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Abstract

Letizia PERUZZO

Search for t° — invisible decays with the NA62 experiment

The search for new physics beyond the Standard Model is one of the most active fields in

particle physics. Complementary to direct searches for new processes at high-energy scale,
O(TeV), rare or forbidden Standard Model decays are investigated to look for deviations
from the predictions. The NA62 experiment at the CERN SPS, designed for the measure-
ment of the ultra-rare decay Kt — 7tvy, investigates new-physics contributions in the
kaon and pion sector.

The highly efficient, hermetic photon-veto system makes NA62 a perfect apparatus for
a high-sensitivity search for 71° decays into invisible particles. In a fraction of data collected
by NA62 in 2017, about 8.4 x 10° 71° mesons have been tagged by the reconstruction of the
second most-abundant K* decay, K™ — 7 7°(y). The background rejection inefficiency
for visible 7° decays, ranging from O(107%) to O(107?), is estimated by the combination
of single-photon detection efficiencies measured in data and Monte Carlo simulations of
Kt — 77 m°(7y) decays, a novel experimental technique with respect to that used in the

most sensitive previous experimental result.

The analysis is performed with the blind technique for a cut-based signal region. The
" momentum range is optimized to have the best sensitivity for the estimated upper
limit on the 71° — invisible branching ratio in absence of a signal. In the signal region
with 777 momentum between 25 and 40 GeV /¢, a total of about 4 x 10” tagged 7° mesons
are collected out of which 12 events survive the signal selection criteria. Given an esti-
mated rejection inefficiency of (2.8757) x 10, no signal is observed beyond the expected
background fluctuations. The resulting upper limit on the branching ratio is

BR(7t° — invisible) < 4.4 x 1077

at 90% confidence level, which improves on the previous best limit by a factor of 60. As
a by-product of the analysis, the decay Kt — 71" X is investigated, where X is a neutral
particle escaping detection with a mass in the range 109-155 MeV/c?. Model-dependent
scenarios are investigated with the assumption that X is an axion-like particle with domi-

nant fermion couplings or a dark scalar with mixing with the Standard Model Higgs.
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Zusammenfassung

Letizia PERUZZO

Suche nach dem Zerfall t° — invisible mit dem NA62-Experiment

Die Suche nach neuer Physik jenseits des Standardmodells ist eine der wichtigsten Auf-
gaben der Teilchenphysik. Ergdnzend und komplementér zur direkten Suche nach neuen
Prozessen bei Energien der TeV-Skala konnen seltene oder verbotene Zerfélle untersucht
werden, um Abweichungen von der Standardmodell-Vorhersage zu finden. Das NA62 Ex-
periment am CERN-SPS, konzipiert und gebaut fiir die Messung des sehr seltenen Zerfalls
K* — v, sucht allgemein nach neuer Physik in Kaon- und Pion-Zerfillen.

Durch das hermetische und hoch-effiziente Photonvetosystem kann NA62 u.a. nach 7°-
Zerféllen in nicht sichtbare Teilchen suchen. Die vorliegende Arbeit analysiert von NA62
im Jahr 2017 aufgezeichnete Daten, in denen 8.4 x 10° 71°-Mesonen des zweithaufigsten
Kaonzerfalls K™ — 717 71°(7y) tiber die Messung der beteiligten K- und 7rt-Mesonen indi-
rekt rekonstruiert wurden. Der Untergrund aus 71°-Zerféllen in sichtbare, aber nicht de-
tektierte Teilchen wird zu O(1078) bis O(107Y) abgeschétzt, indem die Effizienzen fiir
den Nachweis von einzelnen Photonen in den Daten gemessen und mit Monte-Carlo-
Simulationen von K™ — 7t 71°(y)-Zerféllen kombiniert werden. Dies ist eine neue Technik
im Vergleich zu fritheren Experimenten.

In der Analyse wird die durch diverse Selektionskriterien definierte Signalregion aus-
geblendet. Der 7" -Impulsbereich ist so gewidhlt, um — bei Abwesenheit eines Signals —
das beste erwartete Limit auf das Verzweigungsverhdltnis von 71 — invisible zu erhalten.
In der Signalregion mit einem 7t*-Impuls zwischen 25 und 40 GeV/c werden in 4 x 10°
Kt — mtm°-Zerfillen insgesamt 12 Kandidaten des Zerfalls 7° — invisible gefunden,
die alle Selektionskriterien iiberlebt haben. Bei einer abgeschitzten Untergrundunterdrii-
ckung von (2.8737) x 10~ sind die Ereignisse in Ubereinstimmung mit dem erwarteten
Untergrund. Die gemessene obere Grenze auf das Verzweigungsverhiltnis ist

BR(7° — invisible) < 4.4 x 1077

bei einem Konfidenzniveau von 90% und liegt einen Faktor 60 unter dem bisherigen besten
Limit. Ein Nebenprodukt der Messung ist die Suche nach dem Zerfall K* — 77X mit
einem nicht beobachteten, neutralen Teilchen X mit einer Masse zwischen 109 MeV/¢?
und 155 MeV/c2. Unter der Annahme, dass X entweder ein axion-dhnliches Teilchen mit
fermionischen Kopplungen oder ein skalares, mit dem Higgsboson mischendes Teilchen
ist, werden stringente Grenzen auf die entsprechenden Kopplungen gesetzt.
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Introduction

The Standard Model (SM) of particle physics is a very successful theory providing a mathe-
matically elegant and consistent description of nature as well as precise predictions. How-
ever, there are nowadays many evidences of its incompleteness, the neutrino masses, the
existence of dark matter and energy, the predominance of matter over antimatter are just
a few examples which suggest that the SM would be an effective theory as part of a more
general framework which manifests itself at a higher energy scale. In this perspective, over
the last decades, many theories have been developed to extend the SM and look for new-
physics processes. The neutral pion, which has historically played an important role in our
understanding of the dynamics of elementary particles, presents itself as a promising field
for the search of physics processes beyond the SM. One of the most interesting processes
is the decay 7% — invisible, historically connected to the study of neutrino properties, evi-
dence for this decay would be a clear sign of new physics.

The search for the m° — invisible decay presented in this work is carried out within
NA62, a fixed-target experiment at the CERN SPS, with the use of the K™ — 7 7%(y)
process as tagged source for the neutral pion. The experiment began physics data taking in
September 2016 in order to search for new-physics effects in kaon decays by measuring the
branching ratio of the rare decay K™ — 71" v7 with a precision of about 10%. The NA62 ap-
paratus was intrinsically built for a high-sensitivity search for 77° decays into invisible (un-
detectable) particles, seen as a natural by-product of the search for the decay Kt — ntvv.
In fact, the suppression of the main K™ decays, which have branching fractions several or-
ders of magnitude higher than the K™ — 7" v signal, is crucial for the success of NA62.
In particular, the background from K* — 77 7°(«y) (the second most abundant kaon decay
with a branching ratio of about 21%) has to be suppressed by a factor 10'2 by exploiting
both the precise reconstruction of the kinematics, (9(104), and the detection of the 71° de-
cay products, O(10%). A detailed understanding of the 7t° rejection performances is hence
mandatory to perform the main analysis of the experiment.

The thesis is organized as follows. The theoretical framework of the SM is presented
in Chapter 1 with focus on the physics motivations for the search for 7° — invisible de-
cays described in Chapter 2. Part I of the thesis is mainly dedicated to introduce the NA62
experiment, with a brief introduction to the long tradition of kaon experiments given in
Chapter 3. The NA62 physics program is presented in Chapter 4, the beam and the ex-
perimental apparatus in Chapter 5 and Chapter 6, respectively. The software framework
adopted in the search for 7° — invisible decays is described in Chapter 7. The data taking
conditions used in the run period 20162018 (also referred to as NA62 Run I) are described
in Chapter 8.



The search for 1% — invisible decays is reported in Part II of this thesis. The strategy of
the analysis is presented in Chapter 9. The selection of K — 717 72°(y) events is contained
in Chapter 10, while the algorithm for detection of additional activity from visible 7° de-
cays is given in Chapter 11. It is important to underline that the signature for K™ — 7 7°
with 71° — invisible is the same as that for a K™ — 7ttvi decay. In this respect, the selection
applied to this analysis directly follows the criteria applied for the search for K¥ — ntvi
decays with 2016 data [1, 2]. The two analyses are performed with the data collected with
the same trigger stream (the rrv¥ trigger), the efficiency of which is discussed in Chapter 12.
The study of the single-photon efficiencies, with the so-called “Tag&Probe” method, and
the evaluation of the expected 7t° rejection are explained in Chapter 13 and 14, respectively.
The background estimation is presented in Chapter 15 and the statistical treatment of the
data is described in Chapter 16. Chapter 17 contains the validation of the adopted method
after the analysis of the sideband regions. The expected results for the signal region are de-
tailed in Chapter 18 together with the comparison with the previous most sensitive search.

Chapter 19 summaries the results obtained. Conclusions are presented in Chapter 20.



Chapter 1
The Standard Model of Particle Physics

Years of theories and discoveries have led to a remarkable knowledge of the fundamental
structure of matter: everything in our universe is made from a few basic blocks, the fun-
damental particles, governed by four fundamental forces. The Standard Model of particle
physics (SM), as a result of those theories and discoveries, describes our knowledge of how
the fundamental particles and three of the forces (electromagnetic, weak and strong) are re-
lated. ! The first milestone in the formulation of the SM, as known nowadays, is dated to
1960 with the unification of the electromagnetic and weak interaction in the Electroweak the-
ory by S. Glashow. Seven years later, S. Weinberg and A. Salam incorporated into Glashow
theory the mechanism proposed in 1964 by P. Higgs to give mass to the elementary parti-
cles: the Higgs mechanism. In the 1970s the theory of strong interaction acquired its modern
form: experimental observations confirmed that protons and neutrons are composed by
smaller fundamental particles, which become quasi free as the energy scale at which they

are observed increases.

The SM is a gauge quantum field theory, renormalizable and mathematically self-consistent,

containing the internal symmetry of the unitary product group
SU<3)C X SU(2)L X U(l)y (11)

where SU(3) represents the symmetry structure of the strong interaction, SU(2);, the weak
isospin symmetry and U(1)y the weak hypercharge symmetry. The symmetry of Equa-
tion (1.1) is spontaneously broken at an energy scale of ~ 100 GeV (the electroweak en-
ergy scale), thus providing mass to the elementary particles through the coupling with the
Higgs field. Only the SU(3)c x U(1)q symmetry remains unbroken, where U(1)q is the
symmetry group of the electromagnetic interaction. A review of the SM can be found in
References [3, 4].

The basic blocks of matter consist of 61 elementary particles: 48 fermions, 12 gauge
bosons and the Higgs boson. Fermions are particles of half-integer spin that, according
to the spin-statistics theorem, follow the Pauli exclusion principle. Elementary fermions,
leptons and quarks, have spin S = 1/2 and are divided into three families (see Table 1.1). All
the known stable matter in the universe is built by the lightest and most stable fermions
(the electron, the up and the down quarks) which compose the first family. The heaviest and
less stable fermions belong to the second and third generations. Additionally, for each fam-
ily the lepton sector is completed by a corresponding neutrino type. Fermions interact in
different ways. All of them couple with the weak interaction. The charged leptons (e, 4 and

10nly gravity, the fourth fundamental force, is not included.



4 Chapter 1. The Standard Model of Particle Physics

T) and the six quark types (u, d, ¢, s, t and b) are also affected by the electromagnetic force,
which does not couple with the three neutrinos (v, v, and vz) as they do not have elec-
tromagnetic charge. Quarks can also couple with the strong interaction, since they carry
an additional quantum number, the color charge, and manifest themselves in three different
colors: red, green and blue. Each of the 24 fermions has a corresponding antiparticle with
opposite electromagnetic charge and quantum numbers.

First Family Second Family Third Family Electric charge

e U T
electron muon tau -1
(m=0.511 MeV/c?) (m=1057MeV/c?)  (m=1777 GeV/c?)
Leptons m v, -
electron-neutrino muon-neutrino  tau-neutrino 0
(m<2eV/c?) (m<019MeV/c?)  (m<182MeV/c?)
U c t
up charm top +2/3
Quarks (m~2.2MeV/c?) (m~1.3 GeV/c?) (m~173 GeV/c?)
d s b
down strange bottom -1/3
(m~4.7 MeV /c?) (m~93 MeV/c?) (m~4.2 GeV/c?)

TABLE 1.1: Fermions in the SM. Mass values are taken from Reference [5].

Bosons are particles with integer spin. The elementary bosons have spin S = 1, the
gauge bosons, and spin S = 0, the Higgs boson. Gauge bosons (see Table 1.2) are the force
carriers that mediate the electromagnetic (photons), strong (gluons) and weak (W and Z)
interactions: these forces are explained by the exchange of gauge bosons among matter
particles. Due to the non-abelian 2 structure of the symmetry groups SU(3) and SU(2),
the interaction between gauge bosons is also possible. This means that gluons couple with
other gluons, W* and Z couple with themselves and also with photons.

Force Bosons Number Electric charge Mass [GeV/c?]
Electromagnetic Y 1 0 -
W= +1 80.4
Weak z 3 0 91.2
Strong g 8 0 -

TABLE 1.2: Gauge bosons in the SM. Mass values are taken from Reference [5].

The Higgs boson is the visible manifestation of the Higgs scalar field, which itself is
a complex doublet of SU(2). Due to the particular shape of the field potential (the so-
called “Mexican hat”), a spontaneous breaking of the electroweak symmetry SU(2) x U(1)

2The internal operation of the group is not commutative.
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occurs. In this mechanism of spontaneous symmetry breaking, three components of the
SU(2) doublet are absorbed by the gauge bosons of the weak interaction (W= and Z) which
acquire mass. The remaining electrically neutral component, which corresponds to the
vacuum expectation of the field, results to be non-zero and manifests itself as the Higgs
boson. This implies that all fermions, which interact via Yukawa coupling with the Higgs
field, acquire mass. Photons, gluons and neutrinos 3 that do not interact with the Higgs
field, remain massless. The mass values of the elementary particles are therefore connected
to how strongly each particle couples to the Higgs field. However, these values are not
predicted by the theory and can only be measured experimentally.

A solid model ...

The architecture of the SM has been confirmed over the years by several discoveries such as
the existence of the W* and Z bosons [6, 7], the gluons [8], and the charm [9, 10], bottom [11]
and fop [12, 13] quarks. The agreement between theoretical predictions and experimental
measurements of the quantum numbers of these particles gives validity to the model. As
last piece, on July 2012, the discovery of a Higgs-like particle in the mass region around
125 GeV/c* was announced [14, 15]. The following tests of its properties confirmed that
this new particle is consistent with the Higgs boson [16], predicted in the SM and sought
for about forty years.

... with some leaks

Despite the SM is our best description of the subatomic world, there are opened questions
which are still not yet answered: which is the origin of the observed matter-antimatter asymme-
try?, why are the mass values of the elementary particles so different? and what about the remaining
96% of yet unknown matter/energy of the universe? are just a few hints that new physics must
be present. In addition, the SM includes only three of the fundamental forces of the uni-
verse: gravity, the most familiar force, is excluded and any attempt of adding it into the
SM framework so far was unsuccessful.

Forefront experiments, looking for discrepancies between observations and SM predic-
tions, are carried out to search for new-physics processes, allowing to go further in the
understanding of the mechanisms of the universe. Although so far, new physics does not
reveal itself with direct searches at the high-energy frontier at O(TeV), it can be comple-
mentary looked for at lower energy with high-intensity experiments which search for very
rare processes. This is the case of the NA62 experiment with both the precise measurement
of the branching ratio of the rare kaon decay K™ — 7717, as main goal of the experiment
(see Section 4.1), and the search for 1% — invisible decays, the subject of this work.

3In the SM, neutrinos are considered massless particles. However, the evidence of neutrinos oscillation
suggests that the flavor neutrinos (ve, v and v¢) are a combination of three neutrino-mass eigenstates and
therefore neutrinos have a discrete mass. The three mass values are smaller than the other fermions masses,
but still unknown.






Chapter 2
The t° — invisible Decay

The history of the neutral pion dates back to 1935, when the existence of a massive neutral
scalar particle coupling both to protons and neutrons was postulated in order to describe
the nuclear forces [17]. The first hint of the existence of such a particle [18, 19] was con-
nected to the observation of mixed cosmic-ray showers, where y-rays were observed to-
gether with a meson shower. The emitted y-rays were interpreted as the decay products
of a new neutral particle, produced in the interaction of high-energy protons with the at-
mosphere [20]. The discovery of the new particle was confirmed in 1950 [21]: protons with
an energy of approximately 290 MeV were made to interact in a nuclear target and the
emission of photons with an energy of about 70 MeV was observed. This was interpreted
as due to the existence of a neutral meson, called neutral pion (7t°), which decays into two

photons and with a mass about 300 times the electron.

The decay modes of the lightest unflavored meson have been the subject of many
searches in past and present experiments, with improvements of QED and QCD ! predic-
tions and tests of new-physics scenarios beyond the SM [22]. Following Reference [23], dif-
ferent rare and forbidden decays of the neutral pion can be investigated in NA62. Among
them, one of the most interesting is given by 71° — invisible events. Historically, the in-
terest on this decay was related to the study of neutrino properties such as the mass, the
helicity and the number of families [24, 25], where the invisible final state is represented by
a neutrino-antineutrino pair. At present, more than determining neutrino properties, the
interest moves to new-physics scenarios which the invisible final state can open. In this
case, any observation of this decay would be a sign of new physics.

2.1 Connection with the neutrino mass: 7° — vv

In the SM, neutrinos are considered purely left-handed 2 massless particles and the decay
of a 1% into a neutrino-antineutrino pair is forbidden by angular momentum conserva-
tion: the two outgoing neutrinos have opposite chirality and the total angular momentum
should be equal to one in the 7° rest frame. Therefore, the pseudoscalar meson cannot
decay into a v7 pair. However, the observation of neutrino oscillations demonstrated non-
zero masses of the neutrinos, and therefore neutrinos can be left-handed or right-handed.
As a consequence, the m° — v¥ decay can occur within the weak interaction via a Z-
boson exchange as shown in the Feynman diagrams of Figure 2.1. Assuming a mass for
the neutrino below half of the 77° mass, the branching ratio (BR in the following) for a single

L Quantum Electro-Dynamics (QED) and Quantum Chromo-Dynamics (QCD) are the theories of the electro-
magnetic and strong interactions, respectively.
2Neutrinos have always negative chirality in the weak interaction.
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neutrino type is [24-26]:3

2 2
BR(7° — v77) = 3.8 x 10~° < My ) 1-4 < My > 2.1)
M o M o

where m, is the neutrino mass and m, ~ 135 MeV/c? the neutral pion mass. The branch-
ing ratio has a maximum value of BR(7t° — v7) = 3 x 10~ at m, = 55 MeV /c?.

1%

v

FIGURE 2.1: Feynman diagrams for the process 7° — v#. Forbidden in the SM due to angular
momentum conservation, the decay is possible for massive neutrinos via the exchange of a Z boson.

As pointed out in Equation (2.1), the branching ratio for 1° — v decays is closely con-
nected to the neutrino mass. Constraints on the mass of the neutrino can be directly inter-
preted as constraints on the branching ratio and vice versa. The experimental direct limit on
the tau neutrino mass (m,, < 18.2MeV/ c? at 95% confidence level) from the ALEPH exper-
iment [28] would correspond to a theoretical upper limit of BR(71° — v.7;) < 5 x 10710 at
90% confidence level. * However, a more stringent limit is set by cosmological constraints
on the sum of neutrino masses Y¥_m, < 1eV/c? [5], which implies BR(71° — vv) < 10~24,

far from the present and future experimental sensitivity to observation.

The decay 71 — v has astrophysical relevance. It has been largely studied in the pro-
cess of neutrino emission in stellar cooling at the temperature of the pion mass through the
pion-pole mechanism yy — 71° — v [29-32]. In this condition, the pion propagator can
be modified by the presence of a dense baryonic medium [33, 34] with conditions similar
to the primordial universe and the 77° — v7 decay can occur even if neutrinos are massless

particles.

3Equation (2.1) represents the branching ratio for a single type Dirac neutrino. In case of a Majorana nature
(particle and antiparticle are identical) the branching ratio is a factor of two larger to account for the identical
particles in the final state [27].

“From direct experimental limits on the electron and muon neutrino mass the theoretical branching ratio
would be several orders of magnitude smaller.
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2.2 New-physics searches: t° — invisible

The search for the 7° — v7 decay can be easily interpreted as a search for 1% — invisible,
where invisible stays for any undetectable final state produced by different processes be-
yond SM physics. These include for example the study of helicity-flipping (chirality-
changing) pseudoscalar interactions, lepton flavor-violating transitions 7° — 17, with
two different neutrino flavors in the final state, and any new processes involving feebly-
interacting long-lived particles. Any observation of 71° — invisible at the present sensitiv-
ity achievable would mean that new physics has been found.

2.3 Present experimental limit

In order to perform a search for 1° — invisible decays, one needs to select a pure sam-
ple of ° mesons. A possible approach to tag a pure 7t° “beam” (first proposed in Ref-
erence [35]) is to use the decay chain K™ — 7m"7°. This, historically, implied a close
connection with experiments dedicated to measure the branching ratio of the rare de-
cay K — mttvi [36-39], where a highly efficient detection of 1° — 77 decays is cru-
cial to suppress background contributions from the second most abundant kaon decay,
BR(K" — ™ 7%) = 20.67(8)% [5]. Two recent examples are the experiments E787 [40] and
its successor E949 [41] at the Brookhaven National Laboratory (BNL), which measured the
branching ratio of K — 7" v and set limits on 7t° — invisible decays.

The most stringent present experimental limit on the 1° — invisible branching ratio
was established by the E949 experiment [41]. The K™ — 7t 7t° and 7° — invisible decay
chain was investigated with a decay-at-rest technique for the kaon. The 7° — invisible
events were searched for from a sample of tagged 205 MeV/c 71° mesons, selected solely
by the use of the charged pion kinematics and the requirement of no additional activity
other than that due to the K™ and 7" particles. Potential non-K™ — 717 7° events were
identified as K — u*v, decays and scattered beam pions, for a total of 3 background
events. After all of the analysis conditions were applied, 99 events were observed. The
signal sample was probably dominated by 77° — 77 decays with both photons undetected,
but since this background contribution was not estimated a priori, all of the 99 events were
conservatively considered as 71° — invisible candidates. ° The following formula was used
to set the upper limit on the branching ratio:

N1
NT[" Cdis Cacc

BR(7t’ — invisible) (2.2)
with N the number of signal events; N the total number of tagged 7° mesons given
the selection of K™ — 717 71° events; Cy;; and C,e. corrections due to mis-reconstruction of

the 7™ and to signal losses due to accidental activity, respectively. The number of signal

5A different analysis technique is used in this thesis and a comparison with that of the E949 experiment is
given in Section 18.2.
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events was evaluated with the Poisson statistics, given 99 observed events and 3 back-
ground events. In total about 3 x 10° 77° mesons were collected and the resulting upper
limit at 90% confidence level is [41]:

BR(7° — invisible) < 2.7 x 1077, (2.3)

2.4 Extension to new-physics searches in K* — 7+ X decay

In the past years direct searches for new physics have been performed at always increasing
energy scales. However, so far there has not been any clear evidence of new processes,
leading to an increased interest for scenarios where new physics lies at or below the elec-
troweak energy scale and is only feebly interacting with the SM particles (often referred
to as hidden sector). The interaction between the SM and the hidden sector may proceed
in different ways through new mediators, represented as gauge-invariant operators, that
can be light and long-lived and seen as possible Dark Matter candidates. Given the feeble
coupling with the SM particles, the new-physics searches are performed at high-intensity
experiments and rare and forbidden processes represent golden channels for such searches.

Rare meson decays, such as Kf - 7F¥ + X and B® — K&®) + X , are a good frame-
work to search for new-physics processes beyond the SM. These decays proceed through
Flavor-Changing Neutral Current (FCNC) processes, s — d and b — s respectively, and the
presence of new mediators X emerging in the loops would modify and most probably en-
hance the decay rate with respect to the SM predictions. These processes are discussed for
example in References [42—46].

In the work described in this thesis, two new-physics scenarios are considered in the
decay channel K* — 71" X a search for axion-like particles (ALPs) with dominant fermion
coupling as presented in References [42, 43] and for dark scalars with mixing with the SM
Higgs as presented in Reference [43]. The X particle is considered to decay to an invisible
final state in the experimental apparatus or to escape detection being feebly interacting and
long-lived, with a mass around the 77° mass.

The decay width for the process Kt — 7" X is [42, 47]:

1

167 m3 .

2
m2. — m2
[(Kt - n7X) = x M2 (m2 ., m2.,mi) x (M x |52 (2.4)

ms_md

where A(a,b,¢) = (a—b—c)?> —4 bc, and hj, is a complex parameter representing the effec-
tive coupling for the s — d transitions. ® It is important to underline that Equation (2.4) is
independent from any model of new-physics search, only the effective coupling contained
in the parameter /15, is model dependent.

For completeness, Equation (2.4) should be multiplied by a form factor | fé<+ (m%)|?, which is neglected
since its value is close to 1 [27].



