A,,, ~ 3%, the acceptance for
the normalization channel is A, ~ 8.5%, the random veto egy ~ 64% and
the trigger efficiency is close to 90%.
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Figure 5.1: The two events observed in 2017 data, as presented at the KAON
2019 conference in Perugia by the NA62 Collaboration [57].

Combining the 2 events observed in the signal region in the 2017 data set
with the event observed in the 2016 data set [18], NA62 is able to put the
following upper limits to the branching ratio of K+ — nvi:

BR(K" — mtwp) < 1.85 x 1071 @90% C.L. (5.4)

BR(K" — ntwp) < 244 x 1071° @95% C.L. (5.5)
as well as a two-sided 68% band,

BR(K' — ntvp) = 0471072 x 10710 . (5.6)

The result presented by the NA62 Collaboration includes an evaluation
of the upstream background; the value found and used for the result is
0.9 £ 0.24a¢ £ 0.2y, in very good agreement with what was found in this
thesis. The small difference between the two values arises from small differ-
ences in the fitted CDA distribution of type 1 events, leading to slightly differ-
ent mismatch probabilities in the first few bins. Unfortunately the statistics
used by the MC to generate the CDA distribution is limited but this can
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be improved in the future with an extended MC-generation campaign to ob-
tain more accurate results. Possible improvements to suppress the upstream
background are discussed in chapter [6]

Process Expected events

K* — ntvi (SM) 2.16 £ 0.12 £ 0.26¢¢
Kt — nt7%~) IB 0.29 £ 0.034tar £ 0.034ys¢
Kt — pfv,(y) IB 0.11 £ 0.024¢as £ 0.034ys¢
Kt — pfv,(ut — e decay) | 0.04 £ 0.02y

Kt = rtr etu, 0.12 % 0.054¢a1 £ 0.034yst
Kt —sntntn™ 0.02 £ 0.024ys

Kt — 7ty 0.005 = 0.005gys¢

K+t — Itn%, negligible

Upstream background 0.9 £ 0.2ga¢ = 0.2yt
Total background 1.5 42 0.24¢at £ 0.2y

Table 5.1: The expectation for the wvv signal and the background sources
in the signal regions as presented by the NA62 Collaboration at the KAON
conference in Perugia [57].
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Chapter 6
Conclusions

Flavour physics is one of the most important areas where physicists can hope
to find signals of new physics and, in particular, precision measurements on
rare or forbidden kaon decays still represent a very productive field where
theories beyond the Standard Model can be tested.

The measurements of the branching ratios of the Kt — 7ntvi and
K; — %0 decays will give fundamental information about the flavour
structure of the new physics. In figure the preliminary results of
NA62 with the 2016 and 2017 data sets combined are compared to the
experimental result of the E797/E949 Collaboration and the most recent
SM expectation. So far NA62 is compatible with both E797/E949 and the
SM but there is still room for improvement. Indeed the 2018 data set is
currently being analyzed; in this data set, about twice the number of K+
decays were collected with respect to 2017. Moreover there will be another
period of data taking after the long shutdown 2 (I.S2) of LHC, with the first
vear (2021) already approved. Nevertheless, the NAG2 preliminary result
already allows to make some general considerations:

e Given the preliminary upper limits reported in eq. and 5.5} NA62 is
able to exclude the largest enhancements to BR(K™ — n7vr) allowed
by some NP models (Randall-Sundrum, Littlest Higgs with T-parity,
MSSM non-MFV, LFU violation models) in specific portions of their
phase spaces, introducing further constraints to the free parameters
related to each model; however the measurement is still not accurate
enough to exclude any of the models in particular. Figure shows
the expectation for BR(K™ — nTvw) for the models that the NA62
measurement can already constrain. More specifically, the NA62 90%
C.L. upper limit excludes a small portion of the RS model but just
for the points predicted by fitting the experimental value of €x with an
arbitrarily high fine-tuning, while the points relative to a moderate fine-
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tuning are still well consistent with the measurement (fig. [19]. As
regards the LHT model with T-parity, NA62 can now exclude a large
portion of the high-BR horizontal branch, however that area is already
largely excluded by the constraint on K — pu*u~ (fig. [23]. In
the MSSM for SUSY at 10 TeV, NA62 is able to place a mild constraint
but just in a very specific scenario where €x is not imposed in the
model and the left-right squark mixing angle 6% , has the largest value
taken into consideration by the model itself (fig. [61]. Finally, in
LFU violation models where the lepton flavour interactions are mainly
coupled to third-generation left-handed fermions, NA62 can already
exclude a large range of possibilities in one of the scenarios considered

(fig. 2d) [24.