2.4. Extension to new-physics searches in Kt — 7 X decay 11

2.4.1 Axion portal

Axion particles were introduced in 1977 as a solution of the so-called strong CP problem,
namely the observation that in the strong interactions the violation of the CP symmetry 7,
even if theoretically allowed, does not seem to manifest itself. The solution proposed by
R. Peccei and H. Quinn [48] was to add an additional U(1) symmetry group to the QCD
Lagrangian. The potential of the field associated to the new U(1)pq group spontaneously
breaks the symmetry and the non-zero vacuum expectation value cancels the non-CP con-
serving term of the QCD Lagrangian. A new particle, called Axion, was associated with the
U(1)pq field [49, 50]. Although QCD axions are excluded by strong constraints, the QCD-
axion model can be generalized and a large variety of axion-like particles (ALPs), in the
following denoted as a, can be postulated and looked for. 8 ALPs appear as well-motivated
candidates to extend the SM particle field: either as direct Dark Matter candidates or as
mediators between Dark Matter and SM particles. Their interactions with SM particles can
arise through different scenarios [42, 43, 51], for example involving ALP-photon and/or
ALP-fermion couplings. In particular, the ALP coupling to quarks can induce a mixing
between ALP and neutral pion (or # meson) with the result that any process involving a
7° meson could generate an axion as well.

Following the model presented in Reference [42], ALPs can be produced in FCNC kaon
and B-meson decays. The interaction between the pseudoscalar mediator 2 and the SM
fermions f is of the form:

Lom= ), igrafr’f (2.5)
f=a.tv
where gy is the effective coupling. Different scenarios are considered for the coupling struc-
ture to charged fermions, gy in Equation (2.5), while the coupling to neutrinos gy is assumed
to be zero:

* Yukawa-like: the interactions between the ALP 4 and the charged SM fermions arise
from a mixing with the Higgs boson and the couplings are proportional to the Yukawa
couplings, gy: gr = V2gym £/v, where my is the fermion mass and v ~ 246 GeV is
the vacuum expectation value of the SM Higgs field. 1°

* Quark universal: the ALP a has a universal coupling only with quarks, gf = g;. In this
case, coupling structures other than those involved by the minimal flavor violation

of the Yukawa-like type would be expected.

* Quark third generation: the ALP a interacts only with quarks of the third family and

the coupling gq is assumed equal for b and t quarks.

7Charge conjugation and Parity symmetry, which changes a particle in its antiparticle (C symmetry) and in-
verts the spatial coordinates creating a mirror system (P symmetry).

8QCD axions are connected with an exact global U(1) symmetry and their mass is fixed given the coupling
strength (ma « 1/ f;), while ALPs are more generally referred to accidental global U(1) symmetries and they
do not have a fix relation between mass and coupling strength.

9 ALPs have the same quantum numbers of the 71° mesons, being pseudoscalar particles.

10 As a derivation of this model, Quark-Yukawa-like couplings, where the coupling is non-zero only for quarks,

are also considered.
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Figure 2.2 shows the excluded regions in the space of the coupling as a function of
the ALP mass m,, for Yukawa-like, Quark-universal and Quark-third-generation coupling
scenarios, for an invisibly decaying a produced in K and B decays as considered in Refer-
ence [42].

> 10 - 107
(@]

@ (b)

1072

107

1074
1072 2
35 B - K+inv 10°E gt | wax
103 8
E 10°%
L [K" - m+inv E
107E 1077 EK" — T +iny
07 . 10°F _
- | ‘Yukawa-llke g | Qu‘ark universal
10—6 L L L L | L 10—9 L L L | L
1072 10" 1 0 1072 10"

1 10
m, [GeV/c?]

1
m, [GeV/c?]

10
(K" = 1t +inv
1074 B - K+inv
§ Quark third generation
10—5 R Ll L
107 10™

1 10
m, [GeV/c?]

FIGURE 2.2: Excluded parameter regions for an invisibly decaying pseudoscalar a produced in
FCNC decays of K and B mesons. The contributions from K* — 7t + invisible (E949 experi-
ment [41, 52, 53]), K™ — 77 X (K2 experiment [54]), B — K + invisible (CLEO experiment [55])
and the B width measurement (PDG [5]) are shown. Three different coupling scenarios are con-
sidered as explained in the text: (a) Yukawa-like; (b) Quark universal; (c) Quark third generation.
Picture reproduced from Reference [42].

In the corresponding axion portal model with fermion dominance of Reference [43],
denoted as BC10, the axion-fermion interaction is of the form:

0yl - O
Low = ~— Y a5l + —— Y dp7u Y506 26)
ff o fti B

where ¢ and g represent the charged leptons and quarks, respectively; f represents the
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coupling strength and for simplicity it is assumed f; = f;. In this case, only the Yukawa-
like scenario is considered with gy = %’ 1 The expressions of Equations (2.5) and (2.6) are
equivalent at tree-level, but the two approaches differ at loop level, which plays a role in
the FCNC processes. Figure 2.3 shows the excluded regions in the space of the coupling
as a function of the ALP mass m,, for a produced in K and B decays as considered in
Reference [43].

Ky — 21T
=
5
<. =

107 f
107
107 f
10°° f

107k~ BBN constraints

10°® L ol L ol L L

1072 107t
m, [GeV/c?]

FIGURE 2.3: Search for an axion-like particle a according to the BC10 model of Reference [43].
The contributions from K* — 7% + invisible (E949 experiment [52, 53]), K* — 7" X (K2 exper-
iment [54]), B — K + invisible (CLEO experiment [55]), the search for visible a decays (CHARM
experiment [56]), Kp — m°¢*¢~ (KTeV experiment [57]), B — K(*)y+y_ decays (LHCb experi-
ment [58-60]) and constraints from the Big Bang nucleosynthesis are shown. Picture reproduced
from Reference [43].

2.4.2 Dark scalar portal

The discovery of the Higgs boson in 2012 [14, 15] confirmed the existence of a fundamental
scalar particle. Lots of efforts, both from the theoretical and experimental point of view,
have been made to extent the scalar sector of the SM and new additional light Higgs-like
particles have been postulated and looked for. The light dark scalar particles are considered
as mediators between SM and Dark Matter particles and may themselves be Dark Matter
candidates allowing to answer some still open questions. The scalar fields do not couple
directly to quarks and leptons but their interaction arise through the mixing with the SM
Higgs boson. The minimal extension of the SM scalar sector [61] introduces one extra
singlet field S, which is not associated to any particular gauge symmetry (i.e. it does not
have any gauge quantum numbers) and two couplings ; and A are added:

Locatar = — (S + ASH)H'H (2.7)

where y leads to the S-Higgs mixing and A to the coupling of the Higgs boson to a pair of S
particles. In Reference [43] two scenarios are considered for the S couplings. The minimal

1 Note that the definition of gy adopted in Equation (2.6) [43] differs by a factor V2 with respect to that
defined in the Yukawa-like scenario of Reference [42].
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scenario (denoted as BC4) assumes for simplicity that A = 0 and all production and decay
processes of the dark scalars are controlled by the same parameter y = sin 6, where 6 is the
S-Higgs mixing angle. For small values of the mixing angle, this can be written as [43]

g= 1% (2.8)

2 .2
mj, — mg

where v is the vacuum expectation value of the Higgs field, and mj, and mgs the masses of
SM Higgs and dark scalar, respectively. A more general approach (BC5 model) consists
in having both A and u being different from zero, and the A coupling dominates the dark
scalar production. Since FCNC transitions at loop level can induce the production of dark
scalar particles, the scalar sector can be investigated in kaon and B-mesons decays such as
K — 7t Sand B®*) — K(*)S [44, 45] and similarly in case of S pair production [62]. The BC4
model is investigated in this work within the search of light dark scalars production in the
channel K* — 7" S. Figure 2.4 shows the excluded regions in the space of the coupling as
a function of the dark scalar mass mg, for S produced in K and B decays as considered in
Reference [43].

LHCb & Belle
B -Kpp

CHARM
S -~ e'e, P’

K* - 1 +invisjble \,
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BBN (1> ’1 sec)
107"

10—12
10
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FIGURE 2.4: Search for a dark scalar S according to the BC4 model of Reference [43]. The contribu-
tions form K™ — 7" + invisible (E949 experiment [63]), the search for visible S decays (CHARM
experiment [56, 64]), K — mrup (NA48/2 experiment [65]), B — Kuu (LHCb [59, 60] and Belle [66]
experiments), astrophysical constraints (SN1987a [67-70]) and constraints from the Big Bang nucle-
osynthesis are shown. Picture reproduced from Reference [43].
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Chapter 3
Kaon Experiments

Kaons have played a fundamental role in our understanding of particle physics. With their
discovery in cosmic rays in 1947 [71] a new quantum number, the strangeness, was intro-
duced. Within the quark model (proposed in 1965 by M. Gell-Mann [72]), the strangeness
was interpreted as the existence of a new fundamental particle: the strange quark (s). The
peculiarity of this new quantum number is that, while it is conserved in strong and elec-
tromagnetic interactions, it is not conserved in processes involving the weak force. This
observation led to the idea by N. Cabibbo in 1963 [73], that in weak interaction processes
the u quark couples with a mixture of down-type quarks (only d and s quark were known
at that time) proportional to the Cabibbo mixing angle. In 1970 S. Glashow, J. Iliopoulos and
L. Maiani [74] suggested the presence of a forth quark (charm), extending the concept of
the Cabibbo angle to a 2 x 2 matrix: the Cabibbo Matrix. Kaon mesons were also the central
actors in improving our understanding of the Charge conjugation and Parity (CP) symmetry.
In 1964, studies on the decays of neutral kaons led to the discovery of the CP violation in
weak interactions [75]. In order to explain this observation, a third quark family was intro-
duced by M. Kobayashi and T. Maskawa (1973), arriving to the current formulation of the
Cabibbo-Kobayashi-Maskawa (CKM) matrix [76].

Nowadays kaons are important to search for new-physics effects in rare and forbid-
den SM processes. These searches are complementary to the hunting for new processes
performed in high-energy experiments, and are carried out at the high-intensity frontier.
Currently two kaon experiments (also referred to as Kaon Factories) are collecting data: the
NAG62 experiment at CERN and the KOTO [77] experiment at J-PARC (Japan). A new ex-
periment, KLEVER [78], has been proposed at CERN for 2024. A review of the state of art of
both theoretical and experimental studies in the kaon sector can be found in Reference [79].

The NA62 experiment is the latest in a series of fixed-target experiments located in the
North Area of the CERN ! Super Proton Synchrotron (SPS) facility, dedicated to explore the
kaon sector. The tradition began in 1980s with the NA31 experiment [80]. The neutral kaon
sector was investigated in order to detect direct CP violation, by measuring the relative
decay rates of K; and Ks (the long- and short-lived neutral kaons) into pairs of neutral
and charged pion final states (71°71° and 71" 71, respectively). This parameter, called ¢'/¢
ratio, was known to be small but expected different from zero in the SM and represents
the relative strength of direct CP violation with respect to the indirect CP violation. The
measurement performed in 1988 by NA31, led to the first observation of direct CP viola-
tion. However, at the same time, the experiment E731 at Fermilab reported a measurement

ICERN is the acronym of the french name Conseil Européen pour la Recherche Nucléaire (European Council for
Nuclear Research), founded in 1954 on the French-Swiss border near Geneva.
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consistent with zero and therefore a new measurement with better precision was needed.
A new experiment, NA48 [81], was therefore proposed at CERN in 1990 to measure with
higher accuracy the ¢'/¢ ratio and quantify the presence of direct CP violation. About
10 years later the first observation from NA31, the NA48 experiment confirmed the pres-
ence of direct CP violation [82]. The second phase of the experiment (2003-2004), called
NA48/2, was dedicated to study the charged kaon sector [83]. In 2006 the successor exper-
iment, NA62, was proposed [84] in order to measure the ultra-rare kaon decay K+ — rrvv.
In its first phase (2007-2008) the experiment benefited of the beam and detector of NA48/2
and studied lepton flavor universality in the decays K* — ¢*v (¢ = e, u) [85]. NA62, with
a new apparatus, has started to collect physics data in 2016 with the aim to precisely mea-
sure the Kt — 77 v branching ratio, looking for deviations from the SM prediction and,
therefore, indirectly searching for new physics. The experiment successfully completed its
first data taking period in 2016-2018 (NA62 Run I) and will continue in 2021 after the long
shutdown of the CERN accelerator system.
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Chapter 4
The NA62 Physics Program

A broad physics program is available in NA62 with the focus on new-physics searches.
The main goal of NA62 is the measurement of the rare decay K™ — 7" vv for which the
entire experimental apparatus is optimized. A description of this decay channel is given
in Section 4.1, while the combined analysis of 2016 and 2017 data with the corresponding
results is presented in Section 4.2.

In parallel to the measurement of the K™ — 7tv7 branching ratio, the flavor physics sec-
tor is also explored to search for lepton flavor (LFV) and lepton number (LNV) violation
processes in rare and forbidden kaon and pion decays. An example is the search for lepton
number violation in the decay K — ¢4t (¢ = e, ) [86]. Complementary new-physics
searches are carried out with the study of the so-called hidden sector, where long-lived
particles in the MeV/c? — GeV/c? mass range feebly coupled with SM particles are looked
for. Examples are the search for heavy neutral leptons [87] and dark photons [88].

Table 4.1 lists some of the searches currently in progress with the data collected in the
data taking period 2016-2018 (referred to as NA62 Run I).

Physics case Decay mode

Rare and forbidden K+ — v [89]

kaon decays Kt — w00t [86], KT — et~ (L =e, p)
K* — rtue

Kt — e vl T, KT — uS vl 0T (( =e, p)
Kt = ltvy(l=e, p)
Kt — thyy

Rare 7t° decays ° — ete”, m° — yete™
° — v [88]
1% — invisible [This work]

Hidden sector searches:
Heavy neutral leptons N K™ — (TN (¢ = e, i) [87, 90]

Dark photon A’ Kt — tm®, m° — yA’ [88]
Dark scalar S Kt - ntS,S—utu-
Axion-like particle a a — vy (dump mode)

TABLE 4.1: Examples of currently on-going NA62 analyses with the data collected in the run period
2016-2018. Searches for new-physics processes are focused in rare and forbidden kaon and pion
decays, as well as in the hidden sector.
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4.1 The golden channel K* — ttvi

The Kt — mttvi decay proceeds through a flavor-changing neutral current (FCNC) pro-
cess with the coupling of an s quark with a d quark and a neutrino/antineutrino pair. Since
the change of flavor within a neutral current is forbidden at tree level, the process occurs
at loop level with box and penguins diagrams as shown in Figure 4.1.

\

u

+ +
ﬁ{u T

_?y

k+\°

FIGURE 4.1: Feynman diagrams of the process K™ — mtvi.

The loops are dominated by the top quark with a small contribution of charm. The pres-
ence of the CKM matrix element |V};| in one vertex of the loops makes the decay extremely
suppressed and therefore rare. However, it is theoretically very precisely predicted in the
SM [91] to

BRov (KT — 7t7v7) = (0.84 4 0.10) x 10710 (4.1)

with the inclusion of next-to leading order QCD and electroweak corrections, and with
hadronic contributions obtained via isospin rotation from those very well measured in the
semi-leptonic decay Kt — 7°¢* v, (¢ = p,e) [92]. The major uncertainties come from the
actual precision with which the CKM parameters used in the branching ratio calculation
are known. Together with the neutral decay K; — 7°v¥, new constraints can be set on the
CKM parameters completing analogous studies performed in the B-meson sector. Several
new-physics models predict significant deviations of the K¥ — 7t v branching ratio with
respect to the SM expectation, due to the contribution of new particles involved in the pro-
cess, making the decay sensitive to physics beyond the SM [93-100].

The actual experimental measurement comes from the combined data of the E787 and
E949 experiments at BNL [52, 101]. With the use of a decay-at-rest technique, they observed
in total 7 events obtaining a branching ratio of

BR(K™ — 7v9) = (1737147) x 107, 4.2)

NA62 aims to improve this result and to measure the Kt — 77v# branching ratio with

10% accuracy using a decay-in-flight technique.
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4.2 First NA62 results on KT — vy

Analysis principle Given the topology of K™ — 7" v events (one incoming kaon, one
charged pion in the final state and nothing else), the squared missing mass parameter,
defined as

M2, = (Px+ — Py )? (4.3)

where Pg+ and P+ are the kaon and pion 4-momenta, respectively, allows to kinematically
select the desired events by defining two signal regions (so-called Region 1 and Region 2)
on the left and right side of the K — 71" 72° peak as shown in Figure 4.2.
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FIGURE 4.2: Left: True M2 _ distribution of K* — v events and the main K™ decays. For the

miss
latter M2, . is computed under the 77" mass hypothesis. The K™ — 7717 signal (red line) is mul-

tiplied by a factor 10'° for visibility. The dashed grey areas show the two signal search regions, so-
called Region 1 and Region 2, on the left and right side of the Kt — 711 71° peak, respectively. Right:

Reconstructed M2, distribution as a function of the charged pion momentum from minimum bias

data, without applying particle identification and photon rejection. The Kt — 7t v7 signal search
regions are showed together with those of the main kaon decays K* — p*v,, K — 7t 7° and
Kt — ntrt =/t m° 7. Both panels are taken from Reference [89].

Since the expected branching ratio is several orders of magnitude lower than the usual
kaon decays (e.g. BR(K" — ptv,) ~ 63% and BR(K™ — 7t 7%) ~ 21%), a good 7w/
separation together with a strong 7t° suppression is required on top of the kinematic selec-
tion. The analysis is performed in the 77 momentum region 15-35 GeV/c¢ leaving at least
40 GeV of energy in the final state in addition to the 7. This condition allows to further
improve the suppression of background such as K* — 7t 7% and K™ — p*v,, ensuring

the presence of a high energy 7° and a better pion/muon separation, respectively.

Results About 1.2 x 10!! and 2 x 10'2 kaons decays have been analyzed in the data
collected in 2016 [89] and 2017 [102], respectively. From the combined data the Single
Event Sensitivity, the ratio between the SM branching ratio and the number of expected
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K* — mttvi events (N,5),

BRgw (K — mtv)
NP

VU

SES = (4.4)

has been determined to be (0.346 +0.017) x 107! [102]. The estimated number of back-
ground events has been evaluated to be 1.65 & 0.31, dominated by pileup events due to
beam activity. After the unblinding of the two signal regions three events have been ob-
served as shown in Figure 4.3: one in 2016 and two in 2017 data, respectively. Using the
CL; statistical method [103] the 90% confidence level upper limit on the branching ratio
has been computed to be [102]

BR(KT — mtvi) < 1.85x 10710, (4.5)
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FIGURE 4.3: Reconstructed Mrzniss distribution as a function of the 777 momentum for events (black
markers) satisfying the K™ — 7t v selection in 2016 [89] (top) and 2017 [102] (bottom) data, re-
spectively. The grey area corresponds to the expected distribution of K™ — 7" v simulated Monte
Carlo events. The signal search regions are delimited by the red counters. Three events have been
observed after the unblinding of the K — v signal regions: one in 2016 and two in 2017 data,

respectively.
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Chapter 5
The Beam

NAG62 benefits of the high-energy proton beam of the Super Proton Synchrotron (SPS) accel-
erator, from which a secondary kaon beam is obtained. Since the kaon production cross sec-
tion increases with the energy, a high-energy beam allows to reduce the non-kaon-related
accidental background. As a disadvantage, pions and protons cannot be efficiently sepa-
rated from the kaon component at beam level. Starting from the SPS proton beam (Sec-
tion 5.1), a description of the NA62 beamline is presented in Section 5.2. More detailed
information can be found in Reference [104].

5.1 The SPS proton beam

The SPS is the second largest ring of the CERN accelerator system with a circumference
of 7 km. It accelerates particles up to an energy of 450 GeV. Since its construction in 1976
it has been used to accelerate different particles such as protons and electrons (as well as
their corresponding antiparticles) and heavy ions. In particular, between 1981 and 1991 it
was employed as a hadron collider for protons and antiprotons (SppS), contributing to the
discovery of W and Z bosons in 1983 [6, 7].

Nowadays the SPS operates in a double mode: 1) as injector for the LHC ! and II) pro-
viding proton beams to several fixed-target experiments present at CERN. When the SPS
operates as injector for the LHC, protons are accelerated from 25 to 450 GeV and then in-
jected in the two main LHC rings, reaching here an energy of 7 TeV per beam. Instead,
when operating for the fixed-target experiments, protons in the SPS are accelerated up to
400 GeV and slow-extracted to be directed to the transfer lines which serve the different
experimental areas. The slow-extraction technique is preferred in order to have a constant
flux of particles over several seconds. Typically an SPS extraction (also referred to as spill)
consists of about 3x10'® protons in 4.8 s.

The accelerator chain starts with a bottle of hydrogen gas where an electromagnetic
field separates the electrons, leaving a pure source of protons that enter the first stage of
acceleration in the Linear Acceleration 2 (LINAC2). After reaching an energy of 50 MeV,
protons are injected in the Proton Synchrotron Booster (PSB), a booster composed of four
synchroton rings, where they are accelerated to an energy of 1.4 GeV before being injected
in the Proton Synchrotron (PS) ring. The PS was the first synchroton built at CERN (1959)
and is able to accelerate particles up to 25 GeV. Finally, after the PS, protons reach the SPS.

I The Large Hadron Collider (LHC) is a proton-proton collider with a circumference of 27 km. It is the largest
accelerator machine of the world.
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5.2 The kaon beam

The proton beam extracted from the SPS is split in the North Area into different beamlines
through the usage of the T4 primary target. The P42 beamline (840 m in length) transports
protons from T4 to a 400 mm long beryllium target of 2 mm diameter called T10, where
the NA62 beamline [105] begins: from the interactions of protons with the T10 target the
secondary K12 hadron beam is produced.
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FIGURE 5.1: K12 beam layout from the T10 target to the entrance of the decay region [104]. The red
solid line shows the trajectory of a 75 GeV/c particle leaving the target at the maximum accepted
angle to be focused in a beam, while the black solid line corresponds to the trajectory of a 75 GeV/c
particle leaving the target at zero angle.

The K12 beamline connects the T10 target with the center of the electromagnetic liquid
krypton calorimeter (placed about 240 m downstream) in a straight line, defining the z
direction of the coordinate system. > During an SPS spill a 750 MHz flux of particles gives
origin to the NA62 secondary positive beam. It contains a 6% fraction of kaons, resulting
in a 5 MHz rate of K* decays in the fiducial detector volume.

The y-axis is vertically upwards directed, while the horizontal x-axis forms a right-handed coordinate
system.
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Beam layout in the upstream region Figure 5.1 shows the upstream part of the beam
layout, from the T10 target to the entrance of the decay region. Particles from the target
are focused in a beam by a triplet of quadrupole magnets (Q1, Q2, Q3 in Figure 5.1) and
the 75 GeV /c momentum component is selected (with 1% precision) by a front-end achro-
mat (A1), which consists of four vertically-deflecting dipole magnets and two beam dump
units of copper. The latter, called TAX1 and TAX2, are a series of graduated holes in which
the beam passes through, while non-interacting primary protons and unwanted secondary
particles are absorbed. Between the two TAXes a radiator of tungsten plates is introduced
to degrade by bremsstrahlung the energy of positrons produced in the target, which be-
come separated enough from the hadron beam to be absorbed in a collimator (C3). After a
series of quadrupoles and collimators (Q4, Q5, Q6 and C1, C2, C3 in Figure 5.1) a bending
magnet (B3), made of three 2 m long dipole magnets, is used to sweep away muons of
both positive and negative charge which surround the beam. Only the y* component at
75 GeV/c cannot be separated by the hadron beam and constitutes the muon halo of the
beam. To refocus the beam, that could be affected by the B3 magnetic field, two steering
dipoles (TRIM2 and TRIM3) are placed just before and after the B3 magnet. The beam is
kept parallel to the axis of the first detector in the beamline, the Kaon tagger (CEDAR in
Figure 5.1), by another series of quadrupoles and collimators (Q7, Q8 and C4, C5), and
focused (Q9, Q10 quadrupoles) again before reaching a second achromat (A2) placed be-
tween the first and last stations of the beam spectrometer (GTK in Figure 5.1). The A2
achromat, made of four vertically-deflecting dipole magnets, allows the beam spectrom-
eter to measure the momenta and divergences of the beam particles. An iron collimator,
called scraper (SCR1 in Figure 5.1), is placed inside the A2 achromat to complete the sepa-
ration of the non-75 GeV/c muons from the rest of the beam. Immediately before the last
station of the beam spectrometer, the TRIM5 steering magnet is used to deflect the beam
by an angle of 4-1.2 mrad on the x-axis. This is done in order to compensate the —3.6 mrad
deflection of the MNP33 spectrometer magnet (Figure 5.2), placed downstream to measure
the momentum and direction of the kaon decay products.