The new upper limit on BR(K™ — ntvw) provides a new model-
independent limit on BR(K; — w°vi) that comes from the Grossman-
Nir bound [57][25],

BR(K; — 7vi) <814 x 107" @90% C.L. (6.1)

The NA62 preliminary 90% C.L. is very close to the central value mea-
sured by E797/E949 and we can already exclude the upper part of the
two-sided band quoted by E797/E949; therefore, it is very unlikely that
the branching ratio takes a value which is more than twice the SM one

(see fig. [6.1).
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Figure 6.1: Comparison of the experimental results on BR(K™ — ntvi)
obtained by NA62 and the E797/E949 Collaboration, along with the most
recent SM expectation. The NA62 point comes from the combination of the
2016 and 2017 data set; the two upper limits at 90% and 95% C.L. are also
shown.
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As it has been shown in this work, the upstream background is probably
the trickiest background to the mrvr measurement at NA62 in terms of un-
derstading the physics behind it and suppressing it in a meaningful way. 1
have demonstrated how the bifurcation analysis used for the 2016 data set
cannot be applied because of the multifaceted nature of the upstream events
and I proposed an alternative method based on the usage of the probability
of matching the downstream track to an accidental upstream track. This is
important not only for the 2017 data set but also for the 2018 one, where
the presence of the new collimator (see would make it impossible to
apply the bifurcation method because of the lack of statistics in the control
samples.

This new method was developed further by other people in the collabo-
ration, in order to take into account the different CDA distribution of type 1
and type 2 events. I applied the new method in two different control regions,
obtaining results that are consistent with the observations; finally I calcu-
lated the expected upstream background inside the signal region and found
a value consistent with the preliminary result presented at KAON 2019 by
the NA62 Collaboration. The very small difference is understood in terms of
a slightly different PDF originated from the CDA distribution of MC type 1
events; this will be improved in the future as soon as a better MC sample is
available.

The new method has the additional advantage of showing where we can
look for possible improvements for the suppression of the upstream back-
ground. In particular, the NA62 Collaboration endorsed the construction
of a fourth station of the Gigatracker (GTK4) and an Anti-Counter detec-
tor before the final collimator that will allow for a better time resolution of
the GTK and a better pile-up treatment; according to simulations, this will
reduce the upstream background of a factor 3 — 4 [62].

Moreover the new collimator that suppresses the source of 7 originated
upstream reaching the fiducial volume will allow to loosen the box cut, al-
though it cannot be completely removed because of upstream kaon decays
still passing through the hole in the collimator. Finally a MVA can lead to
improvements in the K+ — 71 association.
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Figure 6.2: Predictions of NP models for BR(K+ — ntvi), compared to the
NA62 upper limit at 90% C.L. (thick red line). The E797/E949 1o band is
also shown in each plot.

(a) BR(K; — 7vv) vs. BR(KT — 7tv) in the Randall-Sundrum model;
the black dot represents the SM prediction, orange dots refer to a moderate
fine-tuning of the fit of the experimental value of €, while blue dots are
obtained with an arbitrarily high fine-tuning [19].

(b) BR(K, — n%w) vs. BR(K™ — 7vv) in the Littlest Higgs model with
T-parity; the black dots are excluded by the constraint on K, — ptpu~ [23].
(¢) BR(K; — 7vp) vs. BR(K™ — ntvi) in MSSM for SUSY at 10 TeV,
without imposing €x and with a down-type left-right squark mixing angle
0%, = 0.3 |61].

(d) BR(Bt — K*'vw) vs. BR(K™ — nftvw) in models with lepton
flavour violating interactions mainly coupled to left-handed third-generation
fermions; the orange (blue) area corresponds to c¢13 = 0 (¢33 = 2), where ¢;3
is the ratio between the singlet and triplet Wilson coefficients in the model
[24].
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Additional improvements to the KT — 7Tvi measurement include: a
better PID algorithm for the muon rejection; the removal of the cut on
Zyertex V8 RsTrAW! tO reject Kg; decays, since it has been observed that these
background events are very well separated from the signal region; a more
intensity-resilient TDAQ system for detectors with critical occupancy issues,
such as CHANTT and KTAG; an additional HASC detector, symmetrical to
the existing one with respect to the beam pipe, in order to have a better
photon rejection; an improved treatment of the random veto that can be
achieved with a better clustering algorithm in the LKr; a better usage of the
LAV variables (currently the LAV veto does not make use of the LAV station
position or the time-over-threshold information) and the exploitation of the
angle-energy correlation of photons in SAV with those in LAV and LKr.

Taking into account the improvements to the selection for the 2018 analy-
sis just mentioned, the number of signal events expected in the 2018 data set
is 7.0 £ 0.7 with an expected background of 4.8 & 1.0 events [62], considering
conservatively the same signal to background ratio as in 2017.

The first year of data taking after the 1.S2 has already been approved: con-
sidering all the improvements to the hardware and to the analysis that have
been listed above, the expected number of signal events in a 2018-equivalent
data taking year is 14.0 £ 1.5. Extending this prediction to the whole three-
years period between LS2 and 1.S3, the total number of signal events is 42 + 5.
Using a counting approach and assuming a signal-to-background ratio of the
order of 2.5, the first year of data taking after LS2 will lead to a 3.80 SM
signal evidence when combined with data already taken from 2016 to 2018;
preliminary studies show that a m2, . and 7" momentum shape analysis will
raise the significance of the observation to 50. With three years of data tak-
ing after .S2, NA62 will be able to perform a 20% precision measurement of
the branching ratio of the K™ — ntvw decay [62)].
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Appendix A

CHOD software and performances

An important part of my PhD activity was dedicated to the development
and improvement of the software related to the old CHOD detector (the
NA48-CHOD). A detailed description of this detector is given in [2.4.6] while
the following sections concern the work I have done on the software and the
performances reached by the CHOD detector after all the offline corrections
are applied.

A.1 CHOD efficiency

I developed the CHODEfficiency analyzer in order to have a fast way to
check the performances of the detector a few hours after a run is taken. In
fact during the data taking, the NA62 Online Monitmﬂ is the main tool
shifters have to spot important problems in the data acquisition; though
some particular issues need a slightly more sofisticated approach dedicated
to every single detector, such as a specific efficiency analyzer.

CHODEfficiency integrates all the bursts taken in a run and computes
the efficiency of the detector in different ways. The analyzer takes into ac-
count only events passing the PNN trigger flag and in the acceptance of the
NewCHOD. The Control trigger events are not taken into account for ob-
vious reasons, since the control trigger condition is a signal in the CHOD
itself. In order to compute the efficiency, every track found in the Spectrom-
eter is extrapolated to the CHOD plane: the efficiency is the number of the
extrapolated tracks with a corresponding CHOD candidate in the point of
the extrapolation, normalized by the number of tracks.

A report in pdf format is generated, showing 17 plots (see a few examples

1NA620nlineMonitor is an Analyzer showing the most relevant plots for each detector
during the data taking in the NA62 Control Room.
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in fig. and [A.2)). The first four plots show the overall efficiency of the
detector as a function of the burst identification number. The four plots
differ by the kind of events that are selected:

e with or without single-track requirement in the STRAW;

e with or without shower-like events rejection required.

The plot generated selecting single-track and no-shower events is particularly
important, since it is the "cleanest" one and it is used in order to generate the
bad burst list (bad bursts are bursts that didn’t pass certain quality criteria
for one or more detectors, e.g. due to a malfunction of the hardware). The
second group of four plots shows the overall efficiency as a function of the
momentum of the track; the difference between the four plots is the same
as for the previous group. The third group of four plots shows the overall
efficiency as a function of the Z coordinate of the vertex between the upstream
and the downstream track. The last group of four plots shows a 2D map of
the efficiency of the every single CHOD intersection point. An additional 2D
plot shows the integrated illumination of the detector for the whole run and
it could be useful to spot very peculiar problems.