Beam layout in the downstream region Figure 5.2 shows the downstream part of the
beam layout. At about 100 m from the target (after the last station of the beam spectrome-
ter) the beam tube is replaced by a 177 m long tank. It contains the so-called fiducial region
where the kaons are expected to decay (with a rate of 4.5x10'? kaon decays per year), the
downstream spectrometer (STRAW) and part of the photon-veto system. The full tank,
and consequently the detectors inside, are kept under vacuum (10~ mbar) in order to
minimize interactions of the beam particles and improve the kinematic resolution of the
reconstructed events. The vacuum tank ends about 220 m after the target and is followed
by a beam pipe of thin aluminium. Finally, after being deflected by a dipole magnet (BEND
in Figure 5.2) at the very end of the beamline, the beam ends its path in a dump unit of iron

and concrete placed about 270 m downstream the target.
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FIGURE 5.2: K12 beam layout from the entrance of the decay region (after the last station of the
beam spectrometer) to the end of the beam dump [104]. The fiducial region is contained in the first
60 m of the vacuum tank which hosts the downstream spectrometer (STRAW) with the MNP33
magnet. The BEND magnet, placed downstream the muon-veto system, deflects the undecayed
beam particles in the dump unit. The dashed lines correspond to two sigma width of the beam
profile.

Pairs of filament scintillator counters, called FISCs, are placed along the beam in prox-
imity of the Kaon tagger and the liquid krypton electromagnetic calorimeter (LKr in Fig-
ure 5.2) regions to measure and tune the divergence of the beam. Near the dump unit an

ionization chamber and a wire chamber monitor the beam intensity and profile.

Beam configurations The kaon beam, as described above, is the standard beam configu-
ration employed for most of the physics searches. However, dedicated run periods profit

of special beam configurations:

* Muon runs: the TAXes of the Al achromat are closed to produce a relatively pure
flux of muons by stopping all other secondary beam particles. The muon sweepers
are switched off. These runs are mainly used for detector calibrations and efficiency

studies.

¢ Beam dump runs: the beryllium target is removed and the primary proton beam is
directly sent to the two TAX collimators which, with 22 interaction lengths, act as
a beam dump unit. The muon sweepers are kept on. At nominal beam intensity,
10'® protons on target (POT) per year are expected, producing for example O(10%°)
D-mesons and O(10'!) b-hadrons in the dump. Together with data collected in the
standard kaon beam mode with specific trigger configurations (also referred to as
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“parasitic beam dump mode” 3), these runs allow to search for long-lived exotic parti-
cles [106].

3In the standard kaon beam configuration about 40% of the primary protons impinge on the TAX collima-
tors. Dedicated trigger configuration can look for pairs of particles in the fiducial volume whose vertex points
back to the dump unit.
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Chapter 6
The Experimental Apparatus

Distributed over about 200 m, the experimental apparatus can be divided into two parts:
the so-called upstream region dedicated to tag the presence of a kaon in the beam and to
measure its momentum and direction, and the downstream region for reconstructing the
final state of the kaon decays. Most of the detectors have a cylindrical shape around the
beam, with an evacuated passage to allow the undecayed beam particles to pass through

without interacting with the detector material.

The challenging requirements imposed by the measurement of the very rare decay
Kt — mttvi led the design for the experimental apparatus. The keystones of the experi-

ment are:
* A resolution in the time matching between sub-detectors of O(100 ps).
* A precise reconstruction of the kinematic variables of the event.
* An efficient photon-veto to reach a 7t° rejection of O(10%).
* A good pion-muon identification with a muon rejection of O(107).

Each request is fulfilled by the construction of very specific detectors employing different
techniques and a state-of-the-art trigger and data acquisition system. A view of the whole

apparatus is shown in Figure 6.1.

Y [m]

summa s CHANTI

Region

Z[m]

FIGURE 6.1: Vertical view of the NA62 experimental apparatus from the target to the dump unit
(from the left to the right) [104].

The Cherenkov detectors KTAG and RICH, with a very precise time resolution, iden-
tify the kaon and the daughter particles, respectively. Their momenta and directions are
measured by two spectrometers GTK and STRAW. Electromagnetic calorimeters with dif-
ferent techniques (LAV, LKr, IRC and SAC) form an hermetic photon-veto system up to
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50 mrad. A muon-veto system made of two hadron calorimeters (MUV1 and MUV2) and a
muon counter (MUV3) complete together with the RICH the particle identification system.
Two hodoscopes for charged particles (CHODs) are used for triggering and timing pur-
poses, while the CHANTI counter has to detect inelastic interactions of the beam particle
in the GTK. Additional counters (MUV0 and HASC) complete the experimental apparatus
by providing hermetic coverage for charged particles produced in multi-track kaon decays.

A description of the NA62 apparatus is given in Section 6.1 (upstream region), Sec-
tion 6.2 (downstream region) and Section 6.3 (photon-veto system); the trigger and data
acquisition system is described in Section 6.4 and the control applications in Section 6.5.
More detailed information can be found in Reference [104].

6.1 The upstream region

6.1.1 Kaon tagger (KTAG)

The first detector that the beam encounters on its path is the Kaon tagger or KTAG (Fig-
ure 6.2 left panel). It is a Cherenkov counter based on the CERN W-type CEDAR, devel-
oped in the 1970s to discriminate particles in an unseparated charged beam extracted from
the SPS. In order to stand the high-intensity flux of beam particles in NA62 and to meet
the required time resolution of 100 ps, the original optics and readout of the CEDAR were
modified for the KTAG detector. The radiator of the CEDAR is filled with 0.94 m3 of nitro-
gen (N) at room temperature and with a pressure of 1.75 bar. NA62 keeps the possibility
to replace the nitrogen gas with hydrogen (H>) in order to reduce the material budget and,
therefore, the beam emittance.
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FIGURE 6.2: Left: Upstream part of the KTAG detector [104]. The emitted Cherenkov light exits the
radiator gas through 8 quartz windows and then is focused on the light boxes. Right: Pressure scan
of the Ny gas at the nominal diaphragm aperture of 1.5 mm [104]. At 1.75 bar the presence of a kaon
is required with at least 5 sectors in coincidence.
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Given the momentum and a fixed pressure of the gas, the Cherenkov angle only de-
pends on the particle mass. Therefore, by varying the pressure the detector can be made
blind to the Cherenkov light of the unwanted particles. The pressure inside the CEDAR
can be varied from vacuum up to 5 bar. It is adjusted (as shown in Figure 6.2 right panel) to
allow only the Cherenkov light of KT particles, once reflected back by the mirror placed at
the end of the vessel, to pass through an annular diaphragm with varying radial aperture
and to exit the vessel through eight quartz windows. Outside the vessel, the light is focused
into eight spherical mirrors which reflect it radially out in eight light boxes (called sectors)
placed in an insulated Faraday enclosure filled with nitrogen gas. Each sector hosts 48
photomultipliers which are read out by ultra-fast discriminators [107] in groups of 8 chan-
nels. The discriminators output is transmitted as low-voltage differential signal (LVDS) to
Time-to-Digital Converter (TDC) boards attached to the TEL62, the main readout system
of NA62 (see Section 6.4.1).

At the beginning of each data taking period, in order to ensure the proper operation of
the detector, an angular alignment between the optical axis and the beam axis is performed
as well as a gas pressure optimization.

6.1.2 Gigatracker (GTK)

The beam spectrometer, made of three stations of silicon pixel detectors, measures the mo-
menta and directions of beam particles with a precision of 0.2% and 16 urad, respectively.
Between the first and last stations, four vertically-deflecting magnets (composing the A2
achromat) are placed. They deviate the beam trajectory allowing the momentum measure-
ment. In the center of the achromat, where the second station is housed, the 75 GeV /¢
beam component has a parallel vertical displacement of —60 mm.

The required precision on the momentum and direction measurements led the choice of
the geometry of the detector: each station is a matrix of 200x90 pixels with an active area
of 60.8x27 mm? (300300 um? each pixel). The detector has to sustain the full beam rate of
750 MHz, that goes up to 1.5 MHz/mm? in the central detector region, and a high radiation
level. Because of the high beam rate, the name Gigatracker (GTK) was chosen. In order to
minimize the interaction with the detector material, the material budget of each station is
less than 0.5% Xy corresponding to about 500 um of silicon. The pixel readout is attached
directly to the sensor via bump-bonding in order to satisfy the requirement on the pre-
cise time resolution (better than 200 ps). It is composed by application-specific integrated
circuits (ASICs), called TDCPix, equipped with a Time-over-Threshold (ToT) discrimina-
tor and a TDC. The chips are arranged in a matrix of two rows and five columns, serving
40 x 45 pixels each as shown in Figure 6.3.

The detector operates in a cooled environment (approximately —15° C), in order to re-
duce the effect of the radiation damage. 150 micro-channels, acting as heat exchangers, are
incised on a thin flat silicon wafer glued on the back side of the readout chip. A cooling
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FIGURE 6.3: [llumination of the first station of the Gigatracker (GTK1) operated at 30% of the nom-
inal beam intensity [104]. The black lines delimit the 10 readout chips boundaries, containing each
40 %45 pixels.

liquid flows through the micro-channels and removes the heat produced by the TDCPix,
ensuring a uniform cooling of the whole detector. The last station (GTK3) marks the begin-

ning of the decay region, contained in the first 60 m of the vacuum tank.

6.1.3 Charged anti-coincidence detector (CHANTI)

The charged anti-coincidence detector (CHANTI) is made of six hodoscope stations with a
cross section of 300 %300 mm?, placed in the same vacuum vessels hosting the GTK3 and
surrounding the beam. The purpose of this detector is to veto the inelastic interactions of
beam particles with the GTK3, to detect the muon halo which surrounds the hadron beam

as well as charged particles generated in decays upstream of the GTK3.

The first hodoscope station is placed 28 mm downstream of the GTK3. The distance
between each station and the next one doubles to hermetically cover the region between
49 mrad and 1.34 rad for particles generated on GTK3. Each station contains 48 scintillator
bars with triangular cross section arranged to form one vertical and one horizontal plane.
The bars are read out by fast wavelength-shifting fibers (WLS) connected with silicon pho-
tomultipliers (5iPMs). The readout consists of a custom front-end board (CHANTI-FE) to
set the SiPM voltage and a LAV-FE board (Section 6.3.2) to digitize the analogue signal in
an LVDS signal. The latter is connected with a TEL62 board (Section 6.4.1). The overall
rate on the CHANTI detector is expected to be about 7.2 MHz at nominal intensity with a
measured time resolution of about 800 ps.

6.2 The downstream region

6.2.1 STRAW spectrometer

Four STRAW chambers and a dipole magnet (MNP33) form the downstream spectrome-
ter that measures the directions and momenta of charged particles produced in the kaon
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decays. It starts about 20 m after the decay volume and extends over 35 m along the beam-
line. In order to minimize multiple scattering, the STRAW spectrometer is placed inside the
vacuum tank and was built with light material, corresponding to a total material budget of

1.8% Xo seen by crossing particles.

Each of the four chambers is composed of two modules with two views: X (0°) and Y
(90°) in the first module, U (—45°) and V (4-45°) in the second. The layout of the four views
(Figure 6.4) results in an active circular area of 2.1 m outer diameter with an octagonal gap
of 6 cm apothem around the z-axis to accommodate the passage of the beam. Since the
dipole magnet, placed between the second and third chambers, changes the beam angle
in the horizontal plane from +1.2 to —3.6 mrad the octagonal gap of each chamber is not
centered in the xz plane. In order to have high detection redundancy, each view has four
straw layers, which guaranties that at least two straw tubes per view get hit when a particle
crosses one chamber. In average a track counts 27 straw hits when all the four chambers

a) X Coordinate View b) Y Coordinate View

are crossed.

c) U Coordinate View d) Overlay of four Views

FIGURE 6.4: Layout of the 4 views composing a STRAW chamber [104]. Each chamber has an
octagonal shape with a inner gap for the passage of undecayed beam particles.

Each straw is a tube of 216 cm length and 9.82 mm diameter of polyethylene terephtha-
late (PET) coated inside with copper and gold. The gas inside is a mixture of 70% argon
and 30% carbon dioxide at atmospheric pressure, while the anode wires are made of gold-
plated tungsten. The gas volume is closed by the front-end readout board (COVER), which
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has a modularity of 16 straw tubes and is designed to sustain the force of a pressure differ-
ence of 1 bar in case of the break of one tube.

Between the second and third chambers the MNP33 magnet, inherited from the NA48
experiment, is placed. It provides an integral magnetic field of 0.9 Tm [108] pointing in the
direction of the negative y-axis and resulting in a transverse momentum kick of 270 MeV /c
for positively charged tracks. The STRAW spectrometer provides a momentum resolution

of
‘Z’ = 0.30% & 0.005% p [GeV/c], (6.1)

while the angular resolution is 60 prad at 10 GeV/c track momentum and decreases to
20 prad at 50 GeV/c.

6.2.2 Ring Imaging Cherenkov counter (RICH)

The Ring Imaging Cherenkov (RICH) detector is part of the particle identification system
of NA62, which has to efficiently discriminate pions from muons. It is optimized for the
track momentum range 15-35 GeV /¢ and provides a muon suppression of about a factor
100.

N 2 x 976 PMs
y Mirror Mosaic (17m focal length)

Beam

Vessel: ~17 m long, filled with Neon

FIGURE 6.5: Layout of the RICH detector [104]. The vessel, 17 m long, is filled with neon gas at
atmospheric pressure. The mirror mosaic and the photomultiplier flanges are visible in the down-
stream and upstream parts of the vessel, respectively.

Neon gas at atmospheric pressure and room temperature fills the 17.5 m long cylindri-
cal vessel (Figure 6.5), which is divided in four sections with decreasing diameter. The en-
trance window is the only element that separates the vacuum of the decay volume from the
neon gas. Outside of its active area (1.1 m radius) two flanges of 976 photomultipliers each
are accommodated in the focal plane. They detect the ring produced by the Cherenkov
light cone, which is reflected back by a mosaic of 20 mirrors located at the exit window
(1.4 m active radius). The reconstruction of the ring produced at the focal plane provides
a direct measurement of the particle velocity and, therefore, of the mass when combined
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with the momentum measured by the STRAW spectrometer.

In order to avoid the light absorption by the thin aluminium beam tube, placed in-
side the vessel for the passage of undecayed particles, the mirror mosaic is divided in two
halves, one for each side of the beam pipe. The mirrors are made of 25 mm thick glass
coated with aluminium. They have a hexagonal shape of 350 mm side with the exception
of the inner one, which is made of two half hexagons with a central hole for the beam tube.
Piezoelectric motors are attached to the mirror supports allowing to remotely control the
mirror position and to perform fine alignment after the installation. This is possible, dur-
ing the data taking, by selecting particles with the Cherenkov light contained in only one
mirror and using the track directions provided by the STRAW spectrometer.

The photomultipliers are read out by 8-channel ASIC discriminators [107] with a 50 ps
time resolution leading a crossing particle time resolution of 100 ps. The boards operate
as Time-over-Threshold discriminators, whose LVDS output is then sent to a TEL62 board
(Section 6.4.1).

6.2.3 Hodoscopes for charged particles (CHODs)

A system of two independent scintillator detectors (hodoscopes) is used to detect the pres-
ence of charged particles produced in the kaon decay. They cover the region downstream
of the RICH detector and upstream of the LKr calorimeter with the main purpose of pro-
viding a fast time input to the trigger for charged particles. The hodoscope system consists
of the old CHOD detector, inherited from the NA48 experiment, and the new CHOD, built
specifically for the high-intensity environment of NA62. They are located upstream and

downstream of the last LAV station, respectively.

NA48-CHOD

The NA48-CHOD is made of 128 scintillator counters (slabs) assembled in one vertical
and one horizontal plane, to form four quadrants with 16 slabs on each plane and result-
ing in an octagon of 1210 mm apothem with a central hole for the beam tube (Figure 6.6
left panel). Each slab is a plastic scintillator of 20 mm thickness, with different width to
take into account the higher rate in the detector center. The slabs are read on one side by
photomultipliers through light guides. The front-end electronics consists of four LAV-FE
boards (Section 6.3.2) reading each one quadrant and sending signals to one TEL62 board
(Section 6.4.1). The NA48-CHOD provides a time resolution of about 200 ps for charged
particles.

CHOD

The CHOD hodoscope is a single plane of 152 scintillator tiles covering an annulus of
140 mm and 1070 mm for the inner and outer radius, respectively. The choice to use scin-
tillator tiles instead of strips was driven by the possibility to optimize the hit rates and
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FIGURE 6.6: Left: Layout of the NA48-CHOD detector [104]. The 128 slabs are assembled on a
vertical and horizontal plane forming four quadrants. Right: CHOD layout with 152 tiles mounted
in a octagonal aluminium structure [104]. Short tiles (134 mm) are placed in the central part of the
detector around the beam pipe (orange and blue), surrounded by larger ones (twice the width).

to select specific tile groups for the trigger. The tiles form horizontal rows alternating on
the upstream and downstream sides of a support foil, to guarantee overlap on the vertical
axis, and are placed inside an aluminium structure with the dimension of an octagon with
1550 mm apothem (Figure 6.6 right panel). Each tile is connected through WLS fibers to
a pair of SiPMs mounted outside the detector acceptance in the aluminium structure. The
SiPM signals are discriminated by constant fraction discriminators (CFDs) and sent to a
TEL62 board (Section 6.4.1). The CHOD provides a time resolution better than 1 ns.

6.2.4 Muon-veto system (MUYV)

The muon-veto system completes, together with the RICH detector and the LKr calorime-
ter, the particle identification system and provides an O(10°) muon suppression for the
Kt — vy measurement. It consists of two modules of hadron calorimeters called MUV1
and MUV?2 (together referred to as HAC), a 80 cm iron wall to stop all detectable particles
except muons, and a fast scintillator detector called MUV3. The entire system (Figure 6.7)
can participate in the trigger in order to have an online selection of events with muons in
the final state.

Hadron calorimeter (HAC)

The hadron calorimeter (HAC) is made of two modules of sampling calorimeters with al-
ternating layers of iron and scintillators for a total of about 8 interaction lengths. The active
layers are connected to photomultipliers, whose fast signals are first shaped to LKr-like
pulse shapes by NIM modules (used in the NA48-HAC) and then read out by Fast Analog-
to-Digital Converters (FADCs) implemented in the CREAM boards. The latter are readout
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FIGURE 6.7: The muon-veto system layout [109] with the two modules of hadron calorimeters
(MUV1 and MUV?2), the iron wall, and the fast muon counter (MUV3).

boards developed specifically for the LKr calorimeter and described in Section 6.4.1. In
order to have a precise energy response, a detector calibration was performed with the use
of high-energy pions crossing the detector and muons completely stopped inside [110],
resulting in an energy resolution of:

e _ 0460 46003 6.2)

E VE[GeV]

MUV1 The MUV1 is the HAC front module, newly built for the NA62 experiment. It
consists of 24 layers of iron interleaved with 23 layers of scintillator strips spanning the
whole length of the detector. Exceptions are the outer and inner strips, which are shorter (to
accommodate the support structure) and half length (to accommodate the beam pipe and to
sustain a higher particle rate), respectively. Each layer has the dimension of 270x260 cm?,
with the two outer iron layers larger to serve as support structure. The scintillator layers are
alternately oriented, resulting in 12 horizontal and 11 vertical layers. The strips are read out
on both sides (except for the half strips in the central region) by two WLS fibers connected
to photomultipliers. Strips at the same transverse position in all layers are connected to the
same photomultipliers for a total of 176 channels.

MUV2 The HAC back module, MUV2, is the refurbished front module of the NA48
hadron calorimeter [81]. It consists of 24 layers both of iron and scintillator strips. Due to
space constraints, the module was rotated by 180° with respect to the NA48 configuration
leading to two consecutive iron layers between MUV1 and MUV2. Each scintillator layer
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is made of 44 strips spanning half of the detector length (130 cm long), connected via two
light guides to the photomultipliers. As in the MUV1 module, the strips are alternately
oriented providing 12 horizontal and 12 vertical layers. Strips with identical transverse
alignment are connected with the same photomultiplier for a total of 88 channels.

Fast muon-veto (MUV3)

The MUV3 is a fast scintillator detector devoted to tag the presence of charged particles
(muons) that traverse the whole calorimeter system (LKr+HAC) and survive 80 cm of iron
wall, for a total of more than 14 interaction lengths. Thanks to a fast time response when
a particle crosses the detector (time resolution of about 500 ps) it is used at trigger level to
efficiently identify events with muons in the final state. The detector is a square of 264 cm
side consisting of 148 scintillator tiles of size 22x22x5 cm?, with the inner ones smaller to
sustain the higher particle rate. Each tile is read out by two photomultipliers. Their signals
are discriminated by CFDs and then sent to a TEL62 board (Section 6.4.1).

6.2.5 Additional veto detectors

In order to detect K* — ™ nt 7~ (K3,) decays, where pions escape the lateral acceptance
of the STRAW spectrometer, two additional veto detectors were built: a peripheral muon-
veto detector (MUVO0), and a hadronic sampling calorimeter (HASC). In addition to identify
multi-track kaon decays, they can also be used to detect products of photon conversions
which escape laterally the photon-veto system acceptance. Both detectors are read out by
LAV-FE (Section 6.3.2) and TEL62 (Section 6.4.1) boards.

MUV0 The MUVO is designed to detect negative pions of K3, decays with momenta be-
low 10 GeV/c which, deflected by the MNP33 magnet towards positive x, escape the lateral
acceptance near the RICH detector. It is a scintillator hodoscope with two layers of 48 scin-
tillator tiles (200x200x 10 mm? each) mounted on the downstream flange of the RICH. It
covers the lateral acceptance of 1.545 < x < 2.945 m and |y| <0.7 m. Tiles are grouped into
9 so-called super-tiles, read out by WLS fibers connected to photomultipliers.

HASC The HASC has to detect 7" mesons emitted in K3, decays with very high mo-
mentum (above 50 GeV/c) and traversing the beam hole in the center of the STRAW spec-
trometer. Those pions are swept away from the beam axis towards negative x by the BEND
magnet placed downstream of the MUV3 detector (see Figure 5.2). The detector covers the
acceptance region of —0.48 < x < —0.18 m and |y| < 0.15 m. It is made of 9 identical
modules: a sandwich of 60 lead plates alternated with scintillator plates with a transverse
dimension of 100 x 100 mm?. Each module has 10 longitudinal readout sections where the
tiles are optically coupled to WLS fibers, read by SiPM sensors.
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6.3 The photon-veto system

The photon-veto system has to identify events with photons in the final state. The K™ —
it ° (Kar) decay with a branching ratio of BR = (20.67 4 0.08)% [5] is the second most
abundant kaon decay. For the K" — m"v7 measurement it is required to reject this
kind of events at the level of 10'2. Kinematic constraints on the missing 4-momentum
My,
jection of O(10%). The additional requirement on the 777 momentum to be between 15 and

= (Pg+ — Pn+)2, measured combining GTK and STRAW information, provide a re-

35 GeV/c ensures an energy for 7t° from Ky, events of at least 40 GeV, leaving the remain-
ing O(108) to be achieved by the photon-veto detectors.

Starting from the existing electromagnetic calorimeter of NA48 [81], new detectors were
specifically built for NA62 in order to have an hermetic photon-veto system from 0 to
50 mrad. The system is divided in three angular regions, as shown in Figure 6.8, which
employ different detector technologies:

* Twelve stations of Large Angle Vetoes (LAVs) covering the region between 8.5 and
50 mrad.

¢ The NA48 Liquid Krypton electromagnetic calorimeter (LKr) covering the region be-
tween 1 and 8.5 mrad.

* Two Small Angle Vetoes (SAV) covering the region below 1 mrad.
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FIGURE 6.8: Layout of the NA62 photon-veto system with 12 stations of Large Angle Vetoes (LAVs),
the Liquid Krypton electromagnetic calorimeter (LKr) and the two Small Angle Vetoes (IRC and
SAC) [111].

The geometry is conceived in a way that only three configurations are possible for pho-
tons coming from 7° decays under the requirement that the 71° comes from K™ — 7" 7°
events with the 77 momentum below 35 GeV/c. In the majority of the cases, about 82%,
both photons have an energy above 20 GeV and are detected by the LKr and SAV calorime-
ters. In almost all of the remaining 18% of the cases, one photon is detected by the LKr or
SAV and the other hits one station of the LAVs, leaving only 0.2% of 7°s with only one
photon hitting a detector and the other photon missing at large angle (above 50 mrad) in
between two LAV stations. The energy of this escaping photon is below 200 MeV by kine-

matic constraints.
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In order to reach the required O(108) 7° rejection, each photon-veto detector has to
have an inefficiency of 10~% or lower. Test beam measurements of the LAV [112] and
SAV [113] prototypes, and data collected in 2004 and 2006 by the LKr with the NA48 ap-
paratus [114] showed that the measured efficiencies satisfy the design requirements. A
simulation of the Kt — 7" 7% decay kinematics and of the geometrical acceptance was
done in order to estimate the total 7r° rejection. Using the detector inefficiency as expected
by design (see Table 6.1), each photon was weighted with the corresponding inefficiency
of the hit detector at the photon energy. After applying the 7+ momentum cut between 15
and 35 GeV /¢, the total 7° rejection inefficiency was computed to be 1.6 x 108 [115].