The 2D efficiency plot with the single-track and no-shower requests is
probably the most useful to spot problems in the hardware or in the time
alignment of the channels. Indeed, when a scintillator (or a group of them)
is not working properly, a huge drop in the efficiency is clearly visible there,
and it is easy to identify the flawed channel (or board), like in fig. [A.2]

As mentioned above, the other output of CHODEfficiency (a part from
the report) is the bad burst list. The bad burst list contains the number
of all the bursts flagged as "bad" by the analyzer. There are two criteria
according to which a burst is flagged as bad by CHODEfficiency. Either the
efficiency is too low, i.e. € < 0.9 (flag=LOWEFF), or the statistics is too
low, i.e. Neyents < 100 (falg=LOWSTAT). The bad burst list can be passed
as a parameter at the analysis level to skip all the bad bursts in a run.

A.2 Time calibration of the CHOD detector

The reconstruction analyzers for all the detectors contain the code needed to
reconstruct the raw data and organize them in high level structures such as
hits and candidates (see section, that can be used conveniently in physics
analysis. The CHOD reconstruction and digitizer were already present at the
beginning of my doctoral course, but major improvements and new features
have been added, especially concerning the time information of hits and
candidates.
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Typically, the CHOD candidate is defined as the coincidence of two signals
or hits, one in a vertical counter and the other in a horizontal one. A few
conditions should be met to reconstruct the candidate:

e the hits must be closer than 10 ns with respect to each other;

e the difference between a hit time and the trigger time must be less than
25 ns;

e the hits must belong to the same quadrant of the detector;

e the T0’s of the two hits must be good in order to avoid unphysical
intersections between the slabs;

e the number of hits around the trigger (£25 ns) must be less than 40.

Moreover, in order to have a better time resolution, only hits with both
leading and trailing time are taken into account; this last condition can
actually be released modifying a parameter in a configuration file, so that it
will be possible to reconstruct a few 2018 test runs taken without a trailing
time in the CHOD.

Two corrections should always be applied to the time of hits (or candi-
dates) in the CHOD, the T0 corrections and the slewing corrections.

The TO corrections are needed to take into account the delay due to
the position where the particle hits the scintillator with respect to the posi-
tion of the photomultiplier; the farther the actual impact point is from the
photomultiplier, the greater will be the delay that has to be added to the
time associated to the signal in the PM. In other words, since all the PM of
the CHOD are placed at the external end of each slab, if the particle hits the
detector close to the central part, the absolute value of the TO correction will
be high; conversely a particle hitting a slab close to the PM position should
receive a minor T0 correction.

As it is clear from this definition, the CHOD TO correction needs the
information of two crossing counters in order to be applied, because the dis-
tance between the PM and the actual position of the particle has to be known.
Originally, this issue was addressed with the calculation and implementation
of 2048 T0’s, one for each possible intersection point between the 64 vertical
and 64 horizontal slabs. This strategy was fine for the 2016 data taking, but
definitely non-optimal for the 2017 and 2018, when the intensity was higher.
The reason why this approach failed is that a significant amount of sharp
double peaks in the time coincidences between vertical and horizontal hits
started to appear, originated by random coincidences between counters due
to the higher intensity. Another problem of the old approach was the very
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low statistics for many external intersection points which led to inaccurate
results in the automatic evaluation of T0’s (see fig. [A.3).

A better and more stable approach makes use of the scintillators light
velocities. Typically, the photons travel inside the CHOD counters with a
Velocityﬂ of ~ 0.07 ns/cm or, alternatively, ~ 14 ¢cm/ns. I developed a new
analyzer (CHODLightVelocitiesCalculation) to calculate the light veloci-
ties for each of the 128 counters. The light velocities are pretty much stable
during the three years of data taking, as it is shown in fig. [A.4 The new
TO’s are 128, one for each slab. Each hit is consequently corrected taking
into account the light velocity and the distance from the PM given by the
intersection between the slabs. This new procedure doesn’t have problems
related to the low statistics, since all the intersection points benefit from the
statistics of all the others in the same counters and random coincidences are
not an issue in this case. A comparison between the old and the new T0’s is
shown in fig. [A.3]

Other important corrections that have to be applied and that T imple-
mented in the framework are the slewing correctiong’] The need for these
corrections is to be found in the different rising time between pulses with
different amplitudes, producing different leading times for the hits when a
threshold is fixed. The slewing corrections for the CHOD consist of 2048
slewing slopes and 2048 slewing constant, one for each intersection point,
and are derived from the distribution of the Time-Over-Threshold (TOT)
obtained for some runs evenly distributed along the data taking periods.
They are applied offline to the time of each hit in the reconstruction process,
according to the formula:

Leorrected = tuncorrected — S * TOT —c¢ ; (Al)

where s = s(IP) and ¢ = ¢(I P) are the slewing slope and constant, functions
of the intersection point IP. The slewing slope is obtained from the linear fit
of the distribution of the time of the CHOD with respect to the KTAG versus
the TOT; the slewing constant is simply (—1) - s- < TOT >, where < TOT >
is the average TOT for that particular IP (see fig. [A.5)).