Photon-veto detector Angular coverage  Design inefficiency

[mrad]
LAV 8.5 - 50 10~ for E, > 200 MeV
103 for E, > 1 GeV
Lir 1-85 1075 for E,, > 10 GeV
SAV 0-1 10~ for E, > 5 GeV

TABLE 6.1: The photon-veto system angular coverage and design inefficiency [104].

6.3.1 Liquid Krypton calorimeter (LKr)

The Liquid Krypton calorimeter has been inherited from the (previous) NA48 [81] experi-
ment, devoted to detect direct CP violation in the kaon sector. The calorimeter was required
to have high granularity and high-energy resolution to be able to measure photon energies
and transverse coordinates with high precision. It was built as an ionization calorimeter
filled with 9000 ¢ of liquid krypton. The noble gas was chosen to have a material with long
recombination lifetime and short radiation length, and to have a homogeneous calorime-
ter (the liquid krypton acts as both absorber and active material) with dimensions to fully
contain the development of electromagnetic showers. The assembly of the calorimeter was
completed in 1996 and since then operated in the NA48 experiment and, after a major up-
grade of the readout system, in NA62.

The calorimeter active volume has an octagonal shape of 128 cm apothem with an inner
hole of 8 cm radius for the beam pipe and a length of 27 X, along the z-axis (about 127 cm).
It is divided in 13248 cells of dimension 2x2x 127 cm?, with each cell having a central an-
ode at high voltage (3 kV) in the middle of two cathodes kept at ground. The electrodes
(Figure 6.9 left panel) are made of copper-beryllium (Cu-Be) ribbons 40 ymx18 mm in
cross section displaced by 1 cm in x and 2 mm in y. In order to achieve a good accuracy
in the transverse dimension of the cells, the electrodes ribbons are forced to go through
five spacers (Figure 6.9 right panel), which constrain the transverse positions with 45 ym
precision. The spacer plates, made of epoxy-fiberglass composite material, are spaced by
21 cm and shifted along the horizontal axis by 10 mm resulting in a zig-zag trajectory for
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the Cu-Be ribbons. This configuration avoids that the shower core of an incident pho-
ton is aligned with the anode electrode, causing inefficiency in the photon detection. At
the downstream end of the ribbons the anodes are directly connected to the high voltage,
which produces the drift field for the ionization, and to preamplifiers which read out the

signal.
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e

CuBe ribbons
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FIGURE 6.9: Left: LKr cells design [81]. The Cu-Be ribbons are placed to form 13 248 cells of 2 x2 cm?
cross section spanning the full length of the detector (127 cm). The high voltage (3 kV) is applied
on the anode, while the two cathodes are at ground. Right: One quadrant of the calorimeter [104].
The ribbons pass through 5 spacer plates to form a zig-zag configuration.

The electrode structure, the liquid krypton, and the preamplifiers are housed in a vacuum-
insulated cryostat of horizontal cylindrical shape and a vertical cylindrical neck. The cryo-
stat outside warm windows are made of 4 mm aluminium sheets. The cold front window
is double walled: the outer wall is a convex 2 mm thick stainless steel foil and the inner
one is flat and 0.5 mm thick, leading to a total amount of material upstream the sensitive
volume of 0.58 radiation lengths. The krypton is kept at a temperature of 120 K being in
thermal contact with a bath of saturated liquid argon at 10 bar, itself cooled down by liquid
nitrogen.

LKr Front-End electronics Electrons and photons entering the active volume of the LKr
produce electromagnetic showers by repeated pair production and bremsstrahlung pro-
cesses. Charged particles of the shower ionize the atoms of the krypton with the free
electrons produced drifting toward the anode of the cells. Their total numbers is a direct
measure of the incoming particles energy. The lateral distribution of the electromagnetic
shower is peaked to the direction of the incoming electron/photon with up to 40% of its
total energy deposited in one single cell. The signal produced on the anode is read out
by charge-integrating preamplifiers hosted inside the cryostat and directly attached to the
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anodes ribbons. ! The preamplifiers are connected by coaxial cables to the transceivers on
the warm side of the cryostat, whose signal has a quasi ideal triangular shape with raising
time of about 22 ns. The calorimeter pulses are continuously digitized by 40 MHz fast ADC
in the CREAM readout boards, described in Section 6.4.1.

Calorimeter performances Inthe NA48 setup, energy and position resolutions were mea-
sured to be [81]:
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In the NA62 apparatus an energy resolution of
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has been obtained [104], which is worse than in NA48 due to the presence of non-linear
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energy response (induced by the zero-suppression algorithm implemented in the new elec-

tronics) and extra material, mainly from the RICH detector, upstream of the calorimeter.

6.3.2 Large Angle Veto (LAV)

The Large Angle Veto (LAV) system consists of 11 ring-shaped stations placed in the vac-
uum of the decay volume and a 12th station, operated in air, located 3 m upstream of
the LKr calorimeter. The twelve stations have to provide hermetic coverage for photons
produced in decays inside the fiducial volume and emitted at an angle between 8.5 and
50 mrad. For the construction of the LAV system the lead-glass blocks from the OPAL
electromagnetic barrel calorimeter [116], which became available in 2007, were used. A
prototype was tested at the low-energy electron beam of the Frascati Beam-Test Facility
(BTF) [112], fulfilling the required photon detection efficiency.

The modules of the central part of the OPAL electromagnetic calorimeter are lead-glass
blocks of about 75% lead oxide (PbO) by weight manufactured in the mid 1980s. Each block
(Figure 6.10 left panel) has a trapezoidal shape: the front and rear face are 10x10 cm? and
11x 11 cm? respectively, while the length is about 37 cm. They are read out at the back side
by a photomultiplier optically coupled via a 4 cm long cylindrical light guide. Electromag-
netic showers in the lead-glass blocks are detected via their Cherenkov light. Before the
construction of the LAV system, particular care was taken in reinforcing the stainless steel
cover of each block and in replacing the original wrapping to make the detector compatible

with vacuum operation [117].

I The choice of cold preamplifiers was made to minimize the time of charge transfer achieving a fast shaping
of the pulses.
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PMT
light guide

FIGURE 6.10: Left: Module of the OPAL calorimeter used in the construction of the LAV sta-
tions [104]. It consists of a lead-glass block with trapezoidal shape, connected via a light guide
to a photomultiplier. Right: Completed LAV1 station before the installation in the NA62 beam-
line [104].

A LAV station (Figure 6.10 right panel) is made by the lead-glass modules arranged
around the inside of a segment of the vacuum tank, with the blocks aligned radially to
form an inward-facing ring. In order to provide the required depth for an efficient photon
detection, multiple rings staggered in the azimuth angle and a 1 cm longitudinal distance
are used in each station. Since the spaces between the blocks are significantly smaller in the
larger diameter stations, here fewer layers are necessary. As a result of the geometry, blocks
in at least three rings (effective depth of 21 X;) are hit by particles incident on each station.
The geometry of the stations is summarized in Table 6.2. The complete construction of the
stations operated in vacuum (LAV1-11) started in 2009 and took three years, while the last
LAV12 station was completed and installed in 2014.

Stations Outer wall Ring radius [mm] Number of Number of
diameter [mm] Inner Outer layers modules
LAV1 - LAV5 2168 537 907 5 160
LAV6 - LAVS 2662 767 1137 5 240
LAV9 - LAV11 3060 980 1350 4 240
LAV12 3320 1070 1440 4 256

TABLE 6.2: Geometry of the 12 LAV stations [104]. The first 11 LAVs are placed in the vacuum
(10~° mbar) of the decay volume inside the steel vessel. LAV9 and LAV10 are placed astride of the
STRAW spectrometer magnet. The 12/ station operates in air and is placed between the hodoscopes
for charged particles.

LAV Front-End (LAV-FE) electronics At nominal beam intensity the rate of the LAVs is
dominated by the muon halo with about 4 MHz. In order to keep this accidental rate at

the percent level, a time resolution of 1 ns is required for energies above 1 GeV. A custom
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front-end board based on Time-over-Threshold (ToT) discriminators [118] has been devel-
oped. Since the LAV system is exposed to photons with a wide range of energies (from a
few hundreds of MeV to tens of GeV), the photomultiplier signals vary from tens of mV
to tens of V. Therefore, before being discriminated, the signal is clapped for protection at
0.6 V, maintaining the time of the rising and falling of the pulse. The signal is then pas-
sively split: one copy is summed with signals of adjacent channels for diagnostic purpose,
while the other is amplified by a factor of 5 and discriminated by two different thresholds.
The resulting output of the discriminator boards are two low-voltage differential signals
(LVDS) with the width equal to the duration in which the analogue signal is above the
specified threshold (about 5 mV and 15 mV for the low and high thresholds, respectively).
Each LAV-FE board has hence 32 input channels and 64 output channels. The LVDS signals
are then sent to TEL62 boards (Section 6.4.1).

6.3.3 Small Angle Veto (SAV)

The Small Angle Veto (SAV) system provides detection of high-energy (mostly above 5 GeV)
photons down to 0 mrad. It consists of two shashlyk calorimeters of lead and plastic
scintillator plates crossed by wave-length scintillating fibers (WLS): the Intermediate-Ring
Calorimeter (IRC) and the Small-Angle Calorimeter (SAC). They are located, respectively,
immediately upstream of the LKr calorimeter and at the end of the experiment before the
beam dump unit. At nominal beam intensity, the two detectors are exposed to a photon
rate of 1 MHz, with the IRC reaching about 10 MHz due to the muon halo being con-
centrated in a few cm diameter spot on negative x. The photon detection efficiency was
tested in 2012 with a prototype of the SAC detector at the Frascati Beam-Test Facility [113],
resulting in an inefficiency of O(10~*) for 600 MeV electrons.

Intermediate-Ring Calorimeter (IRC)

The Intermediate-Ring Calorimeter (IRC) covers the inner region of the LKr. It has a cylin-
drical shape with an outer radius of 145 mm centered on the z-axis and an inner radius of
60 mm with a 12 mm offset towards negative x, to take into account the beam deflection
given by the STRAW magnet. The detector (Figure 6.11 left panel) is composed of two mod-
ules (spaced by 4 cm) with 25 and 45 layers, respectively in the upstream and downstream
parts, for a total detector depth of 19 X,. Each layer is made of a lead absorber and a scintil-
lator plate, both 1.5 mm thick, and has 570 holes to host the WLS fibers. The hole matrix is
shifted by 4.8 mm along the y-axis in the downstream module with respect to the upstream
one in order to avoid that photons traverse the detector inside a fiber. The lead /scintillator
rings are divided into four isolated quadrants, whose WLS fibers are connected with one
photomultiplier resulting in a 4-channel detector.

Small-Angle Calorimeter (SAC)

The Small-Angle Calorimeter (SAC) consists of 70 plates of both lead and plastic scintilla-
tors, each of 1.5 mm thickness and 205 x 205 mm? transverse dimension. The total depth of



6.4. The trigger and data acquisition system 45

FIGURE 6.11: Left: IRC detector installed in the NA62 beamline, with the beam coming from the
right [104]. The two modules are visible, together with two (out of four) bunches of WLS fibers
connected to photomultipliers. Right: SAC detector after completion and assembly [104]. The
WLS fibers connected to the four photomultipliers are visible.

the detector (Figure 6.11 right panel) is about 19 Xy. Each plate (both lead and scintillator)
has a grid of 484 holes in order to accommodate 240 WLS fibers. The fibers traverse the
whole detector and are bent into a U-shape allowing the readout of both ends at the back
of the detector, where the fibers are grouped in four bunches, each connected to a photo-
multiplier. However, since the scintillator plates have no transverse segmentation the SAC
is basically a single-channel detector. It is placed inside the beam vacuum at the end of the
experiment, just before the beam dump unit, and it is rotated by 23 mrad with respect to
the z-axis to guarantee that photons traveling parallel to the beam axis cannot traverse the
detector along a WLS fiber without encountering any lead plates.

SAV readout system

Both IRC and SAC are read out by LAV-FE boards connected with a TEL62 (Section 6.4.1).
The output of each channel (four in both detectors) is discriminated against two thresholds,
10 and 30 mV for the low and high thresholds respectively, and converted in LVDS as de-
scribed in Section 6.3.2. During the 2016 data taking, the additional CREAM (Section 6.4.1)
readout based on fast ADCs was added in order to improve the SAV efficiency in discrim-
inating photons arriving close in time. A linear amplifier with two outputs per channel
splits the photomultiplier signals and sends them to the two different readout boards. Be-
fore being sent to the CREAM modules, the signal is shaped into a LKr-like pulse by a NIM
module as for the HAC calorimeter. The SAV time resolution is about 1 ns.

6.4 The trigger and data acquisition system

A unified trigger and data acquisition (TDAQ) system has been designed in order to fulfill
the requirements of having a high-performance and versatile system, to sustain a total
particle flux of 750 MHz, and to change trigger configurations during the data taking. The
NA62 TDAQ is rather unique in a high-energy experiment since any information recorded
by the detector is available to build the trigger response and no additional hardware is
used for the trigger. The trigger logic is based on three different levels, as shown in the data
flow of Figure 6.12, with a reduction factor of 10 at each step (from 10 MHz to 10 kHz): a
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hardware-based level zero trigger (L0) and two software-based levels one and two triggers
(L1 and L2) are used.

Data Flow When a particle crosses the experimental apparatus a set of sub-detectors gen-
erates the so-called trigger primitives, digital words encoding the event characteristics, and
sends them to the LO Trigger Processor (LOTP). It sorts the trigger primitives in time and
search for a match with any of the active trigger configurations. In case of success a trigger
signal is sent to all the sub-detectors which, with the only exception of the GTK detector
and the calorimeters (acquired later due to the high bandwidth requirement), send their
data to the PC farm. Here the software triggers refine the event selection by requiring sim-
ple correlations between conditions computed by individual detectors.
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FIGURE 6.12: Data flow and overview of the unified trigger and data acquisition system [119].

In order to maintain high-trigger efficiency, all elements that compose the readout and
trigger system have to work in a synchronized way. In contrast to collider experiments
where the particles arrive in short bunches, in a fixed-target experiment beam particles are
delivered for the entire duration of the extraction. Hence, the SPS machine spill (also re-
ferred to as burst) is the data taking unit of NA62. Events inside a burst, which pass all
trigger levels, are transferred to a merger PC and written in a common raw data file saved
on tape by the Central Data Recording (CDR) system. A high-quality clock generator with
a frequency of 40.079 MHz in the experimental area produces the NA62 main clock, thus
ensuring the synchronization of the complete apparatus. The clock and the trigger distri-
bution are based on optical fiber transmission using the Timing Trigger Control (TTC) [120]
and the Local Trigger Unit (LTU) [121] infrastructures.
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6.4.1 Readout

The experiment consists of 15 sub-detector systems. Most of them share similar require-
ments in terms of precision timing response and readout capabilities and use a common
readout system based on TDCs and FPGAs, the TEL62 boards. The STRAW spectrometer is
the only TDC-based detector where a dedicated solution has been chosen due to the large
number of channels and the intrinsic poorer time resolution. The GTK detector, with the
largest number of channels, and the LKr, HAC, and SAV calorimeters, with a continuous
pulse sampling, require dedicated readout systems. In the following a brief description of

the different readout systems is given.

TEL62 based readout The TEL62 [122] board is the common readout system of NA62.
It is equipped with four TDC boards (TDCBs) developed inside the collaboration, hosting
four high-precision HPTDC chips [123]. Each TDCB is under the control of an FPGA with
up to 2 GB of RAM. The TDCBs are connected to up to 128 detector channels with an LVDS
output signal and can digitize the leading and trailing edge times. Therefore a TEL62 can
readout and trigger on 512 detector channels. Data from the detector front-end electronics
are digitized in the TEL62 and merged in an event fragment, which is sent to the PC farm.
The sub-detectors with the TEL62 readout are listed in Table 6.3.

Detector Number of channels Number of TEL62

KTAG 384 6

CHANTI 288 2

RICH 1952 5

LAV 2496 12
NA48-CHOD 128 1

CHOD 304

SAV 8 1

MUVO 9

MUV3 296 1

HASC 360 1

TABLE 6.3: NA62 sub-detectors sharing the TEL62 and TDC readout system.

STRAW readout Two CARIOCA [124] chips and 32 TDCs implemented within an FPGA
compose the on-detector electronics of the STRAW spectrometer, a custom front-end board
named COVER [125]. It is built gas and vacuum tight since it is also used as a cover for
the gas operation. The back-end of the readout are custom-made Straw Readout Boards
(SRBs), located 10-15 m from the detector. Each SRB reads 16 COVER boards (16 x 16 straw
tubes) for a total of 8 SRBs per chamber.
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GTK readout The GTK readout system (GTK-RO) is composed of 10 custom boards con-
taining an FPGA, acting as an interface between the TDCPix [126] on-detector readout and
the clock and trigger distribution performed by the TTC. Signals from the TDCPix are sent
via 200 m long optical fibers to the corresponding GTK-RO, located outside the experi-
mental area. When an event satisfies the L0 requirements, data temporally stored inside
the GTK-RO boards are sent to the GTK PC farm. This is made of six PCs (two per each
station) which, after the L1 trigger response, send the data to the NA62 PC farm. The GTK
can in principle be read either after the LO or the L1 level but, since its data are not used
to build the L1 response, it was decided to read it at a lower trigger rate (after L1) to put

lower stress on its readout system.

CREAM based readout A dedicated readout system, based on the CREAM (Calorimeter
REadout Module [127]), was developed by CAEN specifically for the NA62 LKr calorime-
ter. The system is also used in the HAC and SAV detectors which, however, represent only
2% of the total number of channels as shown in Table 6.4. A CREAM module manages 32
detector channels and is made of a daughterboard and a motherboard. In the daughter-
board the signal from the detectors is shaped, resulting in a pseudo-Gaussian signal with
70 ns FWHM, and digitized by four 14-bit fast ADCs (FADCs) using the 40 MHz clock
distributed by the TTC. The digitized signal of each FADC is sent to an FPGA, placed on
the CREAM motherboard, that stores the data in its large memory (8 GB) and waits for
the L1-trigger response to send them to the PC farm. In order to reduce the amount of
data to be read, a channel-based zero-suppression algorithm is implemented: if the dif-
ference between the largest and smallest samples of the digitized signal is lower than a
programmable value (usually 20 ADC counts) the channel data are not transferred.

Detector Calorimeter type Number of channels Trigger channels

LKr electromagnetic 13248 864
MUV1 hadronic 176 12
MUV2 hadronic 88 6

IRC electromagnetic 4 1

SAC electromagnetic 4 1

TABLE 6.4: NA62 sub-detectors using the CREAM readout system.

6.4.2 Trigger system

As already mentioned, the NA62 trigger logic is based on three different trigger levels
with a factor 10 of data reduction at each step (starting from 10 MHz in input to 10 kHz in
output). In the run period 2016-2018 only two trigger levels were implemented since the

third level was not needed due to the reduced (with respect to the nominal) beam intensity.
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LO-hardware trigger

A small set of sub-detectors provides the information to build the LO-hardware trigger. This
includes the CHODs hodoscopes, the RICH detector, the LAV system, the MUV3 detector,
the electromagnetic and hadron calorimeters. These detectors produce the so-called trig-
ger primitives, 64-bit words containing timing and encoding information about the events
based on the specific characteristics of the detector. They are generated asynchronously by
each L0 source and sent via Gigabit Ethernet, in periodic bunches every 6.4 us, as UDP 2
packets to the LOTP. It verifies the primitives time matching and compares them with pro-
grammable reference trigger masks. In total up to 16 trigger masks (or trigger streams)
can be used. The LOTP [128], which has a maximum design output rate of 1 MHz, works
completely in hardware elaborating the trigger matching inside an FPGA. When one of
the trigger masks is satisfied, the LOTP sends a synchronized TTC signal to all detectors,
which have to reply sending data to the PC farm. The only exceptions are the GTK and
CREAM-based detectors which wait for the L1-trigger response, due to their large data
flux. Like any other detector, the LOTP sends data directly to the PC farm so that also the
trigger information is recorded.

In the following a brief description of the generated primitives is given.

NA48-CHOD and CHOD LO primitives are based on hit coincidences in the same
slab/tile of the detector. Primitives are generated for any charged track, and triggers are
provided for either single-track or multi-track events.

RICH L0 generates primitives for charged tracks above the Cherenkov threshold based
on the number of fired channels in the detector. The RICH has about 2 000 readout channels
spread on four TEL62 boards. Primitives are produced by a fifth TEL62, where information
from the whole detector is available using the digital OR of groups of 8 channels, called su-
percells.

LAV L0 has to detect the presence of photons and halo muons in the event. Primitives
are based on the coincidence of both high and low discriminator thresholds in a lead-glass
block. Signals close in time from adjacent blocks are assumed to belong to the same events,
and a single primitive is produced. The trigger implementation used during the 2016-2018
data taking exploits information from only one of the twelve TEL62s used in the LAV sys-
tem, the LAV12.

MUV3 L0 has to detect events with muons in the final state and can be used either in
positive or as veto in the trigger logic. Primitives are generated by a coincidence of the two
PMTs signals of the same tile of the detector.

2User Datagram Protocol.
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A dedicated Level 0 Calorimeter Trigger (Cal-L0) [129], based on TEL62 boards with
custom mezzanine cards instead of TDCBs, has been built for the detectors read out by
the CREAM system: the electromagnetic (LKr, IRC and SAC) and the hadron (MUV1 and
MUV?2) calorimeters. In order to obtain at the LO-trigger level the rejection power required
by the measurement of the K* — 7" v7 branching ratio, the calorimeter information is
fundamental. However, due to bandwidth rate, they cannot be fully exploited to build the
LO response. The solution found is to sum the digitized signals from 4 x4 channels (super-
cells) inside the CREAM boards every 25 ns and send this sum to the Cal-L0 processor,
which builds the calorimeter LO-trigger response by performing the search for clusters and
computing the time, position, and energy of each cluster. Primitives are based on the num-
ber of reconstructed clusters and on the total energy released in the calorimeters. During
the 2016-2018 data taking only the LKr participated in the Cal-L0.

There are two special roles in the LO-trigger logic: the Control and the Reference de-
tectors. The Reference detector gives the time of the trigger and must always be present.
Instead, the Control detector is used to generate triggers that are independent from the Ref-
erence detector, and it is fundamental for trigger-efficiency studies. During the 2016-2018
data taking the Reference and Control detectors were typically the RICH and NA48-CHOD

detectors, respectively.

High Level Triggers (HLT)

The available bandwidth for permanent data storage is of O(10 kHz). Since the L0 output
rate is 1 MHz, a factor 100 of data reduction is achieved by the L1 and L2 software triggers,
also referred to as High Level Triggers (HLT), which run in the online PC farm. The L1 al-
gorithms are based on standalone information from individual sub-detectors while the L2,
which uses partially reconstructed events, can exploit correlations among sub-detectors.
An example is the combined information from the GTK and STRAW detectors to compute
the vertex of the event. The L2 architecture was available since 2015, but no algorithms
have been implemented during the 2016-2018 data taking. At that stage, an event is sim-
ply re-built by merging all the detector information after the L0 and L1 triggers. Only the
detectors whose data are acquired after the LO trigger can be used in the L1, meaning that
the GTK and CREAM-based detectors are excluded. For each of the LO-trigger masks a dif-
ferent set of L1 algorithms can be used and some conditions can be changed independently
in each mask. Special L1 triggers are the so-called autopass events, which consist of a few
percents of the total LO rate. Also if they do not satisfy the L1 requests they are collected
and used for L1-trigger studies.

In the following, a brief description of the L1 algorithms is given.

KTAG L1 algorithm identifies events with a beam kaon, reducing the LO triggers due
to accidental beam particles. The algorithm requires the presence of a minimum number
of KTAG sectors (typically 5 out of 8) in time with a LO trigger.
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LAV L1 algorithm uses the information from all the twelve stations in order to iden-
tify events with photons emitted at large angles. The algorithm requires the coincidence of
at least two hits in a specific set of LAV stations to tag events with photons in the final state.

STRAW L1 algorithm partially reconstructs tracks in the spectrometer and computes
the vertex using the nominal beam momentum and directions. Information on the track
momentum and vertex is used to select either one-track or multi-track events.

PC farm The digitized data from the detector electronics are sent, after receiving a trig-
ger signal, as UDP packets through Gigabit Ethernet optical links to the computers of the
online PC farm, housed on the surface of the experimental area. The main function of the
30 PCs of the farm is to build the HLT response and verify which events pass them. The
events are processed in a Round-Robin way, meaning that each node of the PC farm han-
dles 1/30 of the events. Three merger PCs complete the NA62 PC farm. Their main task is
to aggregate events that pass all the trigger levels and belong to the same burst in a com-
mon raw data file. The mergers also host the Central Data Recording (CDR) system which
takes care of the transfer of the raw data files to the CERN tape system CASTOR [130] for
permanent storage. For online monitoring of the data taking conditions, part of the raw
files are directly reconstructed on dedicated PCs hosted within the PC farm.

6.5 The NA62 control applications

The operation of the experiment requires several control systems related both to the hard-
ware equipment (e.g. detector power supplies, electronic boards) and the software (e.g.
run conditions). For this reason three control applications have been developed: the Run
Control (RC), the Detector Control System (DCS), and the Detector Safety System (DSS).
The Run Control [131] manages all the devices involved in the data acquisition (from the
single electronic board to the PC farm nodes), being the central control and monitoring
software of the TDAQ system. It keeps track of all the run configurations, from the TDAQ
settings to the beam, and saves them in a database for bookkeeping. The DCS [104] is ded-
icated to detector monitoring and operations, like for example the setting of high voltages
in the detector power supplies. The DSS [104] is used to spot safety issues, which could be
related both to hardware systems and people. Examples are the detector cooling system,

the gas supplies and the vacuum system.

The three control applications are based on WinCC Open Architecture [132], a widely
used industrial software developed at CERN, and implemented on a hierarchy of finite
state machines (FSMs): each device connected to the system is modeled as a list of states
and transitions between them. The communication among these systems and the con-
nected hardware is handled through the DIM protocol [133].
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Chapter 7
The NA62 Software Framework

The NA62 Software Framework (NA62FW) [134] has been developed by the NA62 Collab-
oration in order to have a common environment for event simulations, data reconstruction,
and analysis. It is a ROOT [135] based environment, written in the C++ programming lan-
guage plus some Fortran routines inherited from the N A48 experiment, and consists of
three modules:

¢ The simulation package NA62MC for the generation of simulated events using the
Monte Carlo (MC) method.

¢ The reconstruction package NA62Reconstruction for the reconstruction of both the
collected data and the MC events simulated by NA62MC.

¢ The analysis package NA62Analysis for the development of simple and complex
analysis. Template classes, called Analyzer, are the basic module of the analysis and
can work independently or in complex chain.

The management of the NA62FW source code is performed using Git [136] as distributed
version-control system. Any significant change of the source code defines a new NA62FW
software revision identified with a label of the form rXXX. The software revisions employed
in the central MC production as well as in the data reprocessing are further labeled in the
form vX.X.X for better bookkeeping.

7.1 The NA62MC package

The NA62MC package is dedicated to the generation of simulated events with the Monte
Carlo method. A pure beam optics without particle interactions is simulated upstream
of the KTAG detector with TURTLE (Trace Unlimited Rays Through Lumped Elements) pack-
age [137], a beam tracking and simulation program. The GEANT4 [138], GEometry ANd
Tracking, software toolkit developed by CERN is used for the simulation of the full ex-
perimental apparatus (geometry and material), the magnetic field and the beamline down-
stream of the KTAG detector. The decay of the beam particles is managed by a set of custom
decay generators (mostly for kaons) inherited from the NA48/2 experiment, which include
form factors and radiative corrections. In these generators, the daughter particles are gen-
erated in the rest frame of the beam and boosted according to the beam momentum in the
laboratory frame. The decay region, in which the beam particles are forced to decay, can be
set as external parameter of the NA62MC. Usually for kaon decays, the fiducial volume is
set between 102 and 180 m from the target. The (eventual) decay of the secondary particles,
those produced in beam particle decays, is normally handled by GEANT. Anyway, it can
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also be handled directly by NA62MC through the internal generators in case of specific
needs: in particular, neutral pions are usually forced to decay into two photons.

The simulation is kept as much as possible independent from the experimental con-
ditions, with the only exception of the beam parameters which are supposed to be tuned
on a reference run per year of the data taking. MC samples are reconstructed within the
NA62Reconstruction package similarly to the data, where the detector response is modeled
to reproduce as much as possible the data taking conditions. MC samples are centrally gen-
erated and reconstructed through the NA62 GRID [139] and both reconstructed and true
values (those properties that particles have at generation time) are stored in the final out-
put files. More information about the MC samples can be found in Reference [140]. In
Section 7.1.1 a description of the MC samples used for this analysis is given.

7.1.1 MC samples

This work makes use of large samples of centrally produced K™ — 717 7% events, including
radiative corrections due to internal bremsstrahlung (IB) K™ — 7 7%yp. The IB ampli-
tude is completely determined by the K™ — 71" 7° amplitude after QED corrections [141].
It, therefore, includes the effect of multiple soft photon emission: the energy of all the soft
photons is summed up providing the energy of the single photon emitted, and the momen-
tum spectrum of the charged pion accounts for the total energy radiated. The samples were
produced with the so-called KLOE generator described in Reference [142]. The radiative
photon is only passed to GEANT if its energy in the K™ rest frame is greater than 10 keV.
Two different samples have been considered:

¢ An abundant sample of 60 x 10° K+ — 7 7°(y1p) events with 71° — 7, resulting in
events with two or three photons in the final state. This sample, referred to as Kj(,)
in the following, has been used to evaluate the expected background rejection. The
sample was produced with the software revisions v1.0.1 (50 x 10° events) and v0.11.3
(10 x 10° events).

e A sample of K — 7t 7°(yp) events with the 7° undergoing the so-called Dalitz
decay, m° — yeTe~. This sample, referred to as Ky, in the following, consists of
50 x 10° simulated events (software revision v0.11.1) and has been used to compare
the LKr energy resolution simulated by the MC to that measured in the data.

Due to the software revisions used for the production of the two samples, the beam pa-
rameters were tuned on the beam setup used during the 2016 data taking (run 6610 as
reference). In all the MC samples accidental activity is added at analysis level in the GTK
and KTAG detectors by the UpstreamPileUpGenerator tool as described in Section 7.3.2.
No accidental activity is emulated in all the other detectors.
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7.2 The NA62Reconstruction package

The collected data are stored in raw data files which contain the readout outputs of each
sub-detector. During the reconstruction phase, those information are decoded and simple
objects (hits) are created containing the time, amplitude, and channel of a specific pulse.
However, MC files produced by the NA62MC module contain only the physics signal gen-
erated in the detectors. In order to have the very same reconstruction algorithms running
on both data and simulation, MC events undergo a digitization stage where the response
of the detector electronics is emulated and the hits are created. Grouping in-time and adja-
cent hits, more complex objects containing higher level information, candidates, are created.
Examples used in this work are tracks in the STRAW spectrometer and clusters in the LKr
calorimeter (see Section 7.2.1 and Section 7.2.2, respectively). In particular, the latter ones
play a key role in the photon identification. Reconstructed files for both data and MC are
written as ROOT files for storage on EOS [143], the CERN disk-based data storage system.

7.2.1 STRAW track reconstruction

Track candidates are reconstructed starting from the signals of hit straws in each plane of a
view module of a chamber. The drift time, measured using as reference the average time of
the NA48-CHOD hits recorded within 25 ns from the trigger, is converted into a position
information (the distance from the anode wire of the hit straw) using a GARFIELD simula-
tion [144]. View-hits are formed by at least two hit straws placed in consecutive planes of a
view in one chamber. A pattern recognition algorithm is used to determine the position of
the view-hit in the NA62 reference frame. View-hits are clustered in each chamber in order
to identify the space points due to the trajectory of a particle. The space points are grouped
in track candidates: segments between chamber 1(3) and 2(4) are formed using a pattern
recognition algorithm and their compatibility with the bent of the magnetic field in the xz
plane is verified. The quality and the parameters of the track (momentum and directions)
are obtained with a fit employing a recursive Kalman filter technique [145], which takes
into account the mapping of the magnetic field produced by the MNP33 magnet. More
detailed information about track reconstruction in the STRAW spectrometer can be found
in Reference [146].

7.2.2 LKr cluster reconstruction

The LKr reconstruction code has been inherited from the NA48 software [147]. A digital
filter compares the digitized signals of a CREAM board to reference pulses and assigns the
corresponding energy and time to the hit. Templates of reference pulses are obtained with
special runs without beam using an internal charge injection system in order to calibrate
the response of the LKr cells. Hits are clustered starting from a seed, which is defined as
a cell with energy of at least 250 MeV and greater than the neighboring 8 cells. All hits
around 11 cm from the seed are considered for the cluster. The cluster time corresponds to
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the seed time, while the energy is the sum of the hit energies and the position the energy-
weighted average of the hit positions. Corrections to cluster energies and positions are
applied to treat clusters close in space and in time, and to handle the presence of dead cells.
The energy of the clusters is also corrected to account for the non-linearity induced by the
online zero-suppression algorithm. These corrections are applied at the analysis stage by
the LKrClusterCorrections [134] tool. The clustering algorithm implemented within the
NA62Reconstruction module, the so-called LKr standard cluster reconstruction, is optimized
for the energy resolution. However, a non negligible inefficiency in the photon detection is
introduced. In order to achieve the best result in terms of photon rejection, an additional
reconstruction, called LKr auxiliary, has been implemented. In this reconstruction, hits
from adjacent cells (less than 10 cm spatial distance) with an energy of at least 40 MeV
are clustered together. Time, energy and position of an auxiliary cluster are defined as for
the standard reconstruction.

7.3 The NA62Analysis package

The NA62Analysis package has been conceived in order to handle most of the technicalities
in reading and writing the input and output ROOT files. A set of standard tools and analy-
sis algorithms (usually referred to as Analyzer) are available within the NA62FW. Among
others, tools for the association of the reconstructed STRAW tracks with candidates in the
other sub-detectors, as well as those used to apply, at the analysis stage, energy and mo-
mentum corrections to the reconstructed candidates are available. Two examples, used in
this work, are given in the following: the algorithm GigaTrackerRecoAlgorithin and the
tool UpstreamPileUpGenerator.

7.3.1 GigaTrackerRecoAlgorithm

Kaon candidates in the GTK detector are reconstructed at analysis level using the algorithm
GigaTrackerRecoAlgorithm [134]. Hits in the three stations within a specific time window
with respect to a reference time are considered. As default, the time window is £10 ns
and the reference time is the trigger time. Hits are combined along directions compatible
with the beam particle trajectories. Only combinations of three hits (one for each station)
are considered as candidate. A least squared fit is performed to measure the slope of the
trajectory in the xz plane, with the positions in the GTK3 station corrected by the kick of the
TRIMS5 magnet. The momentum and the slope in the yz plane are computed analytically
assuming the nominal value of the magnetic field of the achromat dipoles. The following

conditions are required on the momentum, direction, and time of a candidate:
¢ The momentum must lie in the range 72-78 GeV /c.
¢ The slope in the xz plane must be between 0.9 and 1.6 mrad.

¢ The slope in the yz plane must be between —0.3 and 0.4 mrad.
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Fine corrections on the candidate momentum and direction are also applied. These are ob-
tained by the comparison of the corresponding value from K* — 71+ 71~ " events selected

kinematically on data using only information from the STRAW tracks.

7.3.2 UpstreamPileUpGenerator

The effect of accidental beam particles is emulated by the UpstreamPileUpGenerator [134]
tool, which injects accidental activity in the KTAG and GTK detectors on the fly while
analyzing MC samples. Pileup hits are added synchronously in both detectors according to
the distribution of the instantaneous beam intensity (assuming 300 MHz integrated beam
intensity) and with different response depending on the beam particle type as extracted
from data. The reconstruction algorithms are then re-run again, in order to update the

event candidates.
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Chapter 8
The NA62 Run I

The first data taking period (Run I) of NA62 started in April 2016 and finished in Novem-
ber 2018, with about 6 months per year of running. After the full detector installation in
2015, few months of 2016 were dedicated to the final commissioning of the GTK detector
and the deployment of the full trigger chain. The main physics sample in the 2016 run
period, was acquired from mid September to mid October at an average beam intensity of
35-40% of the nominal intensity, corresponding to an integrated flux of about 5x 10! kaon
decays in the fiducial volume. This represents the first data set recorded by the experiment
suitable for the measurement of the K¥ — 77 v branching ratio, whose results [89] proved
the validity of the decay-in-flight technique.

The improvement in the data taking stability achieved at the end of the 2016 run period,
as well as the better handling of the spikes in the instantaneous beam intensity, allowed for
the 2017 data taking to increase the beam intensity to about 60-65% of the nominal. This
resulted in about 2 x 10'? kaon decays in the fiducial volume collected in the 2017 run pe-
riod. Since the work presented in this thesis is based on a sub-sample of data collected in
2017, a more detailed description of the data taking conditions adopted for this run period
is given in Section 8.1.

The data taking conditions in the 2018 run period were very similar to those in 2017.
Data were acquired at an average beam intensity of 60-70% of the nominal intensity. In
total about 4 x 10'? kaon decays were recorded and available for physics analysis. In the
K* — mttvy analysis of 2016 data [89], the main background contribution was identified
to be due to beam-related in-time activity like, for example, the simultaneous passage of
a beam pion with a kaon decaying between two stations of the GTK detector. In order to
mitigate this category of events, referred to as upstream background, at the beginning of
the 2018 data taking the adjustable collimator placed between the last two GTK stations
was replaced with a fixed collimator providing a wider shielding against beam activity
generated upstream.

In parallel to the main trigger stream, dedicated to collect K — mTvi-like events,
different trigger configurations were implemented to study lepton number and flavor vio-
lation in kaon decays and to explore the dark sector. In addition, a few hours of data taking
in 2016 and 2017 and more than one full week in 2018 were dedicated to run in beam dump
mode. The experiment will restart the data taking in 2021 after the long shutdown (LS2) of
the CERN accelerator machines.
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8.1 The 2017 data taking

During the 2017 run period about 2 x 10'2 kaon decays were recorded. Data were divided
in four physics data sets (denoted as Samples A, B, C and D) defined by homogeneous data
taking conditions concerning both the trigger and the detectors configurations. The four
samples were named in reverse order of the time of the data taking and after quality checks
of the data:

¢ Sample D: same experimental setup as in the 2016 run period with upgrade on the
CHOD electronics.

e Sample C: final trigger conditions with 12.5 ns LOTP granularity 1 and the CHOD
detector completely integrated in the trigger chain.

* Sample B: final trigger conditions with 6.25 ns LOTP granularity.

* Sample A: same as Sample B with a temporary shielding against upstream background
inserted in the final collimator between the last two GTK stations. > This sample is
the highest quality data set collected in the 2017 run period.

Table 8.1 lists the data sets collected in the 2017 run period, while the trigger conditions are
described in Section 8.1.1.

Sample Period Runs Number of bursts
D 15 June - 03 July 7615 -7721 42218
C 06 July — 22 July 7735 - 7873 31537
B 23 July — 18 September 7876 — 8107 151466
A 21 September — 22 October 8134 — 8282 83940

TABLE 8.1: Four physics data sets were acquired in the 2017 data taking at an average beam inten-
sity of 60-65% of the nominal intensity.

The search for 1 — invisible decays is based on the Sample A. In total 75 runs have
been analyzed, which correspond to about 5.5 x 10'! kaon decays in the fiducial volume.
The amount of data in this sub-sample is comparable with those collected in the 2016.

8.1.1 Trigger configurations

In the 2017 data taking eight physics-trigger streams were acquired together with a control-

trigger stream used for normalization and trigger efficiency studies.

The 7tv¥ trigger mask is mainly devoted to the K — 7m"vv analysis, and performs a
partial particle identification and 71° rejection already at trigger level. However other anal-
yses with a similar final state (one track and nothing else) can profit of the data collected

IThe granularity is the time window in which only one primitive is expected by the LOTP. The sub-detector
trigger systems encode all the events happening in this time window into a single primitive.
2The temporary shielding was then replaced before the 2018 data taking with a new fixed collimator.
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through this trigger stream, like the search for 71° — invisible decays.

The Non-muon trigger mask provides a sample of events without muons in the final state.
Precision SM measurements like the branching ratio of the Kt — ev,y and Kt — 7wy
decays use this trigger stream.

The Muon multi-track and the Electron multi-track trigger masks allow to select events
with multiple charged particles in the final state with at least one muon or one electron,
respectively. K™ — rtpe, K™ — rtee [86], Kt — Xee and 1% — Xee decays are examples of
analyses that can be performed on data collected with these two trigger streams. A more
general Multi-track trigger mask was also implemented in order to select K™ — w7t 71—

decays, which are used as normalization and control sample for multi-track analyses.

The Di-Muon trigger mask selects events with a muon pair in the final state, like the de-
cays K™ — rtuu [86]. Thanks to the absence of the KTAG condition at L1, searches for
long-lived exotic particles produced in the beryllium target or in the TAXes and decaying
into a muon pair in the fiducial volume are also possible.

Data collected with the Muon-exotic trigger mask are employed to search for 7ty and puu
final states, produced by the decay of long-lived exotic particles originating from the beryl-
lium target. Those data acquired in the so-called parasitic beam dump mode extend the
NAG62 potential in the search for exotic particles.

The Neutrino trigger mask is intended to search for neutrino to muon conversions within
the calorimeters by fully reconstructing K* — p*v, decays. This trigger stream was im-
plemented at the beginning of the 2017 data taking for preliminary studies of neutrino
oscillations (v, <> v,) at NA62 [148].

In addition to the physics-trigger masks, an independent Control trigger stream were also
implemented. It is a minimum bias trigger which involves only the NA48-CHOD detector
and allows to select control samples for trigger efficiency studies.

The nine trigger streams are listed in Table 8.2, each with its LO and L1 conditions, which
are described in the following.

LO-trigger conditions

Starting from a common LO-trigger source, the RICH detector used as reference time, dif-
ferent configurations of primitives were used for the L0, combining information from the
CHOD and MUV3 detectors and the LKr calorimeter. Primitives from the NA48-CHOD
detector were used to generate the independent control-trigger stream. In the following a
brief description of the LO primitives used in the trigger masks of the 2017 data taking is
given.
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Trigger mask L0 conditions D L1 conditions
% RICHX!Q, x UMTCx!MUV3x!E30 1 KTAG X LAV xSTRAW
Non-muon RICH x Q1x!MUV3 200 KTAG
Muon multi-track RICH x Q, x MO1 x E10 10 KTAGXSTRAWE,
Electron multi-track RICH x Q, x E20 8 KTAG xSTRAWE,.
Multi-track RICH x Q4 100 KTAGX!LAV xXSTRAWg,.
Di-muon RICH x Qy x MO2 2 STRAWE,
Muon-exotic RICH x Q2 x MO1 x E10 5 IKTAGX!LAV xXSTRAWE,
Neutrino RICH x MOQ, x!Q2 20 KTAG
Control NA48-CHOD 400 -

TABLE 8.2: Eight physics- and one control-trigger masks were used during the 2017 data taking.
Due to the limited availability of the trigger bandwidth different downscaling factor (D) were ap-
plied to the LO-trigger conditions.

The RICH primitive gives the reference time of the L0 trigger and has to be present in

all the physics-trigger masks. It requires at least three hits in the detector within few ns.

The CHOD primitives are used to define the event topology by selecting single or multi-

track events. The configurations of primitives used in the 2017 data taking are:

¢ The Q1 and Q2 conditions require at least one and two hits in the detector, respec-

tively. These conditions select events with at least one and two charged tracks in the
final state, respectively.

¢ The Q, condition requires at least two hits in diagonally-opposite quadrants of the

detector. This condition selects final state with at least two tracks with opposite
charge, resulting very efficient in the selection of processes like K™ — 77~ and
m° —ete 7.

¢ The UMTC (Upper Threshold Multiplicity) condition requires that less than 6 tiles have

fired in the detector. This requirement is very effective in the suppression of multi-
track events as well as events with photons converting within the RICH mirrors.

The MUV3 primitives are used to select events with muons in the final state. They can also

define the topology of the events by requiring the number of muons that must be present

in the final state. The configurations of primitives used in the 2017 data taking are:

¢ The MUV3 condition requires the presence of at least one hit in the detectors, indi-

cating the presence of at least one muon in the event.

¢ The MO1 and MO2 conditions require at least one and two hits in the detector outer

tiles, respectively. These conditions select events with at least one and two muons in
the final state, respectively. The exclusion of the inner part of the detector allows to
strongly reduce the contribution of muons from beam pion decays, which tend to hit
the inner tiles.
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¢ The MOQ;, condition requires at least two hits in the outer tiles from opposite quad-
rant of the detector. Analogously to the MO2 condition, this requirement selects final
states with two muons but preferring the component where the muons have opposite
charge.

The LKr primitives allow to identify events with electromagnetic showers inside the calorime-

ter. The configurations of primitives used in the 2017 data taking are:

¢ The E10 and E20 conditions require more than 10 GeV and 20 GeV, respectively, de-
posited in the LKr calorimeter. These conditions prefer events with at least one elec-
tromagnetic shower.

¢ The E30 condition requires more than 30 GeV deposited in the calorimeter or more
than one reconstructed cluster with energy greater than 1 GeV. This condition, usu-
ally applied negatively as a veto, is used to detect events with electrons or neutral
pions in the final state.

The NA48-CHOD is used to produce the control-trigger mask and requires one or more
time coincidences between hits from the horizontal and vertical scintillator planes of the
detector. This condition provides a sample of events with at least one track in the final
state.

L1-trigger conditions

Three L1-trigger algorithms were used during the 2017 data taking exploiting the informa-
tion from the KTAG, STRAW and LAVs detectors. In the following a brief description of
the L1 algorithms employed in the trigger masks of the 2017 data taking is given.

The KTAG algorithm is used to detect a kaon in time with the final state selected by the L0
masks. It is mainly used in positive with the exception of the Muon-exotic trigger mask,
which is sensitive to long-lived particles produced in the target. The algorithm requires at
least five (out of 8) fired sectors when a beam particle crosses the detector in a 10 ns time
window around the LO-trigger time.

The LAV algorithm requires a time coincidence of at least three hits in all the LAV sta-
tions, in order to identify events with photons emitted at large angles. It is mainly used as
a veto for Kt — 71" 71° events where at least one photon from the 7 is inside the accep-
tance of the LAV system. 3

The STRAW algorithm implements a lighter version of the STRAW reconstruction soft-
ware. It verifies the quality and the number of tracks in the final state. Using the clos-
est distance of approach (CDA) technique, a vertex is computed between each track and
the nominal beam direction. Tracks are selected if the longitudinal position of the vertex

3Starting with run 8025 (Sample B) the first LAV station was excluded in the algorithm to reduce the rate of
accidental veto of the LAV system.
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(Zvertex) is below 180 m and the CDA <20 cm with respect to the beam axis. In order to
suppress events with beam pions scattering on the last station of the GTK detector, the
track momentum is required to be lower than 50 GeV/c. Two different algorithms were
implemented, sharing the track quality requirements described above: the first is mainly
used to select single-track events and requires a positively charged track in the final state
not forming a vertex (CDA larger than 3 cm) with any negatively charged track present in
the event; the second, denoted as STRAWg,tic, is mainly used to select multi-track events
and requires a negative track in the final state.

8.2 The Data processing

The offline data processing of the raw data consists of 4 steps: calibration, reconstruction,
filtering and post-processing. During the calibration step offline corrections, to be applied
at the reconstruction stage, are evaluated. These include detector time alignments, the LKr
energy scale, the GTK and STRAW momentum scales and alignments. During the entire
Run I period more than 4 PB of raw data have been stored on tape in the CERN permanent
storage system. The size of the reconstructed files is not far from those of the raw files. The
handling of such a large amount of data is inconvenient at the analysis stage. Therefore,
after the reconstruction, data are filtered in different output streams: events with particular
signature are selected according to the analysis topic in order to skim the amount of data
to analyze. The post-processing stage is dedicated to the assessment of the data quality.
A specific set of analysis routines has been developed for this purpose: events where re-
construction problems are spotted, as well as entire bursts showing hardware issues, are
flagged as bad in order to be skipped during the analysis stage. These analysis routines are
also used for a quasi-online data quality monitoring during the data taking.

The Sample A, which is used for the search for 1 — invisible decays, has been recon-
structed with the software revision v1.0.2, and filtered with the PNNFilter filter-analyzer
described in Section 8.2.1.

8.2.1 PNNFilter

The PNNFilter [134] has been developed to select events with a single-track topology for
the K™ — mvv analysis. This filter uses data collected with the 7rv7- and the control-
trigger masks. Different conditions are applied in the two trigger streams, after requiring
no general reconstruction errors in any of the detectors. In case an event is flagged as
pertaining to both the control and the 7tv7 streams, the control-trigger filtering conditions
are applied.

tvi-trigger stream A quality check of the event is performed, by requiring: at least two
NA48-CHOD hits, one in a vertical and one in a horizontal slab of the detector, belonging
to the same quadrant; at least one and no more than ten tracks reconstructed in the STRAW
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spectrometer. Among all the reconstructed STRAW tracks at least one must be classified as
good quality according to the following requirements:

* The track is formed by hits reconstructed in all of the 4 spectrometer chambers.

e The difference in the reconstructed track momentum measured before and after the
fit (Apyit) is less than 25 GeV /¢ and the chi square of the fit (X%it) is less or equal to 30.

¢ The track is inside the geometrical acceptance of the NA48-CHOD, CHOD, LKr and
MUV3 detectors.

¢ The track momentum lies in the range 8-50 GeV/c.

* The track must not form a good vertex (using the closest distance of approach, CDA)
with any other track which have hits reconstructed in all 4 chambers and x%, < 30.
A vertex is defined as good if its longitudinal coordinate (zyertex) is between 80 and
180 m, the CDA less than 10 mm and the two tracks are in time within 10 ns.