The importance of the TO and the slewing corrections is clear from fig.
where one can see how the time distribution of the hits gets well-centered
and narrower after the T0’s and the slewing corrections are applied.

Another aspect that has to be taken into account when applying time
corrections is the run dependence. As a matter of fact, the scintillators or
the PMs of the detector will lose efficiency over time, and this degradation

2The speed of light in a vacuum is ~ 0.033 ns/cm or ~ 29.98 cm /ns.
3In the literature, the time slewing is also known as time walk.
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of the hardware could lead to significant differences in the value of the T0’s,
the light velocities, the time-over-threshold and the slewing corrections. As
regards the light velocities, the values didn’t change significantly in the period
2016-2018, as it is shown in fig. [A.4} the T0’s stability is not a real problem
since T0’s are automatically computed offline for each single run. This is not
true for the time-over-threshold and, consequently, the slewing corrections.
So far a few sets of slewing corrections have been generated for different
periods, in order to have enough variability, but the framework still doesn’t
generate them on a run by run base. This is not crucial, since the effect
of the slewing corrections is not as important as the effect of the T0O, and
a small change in their values doesn’t imply a significant variation on the
time performance; nevertheless this step will definitely be implemented in
the future. The degradation of the TOT over the years is shown in fig.

Moving to the time resolution of the detector, the performance is shown
in fig. One can see how the detector performances slightly degraded
over time, however the differences are really marginal. Taking into account
a resolution of 70 ps for the KTAG (that is almost negligible in this case),
the time resolution of the CHOD candidate is ~ 200 ps in 2016, ~ 230 ps
in 2017 and ~ 250 ps in 2018. The CHOD detector is more than 25 years
old, nonetheless it is still performing quite well, with a time resolution that
meets the requirements of the experiment and that is still relatively close to
the one that was measured in the NA48 experiment [31].
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efficiency Vs BurstlID for run 8692 (single track, no shower)
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Figure A.1: Two of the plots generated by the CHODEfficiency analyzer,
both of them requiring a single track event that is of type "no-shower". The
top plot shows the efficiency in the run as a function of the burst number,
while the second one shows the overall efficiency of the run as a function of
the intersection point in the detector. This is a typically good run for the
CHOD, with an efficiency that is almost always above 90% for all the bursts.
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efficiency Vs BurstID for run 8919 (single track, no shower)
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Figure A.2: Two of the plots generated by the CHODEfficiency analyzer,
both of them requiring a single track event that is of type "no-shower". The
top plot shows the efficiency in the run as a function of the burst number,
while the second one shows the overall efficiency of the run as a function of
the intersection point in the detector. The last part of this run is clearly bad:
the efficiency is 50% for the last ~ 100 bursts and the reason can be inferred
by the bottom plot, where one can see that one of the four readout boards
(connected to a half of a plane) was off.
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Figure A.3: Comparison between the fit obtained with the old (top plots)
and the new (bottom plots) T0 evaluation procedure for the CHOD detector.
With the old procedure, several intersection points out of the 2048 possible
ones had sharp double peaks (top row, first two plots) because of random
coincidences or the lack of statistics (top row, last two plots). Reducing the
number of T0’s to 128, one for each counter, the statistics is not a problem

anymore and no double peaks are present (bottom row).
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Figure A.4: Light velocities in the 128 scintillation counters of the CHOD

detectors for different periods of data taking.
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Figure A.5: Both plots refer to one intersection point of the vertical slab
32. Left plot: time (wrt KTAG) vs. time-over-threshold. Right plot: TOT
distribution.
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Figure A.6: The top left plot shows the difference between a hit in the vertical
plane and a hit in the horizontal one, before applying any correction; on the
second plot on the top, the T0’s are applied and hence the mean of the
distribution is well-centered at zero; on the bottom plot both the T0’s and
the slewing corrections are applied and the distribution gets narrower. All
the plot refer to a single burst from a 2017 run.
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where there was no data taking.
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