STRAW tracks classified as good quality must be associated to a horizontal-vertical pair of
hits in the NA48-CHOD detector (whose time is taken as reference time for the track) and
to a KTAG candidate (reconstructed with at least 4 fired sectors), but not associated to a
MUV3 signal. At least one hit in each of the three GTK stations must be present within
+2 ns from the track reference time. A partial photon rejection is already applied at filter
level by the requirement of no in-time photons detected in the LKr calorimeter or in the
LAV system. The conditions applied for the photon identification are softer than those
needed in the analysis: photons in the LKr calorimeter are detected by the presence of
standard LKr clusters at least 18 cm away from the STRAW track impact point at the LKr
surface and within +5 ns from the track reference time; photons in the LAV system are
defined as signal in any block of the 12 stations within 3-2 ns from the track reference time.

Control-trigger stream More relaxed conditions are required with respect to those ap-
plied in the v i-trigger stream. A quality check of the event is performed, by requiring: at
least two NA48-CHOD hits, one in a vertical and one in a horizontal slab of the detector,
belonging to the same quadrant; at least one track reconstructed in the STRAW spectrom-
eter. Among all the reconstructed STRAW tracks at least one must satisfy the following
requirements:

* The track is formed by hits reconstructed in all of the 4 spectrometer chambers.

¢ The track is inside the geometrical acceptance of the NA48-CHOD, LKr and MUV3
detectors.

* The track is associated to a horizontal-vertical pair of hits in the NA48-CHOD detec-
tor, providing the track reference time.

At least one hit in each of the three GTK stations must be present within 42 ns from the
track reference time.
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Part 11

SEARCH FOR 7% — invisible DECAYS
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Chapter 9
The Analysis Strategy

A pure sample of tagged 71° mesons is available in NA62 from the selection of events with
adecay Kt — 71t 71°(y) by means of the sole information on the K™ and its daughter 7.
Both charged particles are individually tracked, their particle-identification is positively
determined, and a time and spatial consistency among the two is required to reconstruct
the decay vertex in the detector fiducial volume. The two-body kinematics of the 7t 7°

final state is enforced by the requirement for the squared missing mass, M2 ..., computed
from the measured kaon and pion 4-momenta (Px+ and P.+) as
2
Mrzniss = (PK+ - P7r+) ’ 9.1)

to be compatible with the squared 7t° mass. A tight condition on this kinematic variable
rejects the background due to other kaon decays to a 10° level and, secondly, reduces and
softens the contribution of the 7 7%y radiative decay. The selection algorithm, as pre-
sented in Chapter 10, is called “Kj;, selection” and the selected sample is referred to as
“Kor sample”. The Ky, sample corresponds to the tagging of a pure 71° beam with an
event-by-event determination of momentum and, given the very short 7 lifetime, decay
point. A Kp, sample selected on control-trigger data is used as normalization sample for
the analysis and determines the number of tagged 77° mesons, N. 1

The search for 1 — invisible decays is performed after applying the K, selection to
ntvv-trigger data (see Section 8.1.1 for the trigger conditions). Due to the topology of the
desired events, 7t° decays into “invisible” (undetectable) particles, stringent requirements
are applied to detect and to reject events with any additional activity correlated in time
to the incoming K™ or its daughter 7" due to 7° visible decays. The ensemble of these
requirements is referred to as “photon-rejection algorithm” and is described in Chapter 11.

After rejecting any event incompatible with the signature of 1° — invisible, how can
the remaining sample be interpreted? Crucially, how many background events are ex-
pected to be present in the selected sample? After the photon-rejection conditions, the
dominant background left is due to Kt — 7+ 7t°(y) decays with 7> — <7y, when all the
photons are undetected. Therefore, having an a priori knowledge of the 7° — 7y rejection
power leads to an estimate of the expected number of background events. The expected
contamination from 7° — < background events is determined from a combination of
data-based and MC simulations studies, as presented in Chapter 13 and Chapter 14. The
strategy adopted consists in studying the response of the photon-veto system to visible

ISince the selection criteria of the normalization sample efficiently reject events with a Dalitz 7° decay
(1° — eTe™ ), the normalization sample consists of Kt — 71+ 71°(7y) events with 71° — 7y decays.
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products of 7t° decays, by evaluating in control-data samples “single-photon” efficiencies
guaranteed by the sub-detectors composing the photon-veto system. Using an abundant
MC sample of K™ — 717 71°(7y) decays, the single-photon efficiencies are combined to eval-
uate the probability that each single event might survive the signal selection. The estimate
of the expected 7° rejection inefficiency (e,o in the following) is obtained as the average of
the survival event probabilities and is the figure of merit to determine the expected back-
ground contributions, which depend on the 777 momentum, and ranges from a few 107

to less than 1078, The number of expected background events (Chapter 15) is evaluated as:

kag = Npo X €70 X Etrigger (9:2)

where N is the number of tagged 71 mesons evaluated on control-trigger data after ap-
plying the Ky selection; 0 is the expected rejection inefficiency provided by the photon-
rejection algorithm; eyigger is the 7rvi-trigger efficiency evaluated for a 1° — invisible sig-
nal. Any background source other than the dominant is found to be negligible: as dis-
cussed in Chapter 15, the total contamination from other sources is at the level of a few
10~ and, in general, at most ~ 1% with respect to the 71°-induced contamination.

For method validation (Chapter 17), data sub-samples where no signal is expected
standing to past searches for ° — invisible are defined, with an expected background
contamination of @(10~7). The data in these samples are compared to the expected back-
ground and systematic uncertainties are derived from these cross checks. The statistical
treatment of the CL; method [103] is used to evaluate the 90% confidence level (CL) upper
limit for the number of signal events. The analysis is performed in bins of the 7" momen-
tum, with the momentum signal region chosen in order to optimize the analysis sensitivity
in the hypothesis of absence of signal (Chapter 18).

The branching ratio for 7° — invisible is computed as:

N,
BR(7® — invisible) = BR(7t° — X 2 9.3
( ) ( ’Y’Y) Nn" X Esignal X Etrigger ( )

where N; is the number of signal events obtained after background subtraction from the ob-
served event counts, after applying the K3, selection, the photon-rejection algorithm, and
the momentum-cut requirements to rrvi-triggered events; N is the number of tagged 7°
mesons evaluated after applying the Ky, selection on control-trigger data and without any
of the conditions in the photon-rejection algorithm; Esignal and Etrigger are the efficiencies for
the conditions of the photon-rejection algorithm and of the 7rv¥ trigger, respectively, eval-
uated for a 71° — invisible signal.

In the above Equation (9.3), the efficiency of the Ky, selection for 1% — 7y cancels at first
order with that for 71° — invisible, while the control-trigger efficiency for 7° — 7 is equal
to one within a few per mil.

The m° — invisible analysis has been set up with a sub-sample of data collected in
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the 2016 run period. It is important to underline that the signature for K — 7" 7° with
n° — invisible events is the same as that for a Kt — 7mvi decay. In this respect, both
the Ky, selection and the photon-rejection algorithm directly follow the selection criteria
applied for the analysis of Kt — 7ttvi decays with 2016 data [1, 2]. Since the photon-
rejection algorithm was optimized for the K* — 7" v analysis on the 2016 sample, the
complete 71° — invisible analysis has been performed blind with a sample of data collected
in the 2017 data taking leaving unchanged/frozen both the K3, selection and the photon-
rejection conditions. The analyzed sample, 2017 Sample A (see Chapter 8 for the data
taking conditions), consists of about 5.5x10!! kaon decays collected in the fiducial volume.
The NA62 Software Framework, described in Chapter 7, has been adopted regarding the
MC simulations, the data reconstruction, and the analysis tools.
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Chapter 10
The Kt — 7 7t°(y) Selection

Kt — 7 71°(7y) events (K in the following) are selected by the use of only the information
from the two charged particles involved in the process, the K™ and the 77". The two parti-
cles are individually tracked and, time and spatial consistency among them is required to
reconstruct the decay vertex. Cuts are applied against the so-called upstream background
(which includes early kaon decays, beam pion decays, or kaon-pion mis-matching) and a
good particle identification is required to identify the particle in the final state as a charged
pion. The variable used to kinematically select the K> signal events is the squared missing

mass M?>

s defined according to Equation (9.1). The selection can be divided into four

different steps:
1. Selection of events with a single track in the final state (single-track events).
2. Selection of K™ decays in the fiducial volume.
3. Particle identification of the 71+ candidates.
4. Definition of the Ky, signal region.

At the reprocessing level important actions were taken in order to ensure the good quality
of the collected and reconstructed data (see Section 8.2). Preliminary conditions are applied
at the analysis level to pre-select clean events: no global readout errors in any detector
must be present; at least one and less than ten track candidates must be reconstructed in
the STRAW spectrometer; at least one hit in both the NA48-CHOD and the LKr detectors
must be reconstructed and no more than 2 000 hits must be present in the LKr calorimeter.

10.1 Single-track events

Events with a single charged particle in the final state are selected starting from all tracks
reconstructed (according to Section 7.2.1) in the STRAW spectrometer. A correction on
the three-momentum of each STRAW track is applied by the SpectrometerTrackCorrec-
tions [134] tool, which acts on all reconstructed STRAW tracks according to the formula:

Pcorr = (1 + ,B)(l + q Puncorr) Puncorr (10-1)

where g is the charge of the track, puncorr the track three-momentum measured at the re-
construction stage, and « and  are run-dependent parameters centrally evaluated at the
reprocessing level with an independent selection of K™ — ™"~ events [149]. a is a
quadratic correction interpreted as a mis-alignment of the STRAW chambers 1 and 4, which

is extracted looking at the stability of the reconstructed 3-pion mass M(37) as a function
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of the momentum of the negative pion. § is connected with the difference between M (377)
and the nominal kaon mass and due to a mis-measurement of the spectrometer magnetic
field. Typical numbers are of the order 10> GeV ! for « and 1073 for B.

Among all tracks reconstructed in the STRAW spectrometer, only those being inside
the geometrical acceptance of the downstream detectors (see Table 10.1), having positive
charge and classified as having good quality are considered for the selection. The label of
good quality is given to STRAW tracks that meet the following conditions:

¢ The track has hits in all the 4 STRAW chambers.
* The chi square of the track fit X%it’ performed at the track reconstruction stage, is < 20.

¢ The difference between the track momenta measured before and after the fit (Apg)
must be < 20 GeV/c.

Detector Zdetector (M]  Xgetector [IMM]  7ipper [mm] Touter [mm]

Track required inside detector acceptance

STRAW chamber 1 183.508 101.2 75 1000
STRAW chamber 2 194.066 114.4 75 1000
STRAW chamber 3 204.459 924 75 1000
STRAW chamber 4 218.885 52.8 75 1000
RICH entrance 219.445 34 101 1100
RICH exit 237.326 2 101 1100
CHOD 238.132 0 140 1070
NA48-CHOD v. plane 239.009 0 125 1100
NA48-CHOD h. plane 239.389 0 125 1100
LKr 241.093 0 150 1130
(octagon apothem)
MUV1 243.418 0 130 1100
(square)
MUV2 244.435 0 130 1100
(square)
MUV3 246.800 0 130 1200
(square)

Track required outside detector acceptance

LAV12 front face 238.313 0 1070 -
LAV12 back face 238.783 0 1070 -
IRC 239.700 0 145 -

TABLE 10.1: Position of the detector centers in the xz plane (all detectors are centered at y = 0). The
acceptance conditions are applied as circular cuts, except for the outer part of the LKr calorimeter
and of the MUVs detectors.

The good-quality STRAW tracks must not form a vertex with any other “not-fake”
track. ! The two-track vertex is defined as the median point between the two STRAW tracks

1A STRAW track is classified as fake if it is reconstructed in the spectrometer with the information from
only three chambers and has either X%it > 30, or one or more hits in common with another track.
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at their closest distance of approach (CDA). The good-quality STRAW track is classified as
having a multi-track-vertex and discarded if the longitudinal position of the two-track ver-
tex is between 60 and 200 m, the CDA less than 15 mm and the time difference between the
two STRAW tracks less than 50 ns.

10.1.1 Association to downstream detectors

For all the STRAW tracks passing the above selection, matching conditions with candi-
dates reconstructed in the NA48-CHOD, CHOD, and LKr detectors are required. These
conditions are called “downstream selection”. For the RICH and the MUVs (MUV1-3) de-
tectors, at this stage of the selection the presence of one associated candidate is registered
but not enforced. The matching criteria make use of timing and spatial information, us-
ing detector candidates from the standard reconstruction and applying for the association
to the STRAW track standard routines present in the NA62Analysis package of the soft-
ware framework. The two exceptions are the NA48-CHOD and RICH detectors, where the

candidates are reconstructed at analysis level.

Track-NA48-CHOD association

Candidates are reconstructed at analysis level [1] by pairing horizontal and vertical hits
belonging to the same quadrant of the NA48-CHOD detector. The time of the candidate
(Tna4s-cHoD) is taken as the average of the hit times in the horizontal and vertical planes
(fynit and thpie). The coordinate of the transverse position of the candidate, nxa4s-crop, is
taken as the x and y hit coordinates at the vertical and horizontal planes, respectively. The
candidate associated to the STRAW track is selected by minimizing the discriminant:

o — f\ 2 T _ TSTRAW\ 2 7 __ 7NA48-CHOD | \ 2
Di _{ tyhit — thhit NA48-CHOD track NA48-CHOD — Tipacie
ISCINA48-CHOD = | — 7 —— | + + ,

30; 307 207
(10.2)
where TSIRAW s the track time as measured by the spectrometer and FNA5CHOD the ex-

trapolated track position at the vertical (x) and horizontal () planes of the NA48-CHOD
detector. The resolutions 0; = 3 ns, or = 7 ns and 0= = 13 mm are taken from the cor-
responding distributions. 2 A discriminant less than 15 and a time coincidence with the
STRAW track time in 20 ns are required for the association. In case no association is
found, the STRAW track is rejected.

Track—CHOD association

Candidates in the CHOD hodoscope are defined as hits that fire at least one pad of the de-
tector. The output of the standard tool SpectrometerNew CHODAssociation [134] is used:
all hits overlapping a circle around the extrapolated track impact point are associated to the
STRAW track. Among all the associated candidates only those in a time window of £5 ns

2The coefficients in front of the resolutions optimize the impact of the single contributions of the variables
on DiSCI‘NA48_CHOD [1]
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with respect to the time of the previously selected NA48-CHOD candidate (used here as
reference time for the STRAW track) are considered. The best associated CHOD candidate
is the one closest in space with the extrapolated track position 7<HOP at the detector plane,

and it must satisfy the following condition on a discriminant variable:

2 2
T _ TSTRAW 7 _ ?‘CHOD
Discrepop = ( CHODZ(T track + ’ CHODZO track <10, (10.3)
T 7

where the resolutions are 0z = 16 mm and o7 = 7 ns. In case the condition on Discrcyop is
not satisfied, the STRAW track is rejected.

Track-LKr association

The STRAW track association with the LKr calorimeter is made using either information
from clusters provided by the standard reconstruction (see Section 7.2.2) or from clusters
reconstructed at analysis level with an additional cell-based algorithm, if the standard clus-
ter is not found.

For the standard cluster the associated candidate is selected as the closest in space with
the extrapolated position of the STRAW track at the calorimeter surface. The two following
conditions are applied: [Pk, — 7ay | < 10 cm and |Tix, — ToIRAW] < 20 ns.

If no standard clusters are associated to the STRAW track, a cell-based cluster is built
by collecting all the hits in a radius of 10 cm from the extrapolated track impact point and
within £40 ns with respect to the track time. The time of the cell-based cluster is taken as
the time of the most energetic hit (seed), which must have at least 40 MeV, and the energy
as the sum of all the hit energies. The transverse position of the cell-based cluster is com-
puted as the average of the hit positions weighted by their energies. The cell-based cluster
is associated to the STRAW track if the distance from the track impact point is less than
10 cm and the time difference less or equal than 20 ns.

The associated LKr cluster (standard or cell-based) has to be in time with the previously
associated NA48-CHOD candidate: |Tixy — Tnass-caop| < 6 ns. In case no LKr cluster is
associated to the STRAW track, this is rejected.

Track—-RICH association

The association to the STRAW track is checked using the output of the standard tool Spec-
trometerRICHAssociation [134]: here a candidate is reconstructed by extrapolating the
track position at the mirror plane in order to identify the ring center, and a prediction on
the ring radius is made for different mass hypotheses (electron, muon, pion and kaon). To
the candidate associated to the STRAW track, called RICH-likelihood candidate in the fol-
lowing, a probability, based on a likelihood calculation [150], of being compatible with one
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of the four particle categories is assigned together with the most probable mass hypothesis.

Due to the importance of detecting the track in the RICH detector (required later for
the particle identification) a second method is used exploiting a standalone ring recon-
struction [1]: in-time hits are grouped and a ring is fitted assuming the passage of a single
particle. The standalone reconstruction method allows to measure the momentum of a par-
ticle under a given mass hypothesis (7" in this case) independently from the STRAW track
information. For each of the standalone-reconstructed ring candidates, a discriminant is
built as follows:

(10.4)

S L2 2
’rcenter—rfp\> n <TRICH — TNA48-CHOD>
Va

Discr =
RICH s 207

where 7eenter is the transverse position of the ring center, ?fp the STRAW track position
extrapolated at the focal plane of the RICH mirrors, Tricy the time of the reconstructed
ring candidate, Tnass-caop the time of the associated NA48-CHOD candidate (used as
reference), and the resolutions are 0 = 3 mm and ¢r = 0.3 ns. The best ring candidate
(called RICH single-ring candidate in the following), selected by minimizing Discrgicy, is
associated to the STRAW track if it satisfies the conditions:

¢ Discrricy < 50.

¢ Probability of the ring fit greater than 0.01.

* |Trict — Tnags-cHoD| < 2 ns.

At this stage of the selection events are kept even if no RICH candidates are associated to
the STRAW track. 3

Track-MUVs association

The standard tool SpectrometerCalorimeterAssociation [134] is used for the STRAW track
association to the candidates in the MUV1 and MUV?2 detectors. A candidate in the MUV1-2
is built by looking at all hits in a £25 ns time window around the STRAW track time and
close to the extrapolated track impact point both in the x and y detector plane. The output
of the tool contains information about the MUV1-2 candidates associated to the STRAW
track (one for each track) and the results of the particle identification based on a Multivari-
ate analysis (MVA) [110]. The tool searches also for a LKr cluster associated to the STRAW
track. In case no LKr cluster is found the STRAW track is rejected, while no conditions are
applied on the presence of MUV1 and MUV2 candidates at this stage of the selection.

For the MUV3 detector, the output of the standard tool SpectrometerMUV3Associa-
tion [134] is used, which provides all MUV3 candidates in a time coincidence of +5 ns
with the STRAW track and geometrically compatible with the extrapolated track position

3The presence of both a RICH-likelihood and RICH single-ring candidate associated to the STRAW track is
required at the particle identification step.
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at the detector plane. A MUV3 candidate is associated to the STRAW track if the candidate
time is within +5 ns from Tnass-cHoD (used as reference). At this stage of the selection
events are kept even if a MUV3 candidate is associated to the STRAW track. *

Track time

Despite its association to NA48-CHOD, CHOD, and LKr candidates, a STRAW track is re-
jected if the associated NA48-CHOD candidate is out of time (£25 ns time window) with
respect to the trigger time. An event is rejected if more than 9 downstream-track associ-
ations pass the trigger time condition. A weighted time is defined for each downstream
associated track using the timing information from the STRAW, NA48-CHOD, LKr and
RICH single-ring (if any) candidates as follow:

—1 1 -1 1
T _ Wgrraw ISTRAW + Wyass cHoD INA4s-cHOD + Wy i Tikr + Wiicy IRicH
downstream —

— ) — — (10.5)
WsTrAW T WNA48-cHOD T Wrkr T WricH
where the weighting factors are wsrraw = 10 ns, wnass-cHop = 0.5 ns, wik, = 1 ns, and
wricH = 0.2 ns [1]. In the following, Tyownstream Will be used as the reference time for the

downstream track.

Figure 10.1 shows the reconstructed squared missing mass (Equation (9.1)) under the
pion mass hypothesis as a function of the track momentum, as measured by the STRAW
spectrometer, for all the tracks which satisfy the downstream selection. The nominal beam
momentum and direction are assumed for the kaon: py,on = 74.9 GeV/c, 6, = 1.21 mrad,
and 0, = 0.026 mrad.

10.1.2 Association to upstream detectors

The presence of a kaon is required in the upstream detectors KTAG and GTK. The kaon de-
tection proceeds in two different steps: first, kaons are positively identified among all the
beam particles (mostly protons and pions); then, after measuring the momenta and direc-
tions in the GTK stations, kaon candidates are associated to each STRAW track passing the
downstream selection, and the best kaon-track association is selected. In case no upstream
association is found, the STRAW track is rejected. While for the KTAG detectors, candi-
dates from the standard reconstruction are considered, GTK candidates are reconstructed
at analysis level with the GigaTackerRecoAlgorithm tool [134]. The kaon-track association
is based on the method discussed in Reference [1].

Kaon tagging

Kaons are identified by the selection of KTAG candidates with at least 5 (out of 8) fired
sectors and a time within +2 ns with respect to Tgownstream- A signal candidate is formed

4A STRAW track associated to a MUV3 candidate indicates that the charged particle in the final state is a
muon. This kind of events are rejected later in the particle identification step.
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FIGURE 10.1: Distribution of the squared missing mass as a function of the STRAW track momen-
tum for all the tracks that satisfy the downstream selection (full data sample 2017A). For the STRAW
track 4-momenta the pion mass is assumed, while for the kaon 3-momentum the nominal beam mo-
mentum and direction are used. The main kaon decays are visible together with the distribution of
scattered beam particles.

by clustering iteratively in-time hits in different sectors. In case more than one KTAG
candidate is tagged as a kaon only the candidate closest in time is considered.

Kaon candidate selection

GTK candidates are built at analysis level with the standard algorithm GigaTrackerRecoAl-
gorithm [134] as discussed in Section 7.3.1. The time of the selected KTAG candidate serves
as reference time to GigaTrackerRecoAlgorithm. Among all the reconstructed GTK candi-
dates only those which are classified as good quality and consistent with the beam profile
in terms of momentum and directions are considered as kaon candidates. The following
requirements are made:
¢ o= (P o (e (Bt o,

where py, 0y, and 0, are the reconstructed momentum and directions of the GTK

candidate; ppeam = 74.9 GeV/c, 0rpeam = 1.22 mrad, and 6, peam = 0.025 mrad are

the beam nominal momentum and directions, respectively. The nominal resolution

of the beam parameters are 7, = 0.9 GeV/c, 05, = 0.12 mrad, and 0y, = 0.1 mrad.
* |Tgrk — Tkrag| < 0.6 ns.

The event is rejected if more than 10 GTK candidates satisfy the above conditions.
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Kaon-track association

For each selected downstream track, the best association to a kaon (GTK candidate) is
taken. A vertex is defined as the median point at the closest distance of approach (CDA)
between the selected STRAW track and any of the kaon candidates. In order to determine
the best associated GTK candidate, the measured values of the vertex CDA and the time
difference between the GTK and KTAG candidates are used to build the discriminant

Discr(CDAmeas, ATmeas) = (1 — PCDA) (1 =par), (10.6)

which represents the probability to have values for the CDA and the AT larger than those
observed. In the above Equation (10.6), p-pa (A7) is the integral of the Probability Density
Function (PDF) for the CDA (AT) to lie in the range between 0 and CDApe,s (between
—ATmeas and ATpeas). According to Reference [1] the following PDFs 5 also shown in
Figure 10.2, are used to build the discriminant:

2

_;(%)2 _;(%) oA
PDF(CDA) = 0.0702 ¢ 2\ /) +0.0229¢ 2\2%/) 4+0.015¢ 2 +

—0.0000016 CDA -+ 0.000033, (10.7)
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FIGURE 10.2: Left: Distribution of PDF(CDA) defined in Equation (10.7). Right: Distribution of
PDF(AT) defined in Equation (10.8).

The best kaon candidate associated to the downstream track is defined as the one with

the highest discriminant (Discrpest) and it must satisfy the following conditions:

¢ The difference between Discry,es and the discriminant of any other associated kaon

candidate must be greater than 0.01.

® Discrpest(CDA, AT) > 0.01 and CDA less than 7 mm.

5The PDFs are template functions obtained from a K™ — 7" 7~ 7" analysis [151].
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The standard tool BlueTubeTracker [134] is used to correct the vertex position and the kaon
and track three momenta due to residual magnetic field in the decay region. As measured
in Reference [1], the efficiency of the kaon-track association procedure is about 85%.

10.1.3 Kinematic refinement

In order to further refine the kinematic selection, additional requests are applied to the
STRAW track, to the GTK candidate, and to the reconstructed vertex, as follows.

* The kaon momentum and direction must be compatible with the beam profile. This
means py should lie in the range 72.7-77.2 GeV/c and 6y, should differ from the
average beam direction by less than 0.35 mrad.

¢ No more than 4 good GTK candidates must be present in the event (including the
candidate associated to the STRAW track).

* |Tgrk — Tnags-cHop| < 1.1 ns.

* The slope differences of the STRAW track measured before and after the fit should be
less than 0.3 mrad and 1 mrad in the xz and yz planes, respectively.

* The pattern recognition quality of the STRAW track candidate must be greater than
4.

¢ Atleast 15 hits and no more than 42 hits must belong to the STRAW track.
¢ The transverse position of the vertex must lie along the beamline. It is required:

—148.53 mm + 0.00122 Zyertex < Xvertex < —93.9 mm + 0.0012 zyertex and

—5.4 mm — 0.00010 zyertex < Yvertex < 3.6 mm + 0.00011 Zyertex -

If more than one STRAW track reaches this stage of the selection (a good track with both
downstream and upstream associations), only the track with candidates in NA48-CHOD,
LKr, RICH single-ring (if any), KTAG and GTK closest in time to the trigger is selected as
it track.

Figure 10.3 shows the distributions of the squared missing mass (left panel) and of the
longitudinal position of the vertex (right panel) as a function of the STRAW track momen-
tum for the events satisfying the selection of single-track final state events.

10.2 Kaon decays in the fiducial volume

In order to be classified as a good kaon decay, the longitudinal coordinate of the vertex
is required to be in the fiducial region: Zzyertex should lie in the range 105-165 m, repre-
senting the region between the last GTK station and the first STRAW chamber. Additional
conditions are applied to ensure the correct kaon-track association, rejecting the so-called
beam-related background. As shown in the right panel of Figure 10.3, a beam particle can
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FIGURE 10.3: Left: Squared missing mass versus track momentum for the events passing the single-
track selection. The momenta of the track and of the kaon are measured by the STRAW and GTK,
respectively. The pion mass hypothesis is assumed for the STRAW 4-momentum. Right: Longitu-
dinal position of the vertex versus STRAW track momentum for the events passing the single-track
selection. The 75 GeV/c component is due to elastic scattering of beam particles with material up-
stream of the GTK3 station (~ 102 m). The enhancement around the GTK3 longitudinal position
spanning the whole momentum range is due to inelastic interactions of beam particles in the last
GTK station. Correctly reconstructed kaon decays populate the region downstream the GTK3 sta-
tion.

be associated to a downstream track due to different processes, as explained in the follow-
ing:

¢ The beam particle does not interact with any material before reaching the fiducial
volume and here decays. These are the majority of the events and they populate the

Zyertex Te€gion above 105 m.

¢ The beam particle interacts with the material in the last GTK station and the prod-
ucts of these interactions are wrongly associated to the downstream track. For these
events the longitudinal position of the vertex has a peak at the GTK3 station (zyertex

around 102 m) spanning the whole momentum spectrum.

¢ The beam particle decays upstream of the GTK3 station and its daughter particles,
entering the fiducial volume, are wrongly associated to another kaon candidate re-
constructed in the GTK detector due to pileup events. These events populate the
Zvertex Tegion upstream of the last GTK station and have a peak in the momentum

spectrum at 75 GeV /c.

The first situation represents the correct kaon-track association and its kinematics are very
clean. Instead, the other two require more attention. In order to detect any possible back-
ground entering the fiducial volume and coming from an incorrect kaon-track association
additional conditions are applied.
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10.2.1 CHANTI veto

As described in Section 10.2.1, the CHANTT is a guard ring detector built to veto the inelas-
tic interactions of beam particles in the GTK stations (mostly in GTK3). An event is rejected
if at least one coincidence of x and y hits belonging to the same detector plane is found in
a time window of +3 ns with respect to the STRAW track reference time Tyownstream-

10.2.2 Residual GTK interactions

Following the K™ — v analysis [1], additional conditions are applied to veto residual
beam particle interactions in the GTK stations not detected by the CHANTI detector. It is
required that any good GTK candidate present in the event must not form a vertex with
the STRAW track candidate within the range 100 < zyertex < 105 m. The extrapolated
STRAW track position at the GTK3 plane has to lie outside of the station sensitive volume.
The Time-over-Threshold (ToT) of all the hits of the selected GTK kaon candidate must be
smaller than 23 ns and the GTK3 hits must be away from the extrapolated track position at

the station plane by more than 24 mm.

10.2.3 Upstream decays

As mentioned above, kaon decays can occur along the beamline upstream of the GTK sta-
tions and their products can enter the decay volume and be detected downstream. It can
happen that only one charged particle is detected in the final state while all the other decay
products are stopped by the passive material along the beamline. Since the parent kaon
is not present in the GTK detector, the charged STRAW track can be associated to an un-
related candidate reconstructed in the GTK stations due to pileup activity. These events
might be wrongly classified as having one STRAW track in the final state, thus polluting
the search for K™ — mtvi decays, as well as for K — 7" 71° with 7% decaying into in-
visible particles. Following the studies made on this type of events in the KT — vy
analysis [1], three additional conditions are applied:

* Early decay: using the position of the STRAW track and of the GTK kaon candidate
as extrapolated at the TRIM5 and at the last dipole (BEND6) magnets, it is required
that the event does not have a vertex with longitudinal coordinate lying in the region
99.5-101.8 m.

® RSTRAW — Zvertex Cut (Figure 10.4 left panel): the correlation between the STRAW track
and the GTK candidate is exploited, and a geometric cut is applied on the track trans-
verse distance with respect to the beamline at the STRAW chamber 1 (Rstraw1) as a
function of the z coordinate of the vertex. It is required that:

Rgtraw1 > 735 mm — 0.004 Zyertex ,
RstrAawt > 7462.5 mm — 0.0625 Zyertex and
Rotraw1 < 1812.5 mm — 0.0098333 zyertex-



84 Chapter 10. The K™ — 7tt7t°(+y) Selection

* Box cut (Figure 10.4 right panel): the STRAW track position as extrapolated at the

plane of the TRIM5 magnet has to be outside of the region [x/RIM>| < 100 mm and

[yIRIMS5| < 500 mm.
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FIGURE 10.4: Left: Distribution of the STRAW track transverse distance with respect to the beam-
line at STRAW chamber 1 versus the longitudinal position of kaon-track vertex. The selected events
are those inside the red lines. Right: Distribution of the extrapolated STRAW track position at the
TRIMS5 magnet mid plane (ztrpvs = 101.8 m). The rejected events are those inside the red box.

Figure 10.5 shows the distribution of the squared missing mass as a function of the
STRAW track momentum for the events selected as kaon decays inside the fiducial volume

after applying the veto conditions on upstream interactions and decays.

10.3 Particle identification

The information collected in Section 10.1.1 for the LKr, MUVs, and RICH detectors are
exploited for particle identification. The most probable kaon decay is into a muon and a
muon-neutrino, BR(K* — u*v,) ~ 63% [5], and therefore the major task of the particle
identification system in NA62 is a good pion/muon separation. For the K* — 7ttv# anal-
ysis a muon suppression of at least O(107) is required with the highest possible efficiency
for pion. In order to reach the desired performances for the experiment, a muon suppres-
sion of O(10°) is required from the calorimeters (LKr and HAC) plus the MUV3 detector,
and O(10?) from the RICH detector.

10.3.1 Calorimeters PID

The first requirement is the presence of no MUV3 candidates associated to the STRAW
track (see MUVs paragraph in Section 10.1.1 for the association). These are events in which
the charged particle in the final state is clearly identified as a muon, passing through 80 cm
of iron wall and reaching the MUV3 detector. More difficult to suppress are muons that do
not reach the MUV3 detector either because of the loss of the majority of their energy in
the calorimeters (LKr and HAC), or because of their decay upstream of the MUV3 detector.
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FIGURE 10.5: Squared missing mass distribution versus the STRAW track momentum for the se-
lected kaon decays in the fiducial volume. The squared missing mass is computed according to
Equation (9.1), using the 3-momenta measured by the STRAW and the GTK detectors for the pion
and kaon particles, respectively.

Those events are rejected with the output of the SpectrometerCalorimeterAssociation tool.
The tool provides particle identification probabilities based on a Multivariate analysis [110]
using information from the energies deposited in the LKr and HAC calorimeters and from
the shape of the induced shower. Given the output of the tool, the probability for pion
identification has to satisfy the condition

Prob(7r) > Max <O.6, 0.956 — 0.4596 ¢ (10.9)

—(Pegack [GeV/cl—11.44) >

5.27
which allows a flat pion identification efficiency around 85% through the entire STRAW
track momentum considered. In order to ensure the presence of only one charged particle
in the final state, the in-time energy deposited in the HAC calorimeter not associated to the
STRAW track must be less than 5 GeV, and the two ratios Eac/ Prrack and Ecalo/ Prrack must
be less than 1.2. Here Egyac and E ., are the HAC and the total calorimetric (HAC plus
LKTr) energies associated to the STRAW track and pyack is the track momentum measured
by the STRAW spectrometer. Moreover, to further reject positrons, the following condition
is applied: Ejxr/ Pirack < 0.8. Here Ey; is the energy of the LKr cluster associated to the
STRAW track according to the LKr paragraph in Section 10.1.1.

10.3.2 RICH PID

The presence of both RICH single-ring and RICH-likelihood candidates associated to the
STRAW track (see RICH paragraph in Section 10.1.1 for the association) is required for the
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RICH detector. In order to identify the charged particle in the final state as a pion, the
most probable hypothesis given by the likelihood algorithm must be the pion one, and the
ratio between the pion probability and the maximum probability for the muon and electron
identification must be greater than 1.2:

Prob(7)
Max (Prob(u), Prob(e))

>1.2. (10.10)

Using the track momentum measured by the STRAW spectrometer (piack) and the ring
radius of the associated RICH single-ring candidate (Riing) it is possible to calculate the
mass of the charged particle as follows:

R .
MRICH = Ptrack \/rfndex cos? <arctan <rmg>> —1 (10.11)

flength

where flength = 17.02 m is the mirrors focal length, and 7j,qex the refractive index of the
neon gas inside the RICH vessel calibrated on a burst-by-burst basis using electrons under
the velocity assumption B = 1. The mass of the single-ring candidate has to be in the range
133-200 MeV /c?, for pion identification. In the same way described in Section 10.1.2 for
the kaon-track association, a discriminant is built with the time of the RICH single-ring
candidate in place of the KTAG. The event is rejected if Discr(CDA, ATgtk—ricu) < 0.005.

10.3.3 PID results
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FIGURE 10.6: Left: Efficiency for the calorimetric-based pion-identification criteria detailed in the
text, for 7 and u ™. Right: Efficiency for the RICH-based pion-identification criteria detailed in the
text, for 7t and p ™.

The efficiency for calorimeter-based particle-identification for pions and muons are
measured with the selection of pure samples of K* — 7" 7% and K™ — p*v, events on
control-trigger data without using calorimeter information. The single-track selection and
the requirement of kaon decay in the fiducial volume, described in Sections 10.1 and 10.2,
are applied. The results are shown in the left panel of Figure 10.6: a total pion efficiency
of about 86.5% is obtained, with a muon rejection inefficiency of 2.7x107° in the range
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10-60 GeV/c for the STRAW track momentum. In a similar way, the efficiency for RICH-
based particle-identification is measured for pions and muons with the selection of data
control-trigger samples of K — 71" 7% and K™ — p v, decays without using RICH infor-
mation. The results are shown in the right panel of Figure 10.6, with a total pion efficiency
of about 78.2% and a muon rejection inefficiency of 4.3 x 10~2 in the STRAW track momen-
tum range 10-60 GeV/c.

10.4 K, signal region

The left panel of Figure 10.7 shows the squared missing mass distribution, evaluated ac-
cording to Equation (9.1) using the STRAW and GTK information as input, as a function
of the STRAW track momentum for all the events selected as K — 7t + X. The events
population is clearly dominated by Kt — 71t 7°(7y) decays. The two-body decay nature
of the Ky events results in a peak of the missing mass distribution around the 77° mass,
My = 134.97 MeV/c? [5].
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FIGURE 10.7: Left: Squared missing mass distribution versus STRAW track momentum for each
selected event of the type K* — 71" + X. The pion and kaon 3-momenta are given by the STRAW
and GTK candidates, respectively. The selected events are dominated by K+ — 717 71°(7y) events,
with a contribution from K™ — 7" 71°7t° decays for values of the squared missing mass above two
times the 7° mass (M2, > 0.07 GeV?/c*). Right: The Ky, signal region is defined in the two

dimensional plane of Mrzniss(RICH) versus Mrzn iss(STRAW)" The selected events are those inside the red

box, as defined in Equation (10.12).

In order to define the Ky, signal region, two different definitions of the missing mass
variable are used: while always using the kaon 4-momentum as measured by the GTK
detector, the pion 4-momentum is obtained, assuming the pion mass, in one case using
the STRAW track information and in the second case exploiting the momentum, Equa-
tion (10.11), given by the RICH single-ring candidate associated to the STRAW track. The
latter definition helps to reduce mis-reconstruction effects in the STRAW spectrometer. A
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two dimensional K signal region, shown in the right panel of Figure 10.7, is defined as: 6

2
0.015 < M2 straw) = (Pxr — PSTRAY)" < 0.021 Gev?/ ¢,

2
0< M2y = (Pe- = PREM)" <007 Gev2/ct (10.12)

In the 2017 Sample A about 21 x 10° K, events are selected on control-trigger data
in the STRAW track momentum range 10-60 GeV/c. They correspond to about 8.4 x 10’
tagged 71° mesons available for the normalization sample of the 7t° — invisible analysis,
after accounting for the 400 downscaling factor of the control trigger. In the selected sam-
ple, the total background contamination for decays different from K* — 7 7°(7y) with
7° — 77y is estimated to be below 107>, as also confirmed by the background studies made
in the K™ — 77 vv analysis of 2017 data [152]. The 7" momentum distribution of the se-
lected events is shown in Figure 10.8. Table 10.2 lists the number of tagged 7° mesons in
bins of 5 GeV/c of the 7™ momentum.
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FIGURE 10.8: Distribution of the 77+ momentum, as measured by the STRAW spectrometer, for Ky
events selected on control-trigger data in the 2017 Sample A.

The conditions applied reduce the contribution of hard photons radiated in the final state.
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t+ Momentum K, selected Ny
[GeV/c] [10°] [10°]
10-15 0.211 84.55
15-20 2.309 923.43
20-25 3.460 1383.90
25-30 4.031 1612.51
30-35 3.762 1504.93
35-40 3.284 1313.67
40 - 45 2.646 1058.54
45 -50 1.203 481.37
50 - 55 0.067 26.91
55 -60 0.001 0.35

TABLE 10.2: Number of tagged 7° mesons, estimated after applying the full Ky, selection on
control-trigger data for the full 2017 Sample A data set. The momentum bins are those used for
the estimation of the expected 7t° rejection, reported in Chapter 14.
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Chapter 11
The Photon-rejection Algorithm

In order to search for m° — invisible events it is mandatory to veto all the activity due
to 71° decays into “visible” particles, namely photons and electron-positron pairs. The de-
tectors dedicated to this purpose are the photon-veto detectors: LKr, LAV, and SAV. The
related conditions are given in Section 11.1 and are called photon-veto conditions. However,
photons from 7t° decays can convert in the material before reaching the photon-veto detec-
tors and the emitted electron-positron pair escapes detection. This can happen because the
e* energy is too low or a shower is initiated with the production of secondaries with small
enough energy to be lost to detection. Moreover, if the conversion happens upstream of the
STRAW spectrometer magnet, the particles can be deflected by the MNP33 magnet into not
instrumented regions in between the LAV stations or inside the beam tube. Very similar
situations can occur in case of Dalitz decays of the 7%, 7° — yete~, where the electron
and the positron can remain inside the beam tube, or be deflected into un-instrumented
regions, or can shower and give rise to additional photons, electrons and positrons with
smaller and smaller energy to be lost to detection. To achieve the highest efficiency for the
detection of visible t° decays, the combined information from different detectors is used.
The related set of conditions is called photon-conversion conditions and is detailed in Sec-
tion 11.2.

The criteria applied to detect and reject any visible 7° decay (photon-rejection algo-
rithm in the following) have been developed following the K* — 7" v analysis of 2016
data [1], with slight modifications of the photon-conversion conditions in order to have
stronger suppression. Therefore, the detection of photons from 7° decays has not been
optimized, on purpose, for the 77° — invisible analysis in order to evaluate the 77° rejection
for its use in the Kt — v analysis.

The signal sample for the search for 1° — invisible events is obtained after applying
the K> selection and all the conditions of the photon-rejection algorithm, as veto, on v -
trigger data. In order to evaluate the background contribution, single-photon efficiencies
for the detectors composing the photon-veto system are measured on data with K, events
selected as for the normalization sample (see Chapter 10 for the selection). The conditions
of the photon-rejection algorithm are here used to positively detect the presence of a photon
and/or a photon conversion, as it will be explained in detail in Chapter 13.
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11.1 Photon-veto conditions

11.1.1 Photons in LKr

In the LKr calorimeter photons are detected as clusters (see Section 7.2.2 for the LKr cluster
algorithm) that must be at least 10 cm away from the extrapolated 7" track position at
the LKr surface and in time with Tyuwnstream, Used as reference time for the event. The
time window is changed according to the cluster energy as shown in Table 11.1 taking into
account that

1.53 0.233

0T, . [ns] = 0.56 + ElGeV]  VEGeV] (11.1)

is the typical time resolution of an electromagnetic shower in the LKr calorimeter [1].

Cluster energy [GeV] Timing condition
E<1 |TLKr - Tdownstream| <5ns
1<E<?2 ‘TLKr - Tdownstream’ <5 OTike
2<E<I5 |TLKr - Tdownstrearn| <15¢ Tikr
E>15 ‘TLKr - Tdownstream’ <7007,
E>10 ‘TLKr - Tdownstream +25 DS| <3 UTix:
E > 10 |TLKr — Taownstream — 25 I’IS| <3 UTixe

TABLE 11.1: Timing conditions used to select photons in the LKr calorimeter. The typical time
resolution of an electromagnetic shower, o7, , is defined in Equation (11.1).

The wide time window at high energy helps to include non-gaussian tails in the time
distribution due to mis-reconstruction of the cluster time (in particular, due to pile-up ac-
tivity) [153]. Particular attention has to be paid to a possible time offset of 25 ns due to
the wrong assignment of the readout time slot for hits belonging to the same shower (time
jitter in the CREAMs) [153]. To further improve the photon detection, an auxiliary (cell-
based) reconstruction (see Section 7.2.2) is used. Since its efficiency for low-energy clusters
is higher than in the standard reconstruction, it helps to improve the photon detection at
low energies. Auxiliary photon clusters must be at least 10 cm away from the extrapo-
lated 7t* track impact point at the LKr surface and in time with Tgownstream according to
Table 11.1. Additionally, an energy above 700 MeV and a distance greater than 5 cm with
respect to any standard photon cluster (if any) are required.

11.1.2 Photons in LAV

In the LAV system photons are detected using the output of the LAVMatching tool [134].
The tool masks possible noisy blocks on a burst-by-burst basis using a central database
and searches for in-time LAV block hits. Given the double threshold setting of the LAV
readout, a hit may be reconstructed from up to four time measurements, corresponding to
the leading and trailing edge times on the high and low thresholds. Among all the in-time
reconstructed hits, only certain combinations of leading/trailing edges are considered in
the tool. For this analysis, the in-time LAV hits must be in a £5 ns time window with
respect to Tyownstream, Used as reference time.
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11.1.3 Photons in SAV

In the SAV detectors photons are detected using the information from the two readout
systems: the TDC- and the FADC-based readout. In both cases Tjownstream 1S considered
as the reference time. For the TDC readout the output of the SAVMatching [134] tool is
used with the requirement of a time window of £5 ns. As for the LAVMatching tool noisy
channels are checked on a burst-by-burst basis using a central database, and only certain
combinations of leading/trailing edges are considered. Instead, for the FADC readout all
the hits with an energy of at least 1 GeV and in a &5 ns time window are considered as
photon signals.

11.2 Photon-conversion conditions

Information from different detectors are used to detect photon conversions by looking for

in-time activity not associated to the 7t track (extra activity). The conditions include:
* The hit multiplicity from NA48-CHOD, CHOD, LKr, MUV0 and HASC detectors.

¢ The extra activity reconstructed standalone in the charged hodoscopes, CHOD and
NA48-CHOD.

The extra activity detected by the RICH detector.

The so-called STRAW-segment and single-particle information.

The LKr information from merged clusters and extra hits.

11.2.1 Hit multiplicity

Photon conversions are detected in the MUV0, HASC, NA48-CHOD, CHOD and LKr de-
tectors in a similar way as presented in Reference [1]. A photon conversion is detected if at

least one of the following conditions is satisfied.

MUV0 and HASC

Hits within +10 ns and +3 ns with respect to the reference time Tyownstream indicate the
presence of extra activity in the MUV0 and HASC detectors, respectively.

CHOD-NA48-CHOD association

All hits in a time window of £5 ns with respect to Tyownstream and 10 cm away from the
extrapolated 71t track impact point are considered as extra activity in the CHOD detec-
tor. Each of those hits is tried to be associated to an NA48-CHOD candidate, which is
reconstructed in a similar way as described in Section 10.1.1 by using as reference time
and position those of the CHOD hit and changing accordingly the resolution to build the
discriminant of Equation (10.2). The NA48-CHOD hit pair with smallest discriminant is



94 Chapter 11. The Photon-rejection Algorithm

associated to the CHOD hit if the time difference and space distance are smaller than 15 ns,
250 mm in the x coordinate, and 140 mm in the y coordinate, respectively. The condition is
fulfilled, if at least one CHOD-NA48-CHOD association is found.

CHOD-LKTr association

Extra hits in the CHOD detector (as defined above) can be associated to extra activity in the
LKr calorimeter. The latter is defined as a sample of hits with more than 50 MeV, at least
100 mm away from the extrapolated 7t* track impact point and in a 10 ns time window
with respect to Tgownstream- A CHOD-LKTr association exists if the hit time difference is less
than 15 ns and their positions at the LKr surface are closer than 250 mm in the x coordinate
and 140 mm in the y coordinate.

NA48-CHOD-LKTr association

Extra hits in the LKr calorimeter (as defined above) are used to find an association to NA48-
CHOD candidates in the same way as for the CHOD-NA48-CHOD association. In this
case, an association is found if the NA48-CHOD candidate with smallest discriminant (ac-
cording to Equation (10.2)) and the LKr hit have time difference and space distance less
than 15 ns and 130 mm, respectively.

11.2.2 CHOD and NA48-CHOD standalone extra activity

A CHOD standalone extra activity is detected if there is at least one hit 150 mm away
from the extrapolated 7" track impact point and in £5 ns time window with respect to
Tdownstream- For the NA48-CHOD, the presence of more than 3 hits (excluding the two hits
associated to the 7r" track) in £7 ns with respect to Tyownstream determine the standalone

extra activity.

11.2.3 RICH extra activity

Extra activity in the RICH detector is present if there are more than 4 hits in time, within a
time window of +0.5 ns with respect to the time of the 7" single-ring candidate, but not
spatially associated to the ring candidate. ! A spatial association between an extra RICH hit
and the 7" single-ring candidate is found if 0.9 < |#; — Tring|/ Rring < 1.1, where 7y is the
hit position, Rying and 7iing are the ring radius and ring center of the single-ring candidate.

11.2.4 STRAW-segment and single-particle information

In order to detect the presence of extra activity in the STRAW spectrometer two methods
are used: a procedure to reconstruct track segments [1] and a simple check on the number

of reconstructed tracks.

1The condition is specific to this analysis and it is not included in the Kt — mtvv selection.
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Track segments

Hits not belonging to the 71" track candidate and with a drift time between 0 and 170 ns are
clustered together in the different views of each chamber to form view-clusters. The same
pattern recognition algorithm applied for the standard reconstruction (see Section 7.2.1) is
used. View-clusters of different view-planes are then combined to form chamber-hits. For
each combination of chamber-hits in STRAW 1 and 2, a segment is built with the K*-7r+
vertex as third point and a least-squared fit is performed in the xz and yz planes. The triplet
is accepted if the fitted slopes in the two planes are smaller than 20 mrad, and the fitted
segment lies more than 30 mm away from the 71" track position in chamber 1 and 2. The
segment with minimum chi square )(gegment is defined as segment12. A similar procedure
is applied for the combination of chamber-hits in STRAW 3 and 4 and the K™-7t* vertex.
The fitted slope in the yz plane is required to be lower than 20 mrad and the direction
of the segment to be compatible either with a negative charged particle with momentum
lower than 90 GeV /¢ or with a positive charged particle with momentum not greater than
10 GeV/c. The segment with minimum chi square is defined as segment34.

Extra activity is detected in the STRAW spectrometer if:

|Tsegment12 - TGTK| < 35ns— 1'4X§egment12 or

2
| Tsegmentss — ToTk| < 4008 —5.7X% 0 meniss

where Tsegment is the average time of the two chamber-hits that produce the segment and
Tcrk the time of the GTK kaon candidate.

Single particle

The detection of photon conversions upstream or in the first STRAW chamber is improved
by looking for at least one reconstructed track (with hits in at least three chambers) with
positive charge in addition to the 7t* track. If the track is found, a two-track vertex is
reconstructed using the closest distance of approach. A photon conversion is detected, if
the related CDA is smaller than 30 mm.

11.2.5 LKr merged clusters and extra hits
Merging clusters

As stated in Section 11.1.1, for any photon detected in the LKr calorimeter the distance
between the extrapolated position of the 7t track at the calorimeter surface and the photon
cluster must be greater than 100 mm. However, rarely it can happen that the distance
between two reconstructed clusters is below 100 mm and therefore the additional activity
partially overlapped with the pion cluster is not detected. In order to detect this kind
of events, in-time LKr clusters (according to Table 11.1) from the standard reconstruction
with more than 2 GeV and between 40 and 100 mm from the 7tt track impact point are
classified as additional activity, if they are found together with more than 2 extra in-time
NA48-CHOD hits.
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Extra hits

To fully exploit the LKr photon-detection capability and to recover residual inefficiencies of
the clustering algorithm for soft photons, information from LKr hits is included. 2 All LKr
hits with an energy of at least 50 MeV and 300 mm away from the 71" track impact point
are grouped in 20x20 cm? regions covering the entire sensitive surface of the calorimeter.
Extra activity due to additional LKr hits is found if the sum of the hit energies in at least
one of the regions is greater than 500 MeV.

11.3 Efficiency of the photon-rejection algorithm

The effect of wrongly vetoing events actually with no photons nor photon conversions in
the final state is evaluated with a sample of K™ — u*v, (K, in the following) events
selected in control-trigger data. According to what is described in Sections 10.1 and 10.2,
K™ decays to a single positively charged daughter particle in the final state are selected. A
positive muon identification is obtained by requiring:

e A MUV3 candidate associated to the STRAW track.
* The ratio Erx;/ Pirack to be below 0.8.

¢ Both a RICH single-ring and a RICH-likelihood candidate associated to the STRAW
track.

¢ The most probable identification provided by the RICH likelihood to be the muon
hypothesis.

¢ The muon probability given by the SpectrometerCalorimeterAssociation tool to be
greater than 0.8 and the HAC energy not associated with the STRAW track less than
5 GeV.

|M2s = (Px+ — P+ )?| < 0.005 GeV?/c*, with the kaon and muon 3-momenta mea-

sured by the GTK and STRAW respectively.

About 1 x 108 K, events are selected in the STRAW track momentum region 10-60 GeV/c.
The photon-veto and photon-conversion conditions (together referred to as photon-rejection
algorithm) described in Sections 11.1 and 11.2 are applied consecutively on the selected
events resulting in a 45.8% signal loss due to accidental activity (random veto, RV), with
about 29% given by the photon-veto conditions. According to the studies made in the
K* — mtvv analysis [154], the corresponding efficiency of the photon-rejection algo-
rithm must be corrected by bias effects specific to the K,» and the Kt — mtn° with
n° — invisible final states. On one side, about 2.5% of the K> events satisfy the photon-
rejection conditions as a result of interactions of the muon. This figure is about 10% when

2The condition is specific to this analysis and it is not included in the K+ — 7+ v selection.

3For the single-photon efficiency study, described in Chapter 13, an additional photon cluster is required to
be present in the LKr calorimeter. Therefore, a distance from the photon position greater than 200 mm is asked
to the hits.
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considering a 7t" particle in the final state. The two corrections are evaluated with MC
simulations. A 3% relative systematic uncertainty is assigned, which accounts for the reli-
ability of the simulation in reproducing the response to 7t* interaction secondaries. After
correcting for these biases, the resulting efficiency of the photon-rejection algorithm is

Eignal = 1 — RV = (50.1 £ 1.6)%. (11.2)
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Chapter 12
The Trigger Efficiency

The signal sample of the search for the decays 1° — invisible is obtained from events
triggered by the mvi-trigger stream. The rrvi-trigger efficiency is determined from data
control samples of K* — 71t 7m° (Kp,) and KT — utv, (K,2) events, respectively for the
L0y and L1,5 trigger levels. A detailed description of the rtvv-trigger conditions is given

in Section 8.1.1.

12.1 L0, Trigger

For the 2017 Sample A, the L0, s-trigger conditions require
RICHx!Q, x UMTCx!MUV3x!E30,

where the detector primitives are:

e RICH: at least 3 hits clustered in time in the RICH detector.

Qy: coincidences in exactly two opposite quadrants of the CHOD hodoscope (condi-

tion in veto).
e UMTC: less than 6 in-time hits in the CHOD detector.

* MUV3: coincidences between MUV3 hits in the two PMTs reading the same scintil-

lator tile (condition in veto).

¢ E30: total energy released in the LKr calorimeter greater than 30 GeV or more than

one reconstructed cluster (condition in veto).

A sample of Ky events is selected on control-trigger data in the same way as described in
Chapter 10 for the normalization sample. In order to clean the sample and avoid events
with photon conversions upstream of the NA48-CHOD and CHOD detectors, the follow-
ing conditions are applied as veto !: Hit Multiplicity, RICH extra activity, NA48-CHOD and
CHOD standalone extra activity, STRAW segment and single particle. The L0, -trigger ef-
ficiency is obtained from the combination of three conditions: LORICH, LOComb (which in-
cludes the information from the CHOD and MUV3 primitives) and LOLKr (which includes
the LKr primitive condition !E30). The efficiency is evaluated by looking to the primitives
information recorded in the LOTP data. For each of the conditions, the presence of the cor-
responding primitives within 10 ns from the time of the reference detector is used to flag
the efficient events. The reference detector is the RICH (the CHOD when computing the

IThe conditions are described in details in Section 11.2, only the LKr information from merged clusters and
extra hits, Section 11.2.5, is not applied.
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LORICH efficiency). The selected K, sample is used to evaluate the efficiencies for the
LORICH and LOComb conditions as a function of the 7" momentum. To properly eval-
uate the signal efficiency for the LOLKr condition, the additional requirement of having
the two photons coming from the 7 decay hitting the LAV stations 2-11 is added. Since
the additional photons requirement restricts the K, sample to high 777 momentum (above
40 GeV/c), the LOLKr efficiency is evaluated as a function of the energy released in the
LKr calorimeter as shown in the left panel of Figure 12.1. In order to obtain the LOLKTr ef-
ficiency as a function of the 7" momentum, the energy-dependent efficiency is weighted,
by using the Epk:/ puack distribution, for the probability of a pion to release a fraction of
its energy in the calorimeter. The Ejx;/ Piack distribution of 777 mesons is obtained from
Kt — 7t decays (Figure 12.1 right panel) as derived in Reference [154].
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FIGURE 12.1: Left: LOLKTr efficiency as a function of the energy deposited in the LKr calorimeter
by the t* track. Right: Ratio of the energy released in the LKr calorimeter over the STRAW track
momentum for 71 particle derived from K+ — 77~ 7rt decays [154].

The LOx,g-trigger efficiency is shown as a function of the 77 momentum, as measured
by the STRAW spectrometer, in the left panel of Figure 12.2. Table 12.1 lists the L0y
efficiency in 5 GeV/c 7t momentum bins. Since the L0, s-trigger efficiency is not flat in
certain 5 GeV/c momentum bins, the total efficiency in each bin is computed by taking into
account the 777 momentum distribution, as shown in Figure 10.8, of K, events selected in
data according to the algorithm of Chapter 10. Each event is weighted by the L0, ;-trigger
efficiency shown in the left panel of Figure 12.2, and then for a 5 GeV /¢ 7" momentum bin

the total efficiency is computed as the weighted average.

12.2 L1,,; Trigger

For the 2017 Sample A the L1,,p-trigger conditions require
L1KTAG x L1LAV x LISTRAW,

where the level one algorithms are:
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FIGURE 12.2: Left: L0y p-trigger efficiency evaluated as the product of three components LORICH x
LOComb x LOLKr. The efficiency is obtained from a sample of K, events selected on control-
trigger data as described in the text. Right: L1,,s-trigger efficiency evaluated as the product of
three components LIKTAG x L1LAV x L1ISTRAW. The efficiency is obtained from a sample of K,,»
events selected on data triggered by the LO,p.

e L1KTAG: in-time KTAG hits in at least 5 out of 8 sectors.
e L1LAV: at most 3 in-time hits in the LAV stations 2-12.

* L1ISTRAW: a positive charged track reconstructed in the STRAW spectrometer with
momentum below 50 GeV/c, CDA < 20 cm, and zyertex < 180 m as obtained using

the nominal beam momentum and directions.

The efficiency of the L1, is evaluated on a sample of K> events triggered by the L0y, by
requiring the L1-autopass data: these are events in which the L1 algorithms are registered
but not enforced. The selection algorithm for K> events is similar to the one described in
Section 11.3. After requiring K™ decays to a single positively charged daughter particle,
the muon PID is performed with the RICH detector and the LKr and HAC calorimeters.
Since the presence of a MUV3 signal is asked as veto condition at trigger level in the L0,
no use of the MUV3 detector is made for the muon identification. The full photon-rejection
conditions are applied as veto to the K;» sample. The presence of the three L1,,; compo-
nents are checked and the results of the L1, ;-trigger efficiency as a function of the muon
track momentum are shown in the right panel of Figure 12.2. As done for the L0y, the
momentum distribution of K, events (Figure 10.8) is used to compute the L1,,5-trigger
efficiency in 5 GeV/c momentum bins. The results are listed in Table 12.1 together with the
value of the total rtvi-trigger efficiency (LO+L1) in 5 GeV/c 77 momentum bins.

As shown in Figure 12.3, the v i-trigger efficiency depends on the 7t* track momentum
and varies from about 90% at 10 GeV/c to about 40% at 60 GeV /¢, mainly due to the LOLKr
and to the LISTRAW conditions. A 3.5% relative systematic uncertainty is assigned to the
total trigger efficiency, due to the reliability of the technique used to reproduce offline the
hardware conditions applied at the LO-trigger level.
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+

T
Momentum 10-15 1520 20-25 25-30 30-35 3540 40-45 45-50 50-55 55-60
[GeV/c]

ero [%] 91.6 90.8 89.7 88.9 87.9 86.6 85.2 83.7 82.2 80.2
er1 [%] 100 95.2 95.0 94.8 94.5 93.2 88.7 85.4 54.0 43.9

916 863 82 843 831 807 755 715 444 352
Etrigger [%] + + + + + + + + + +
3.2 3.0 3.0 30 29 28 26 25 1.6 12

TABLE 12.1: LOzyp, L1y and total mvi-trigger efficiencies evaluated for a 77° — invisible signal in
5 GeV/c bins of the 77 momentum. The binning is the same used in Figure 14.5 for the evaluation
of the expected 71° rejection inefficiency.
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FIGURE 12.3: Total mvi-trigger efficiency (LO+L1) evaluated for a 1° — invisible signal in 5 GeV/c
bins of the 77 momentum. The binning is the same as that used for the evaluation of the expected
71° rejection inefficiency (Figure 14.5).
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Chapter 13
The Single-Photon Efficiencies: the
Tag&Probe Method

About 2x107 Ky, events are selected following the algorithm of Chapter 10 on control-
trigger data in the 77 momentum range 10-60 GeV /¢ and available to study the single-
photon efficiencies of the photon-veto system. Additional criteria applied on top of the Ky,
algorithm allow to select 77° decays into two photons with at least one photon cluster well
reconstructed in the LKr, so that a Tag&Probe method can be used. One photon from the
7° is used as “tagging” (indicated by 7tag) to determine the expected position and energy

of the second photon (7probe) pointing towards one of the photon-veto detectors.

13.1 Tagging photon

Events with one or two photon clusters reconstructed (from the standard reconstruction)
in the LKr calorimeter are selected. If the event contains two photon clusters, the tagging
photon is randomly chosen. Specific requirements are made on the tagging photon in order

to precisely determine the position and energy of the probed photon:
* The energy of the tagging photon E g has to be between 5 and 50 GeV.

* To prevent effects of possible reconstruction biases at the border of the LKr sensitive
volume, the tagging photon must be well inside the LKr sensitive region: the photon

transverse position g must be between 25 and 90 cm.

* To be sure that the cluster is consistent with a true photon cluster, it must not be
associated to in-time extra activity in the NA48-CHOD or CHOD detectors (see Sec-
tion 11.2.1 for the definition of extra activity). The cluster is not considered due to a

true photon if:

extra = Zextra
| Thtag — TRiads.cropl < 10ns and [7itag — FRA4s cHop| < 13 cm or,

| Tytag — TEISD] < 100, |Xytag — X3 p] < 25 cm and [yqtag — YO | < 14 cm.
* A distance of at least 5 cm from any LKr cell marked as dead cell by the official re-

construction is required. As a result of the study described in Appendix B, additional

four regions are spotted and marked as dead cells, too.

* A timing cut, tighter than the standard photon cluster selection, is applied:
| T tag — Tdownstream| < 3 0Ty, with o7, defined in Equation (11.1).
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¢ In the decay of % into two photons, the energy of each photon can be related to its
direction with respect to the 77° momentum as follows:

2

T ) 13.1
2 (Exe — [ cosbroy) (13D

m

true __
E7 =

Given the 77 4-momentum as Po = (Pg+ — P+ ), the consistency between the energy
of the tagging photon as measured by the LKr and the one expected for a decay

t® — v is enforced by the requirement that 0.7 < Eift‘;eg / E%Erg <13.

Figure 13.1 shows selected distributions of the tagging photon cluster. In total about 8 x 10°
events are selected after the requirements on the tagging photon.
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FIGURE 13.1: Distributions for the tagging photon: energy (top left), transverse position at the LKr
plane (top right), timing (bottom left), and ratio Ef;t‘;fg/ E,];Erg between expected and reconstructed
photon energy (bottom right). The selected photons are those which lie in the regions delimited by

red lines.
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13.2 Extrapolation of the probed photon

The 4-momentum of the missing photon is computed as

P’yprobe = (PK+ — Pp+ — Pytag)/ (13.2)

where the 3-momenta of the kaon and pion are measured by the GTK and STRAW detec-
tors, respectively. Instead, the 3-momentum of the tagging photon is evaluated by combin-
ing the energy and position of the LKr photon cluster with the position of the K-t " vertex.

To further constrain the missing 4-momentum of Equation (13.2) to be compatible with
probe| < 0.0025 GeV?/c* is added.
Figure 13.2 shows the mass distribution of the probed photon before the kinematic cut and

that of a photon, the kinematic condition Miprobe = |P§

its energy.
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FIGURE 13.2: Distributions of the invariant mass M?

Yprobe (left) and of the energy (right), after the

mass cut, for the probed photon.

Using the position of the KT-r" vertex as starting point, the position of the missing
photon is extrapolated to the planes of the photon-veto detectors to determine the detector
to which the photon is pointing, probed detector. ! If, after the extrapolation, no sensitive
area of any photon-veto detector is found being hit by the probed photon, this is consid-
ered out of acceptance. In this case the event is classified as “missing” and discarded in the
efficiency evaluation. The effect of wrongly labeling the events as missing or conversely
assign a detector when in reality the photon is out of acceptance is taken into account by
applying the method-bias correction to the single-photon efficiency measured in data as

IThe extrapolation technique adopted in this work was compared with a more sophisticated kinematic
fitting technique used to refine the estimate of the momentum of the photon to be searched for [155]. However,
the observed improvement of the resolution was not enough to further divide the LAV system in sub-structures
when evaluating the single-photon efficiency. Possible resolution effects are taken into account by applying
the method-bias correction (see Section 13.4.2) to the measured single-photon efficiency. Since the uncertainties
due to this correction do not dominate the total error budget of the expected 71° rejection inefficiency, the idea
of importing the kinematic fit treatment was discarded.
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explained in Section 13.4.2. In Table 13.1, the detector positions and the transverse radii
used for the acceptance conditions are listed. The acceptance conditions for both the inner
and the outer radii are tightened by 10 mm to reduce mis-tagging effects.

Detector Position Inner radius Outer radius Acceptance
Name (x,y,z) [mm] [mm] [mm] type
LAV1 (0,0,121363) 536.5 906.5 annular
LAV2 (0,0,128973) 536.5 906.5 annular
LAV3 (0,0,136583) 536.5 906.5 annular
LAV4 (0,0,144193) 536.5 906.5 annular
LAV5 (0,0,151803) 536.5 906.5 annular
LAV6 (0,0,165313) 767.5 1137.5 annular
LAV7 (0,0,172823) 767.5 1137.5 annular
LAVS (0,0,180333) 767.5 11375 annular
LAV9 (0,0,192709) 980 1350 annular
LAV10 (0,0,203102) 980 1350 annular
LAV11 (0,0, 217 528) 980 1350 annular
LAV12 (0,0,238315) 1070 1440 annular
IRC modulel (12,0, 239706) 60 145 annular
IRC module2 (12, 0, 239900) 61 145 annular
LKr (0, 0,241 093) 150 1130* annular / octagon
SAC (0,0,261210) - 205 ** box

TABLE 13.1: Position of the photon-veto detectors used for the extrapolation of the probed photon.
For the LAV stations, the z coordinate of the back face is considered. For the IRC detector, both front
and back modules are taken into account. *Length corresponding to the apothem of the octagon.
**Length corresponding to the side of the box.

13.3 Matching criteria

Detector-level single-photon efficiencies are measured on the data, as a function of the
photon energy. Since the available statistics is not enough to accurately study each LAV
station individually, the LAV system is considered as a whole, without distinguishing the
particular station towards which the probed photon is pointing. The IRC and SAC detec-
tors are treated separately, according to the specific detector to which the probed photon
is pointing. However, the matching condition is unique for both IRC and SAC, as it uses
candidates from both detectors. While selecting the sample for the efficiency evaluation for
a given photon-veto detector (LAV, SAV, LKr), the events with in-time photon candidates
additional to the tagging photon reconstructed in the photon-veto detectors other than the
probed one (SAV-LKr, LAV-LKr, LAV-SAV, respectively) are rejected. Figure 13.3 shows
the energies of the probed photons, as defined in Equation (13.2), for all the events selected
in the four samples used for the efficiencies evaluation.



13.3. Matching criteria 107

x10° x10°

- LAV

=
N

[y
o

[ee]

Events / (0.05 GeV)
Events / (0.4 GeV)

12 14 16 18 20 50 60 70
Eyprobe [GeV] Eyprobe [GeV]

X

[

o
w

Events / (1 GeV)
Events / (1 GeV)

L L L L L

10 20 30 40 50 60 70 50 60 70
Eyprobe [GEV] Eyprobe [GEV]

FIGURE 13.3: Energy distributions of the probed photon when pointing to the LAV system (top
left), to the LKr calorimeter (top right), and to the IRC (bottom left) and SAC (bottom right) detec-
tors.

Once the probed detector is known and no additional photons are detected in the other
vetoes, the presence of a photon candidate is verified exploiting the information from both
the photon-veto and photon-conversion conditions described in Chapter 11. To summa-
rize, the conditions are:

LAV is the probed detector: i, is the only photon detected in the LKr calorimeter, the
IRC and SAC detectors are used as vetoes. The probed photon is matched if a photon is
found in the LAV (Section 11.1.2) or if the photon-conversion flag is raised (Section 11.2).

IRC is the probed detector: 7, is the only photon detected in the LKr calorimeter, the
LAV system is used in veto. The probed photon is matched if a photon is found in the IRC
or SAC detectors (Section 11.1.3), or if the photon-conversion flag is raised (Section 11.2).

SAC is the probed detector: 71, is the only photon detected in the LKr calorimeter, the
LAV system is used in veto. The probed photon is matched if a photon is found in the IRC
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or SAC detectors (Section 11.1.3), or if the photon-conversion flag is raised (Section 11.2).

LKr is the probed detector: LAV, IRC, and SAC detectors are used in veto. Since these
events have three particles in the LKr calorimeter, an isolation condition is applied to the
expected position of the probed photon by requiring a distance of at least 45 cm from the
position of both the pion and the tagging photon clusters. Moreover, the expected trans-
verse position of the probed photon must be between 25 and 90 cm to ensure full sensitivity.
The probed photon is matched if a photon is found in the LKr calorimeter (Section 11.1.1)
or if the photon-conversion flag is raised (Section 11.2).

A measurement of the efficiencies as a function of the expected energy of the probed
photon is performed. A total of 31, 30 and 5 energy bins are used for the LAV, LKr, and
both IRC and SAC, respectively:

* LAV: bin width of 50 MeV for E,pope between 0 and 1 GeV, 500 MeV between 1 and
6 GeV, and one single bin above 6 GeV.

* LKr: bin width of 400 MeV in the region 0 < E,probe < 10 GeV, 5 GeV between 10
and 35 GeV, and one single bin above 35 GeV.

¢ JRC and SAC: bin width of 5 GeV below 10 GeV, one bin between 10 and 20 GeV, one
between 20 and 40 GeV, and one single bin above 40 GeV.

The splitting in bins of energy is chosen as a compromise between an accurate descrip-
tion of the efficiency as a function of the energy and the available statistics in each bin.

The efficiencies are evaluated with the Feldman-Cousins method [156] imposing 68% of

TP

confidence level. The measured efficiency for data will be referred to as e, .

13.4 Efficiency corrections

Two different effects need to be taken into account in order to estimate the true single-
photon efficiencies of the data (eg:;). The first one is the so-called random veto: an event is
classified as efficient even in absence of a photon-induced signal due to the detection of in-
time signal from accidental activity. The second is correlated with the Tag&Probe method
itself: since the expected energy and position of the probed photon is evaluated from the
information on the tagging photon as measured by the LKr calorimeter, an inaccurate re-
construction of the tagging energy and position leads to a wrong evaluation of the probed
energy and of the probed detector. The method-bias is significant for low energies of the

probed photon, and therefore affects the low energy region of the LAV and LK efficiencies.



13.4. Efficiency corrections 109

The following formula is used to correct the measured efficiencies and to evaluate the

true one:
1 — glrue 1- 8££ta
data = (1 —RV) b
1—¢l?
true __ 1— data 13.
Sdata (1 o RV) b ( 3 3)

where RV and b are the random veto and the method-bias corrections, respectively. The
two effects have opposite impacts on the efficiencies. The effect of the random veto is
mostly independent from the photon energy while depends on the probed detector. The
random veto systematically leads to an efficiency higher than the true one. After the re-
lated correction RV is applied, the measured efficiencies must decrease. The method-bias
depends both on the photon energy and on the probed detector. The related correction b
accounts for the different sources of bias inefficiency and can lead to an efficiency higher
or lower than the true one. In an ideal situation, where no random veto is introduced with
the matching criteria (RV = 0) and no bias is due to the method (b = 1) the true data
efficiencies coincide with the measured one.

13.4.1 Effect of the random veto on single-photon efficiencies

The random veto is evaluated in control-trigger data with K> events selected in a way
similar to what described in Section 11.3. The difference is that, here, only the random veto
due to the matching criteria (Section 13.3) used for the efficiency measurement is consid-
ered. This means that, for example the LKr efficiency is not affected by the random veto
due to accidental activity in the LAV and SAV detectors. The measured random veto is
about (32.8 £1.0)%, (35.3 +1.1)%, and (26.4 £ 0.8)% when evaluating the LKr, LAV, and
SAV efficiencies, respectively. Figure 13.4 shows the measured single-photon inefficien-
cies of LAV, LKr, IRC, and SAC detectors after the random veto correction is applied (in
Equation (13.3) the method-bias b is considered equal to 1). For comparison the inefficien-
cies obtained by applying the Tag&Probe method on reconstructed Kj,(,) MC simulated
events are also shown. 2 A good agreement between data and MC simulation is visible for
the low-energy part of the probed photon spectrum. A disagreement is observed for the
high-energy part. However, it is to be underline that the statistical uncertainty of the MC
inefficiencies is not negligible when evaluating the observed disagreement, in particular
for the very high-energy part of the spectrum.

2The random veto correction is not applied in this case, since no accidental activity is simulated in the
downstream part of the detector apparatus. As mentioned in Section 7.1.1, in the MC sample analyzed for
this analysis accidental activity is only simulated in the upstream detectors, GTK and KTAG, with the Up-
streamPileup Genrator tool, which is described in Section 7.3.2.
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FIGURE 13.4: Measured inefficiencies as a function of the energy of the probed photon (E;probe)
for data (solid line) and MC (dotted line). The data inefficiencies are corrected for the random veto
according to Equation (13.3) (the method-bias b correction is set equal to 1) which is not present in
the MC simulation.

13.4.2 Bias of the Tag&Probe method

The bias of the Tag&Probe method is studied with K;,(,) MC simulated events. The
Tag&Probe method is applied to the reconstructed MC events and the corresponding single-
photon efficiency (¢1f-) are computed as for the data. ® For inefficient events, the MC truth
information on the photon energies and directions is compared to that expected from the
Tag&Probe, thus allowing the various sources of the method-bias to be isolated, as de-

scribed in the following.

Figure 13.5 shows the true end point of the photons in the rz plane, plotted for the
events found to be inefficient while probing the LAV detector by applying the Tag&Probe

3The Ky selection described in Chapter 10 is applied to the reconstructed MC events as for data in order
to select the sample for the efficiencies evaluation.
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method in the MC. The approximate shape of the detector sensitive volumes are also plot-
ted for comparison. Three main categories of inefficient events are found:

i) Photons wrongly assumed as pointing to the sensitive volume of a LAV station, so-
called mis-tagging.

ii) Photons truly pointing to one of the LAV stations and converting to e™e™ pairs up-

stream of the station sensitive volume.

iii) Photons with end points within one of the LAV station sensitive volume undergoing
photo-nuclear interactions.
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FIGURE 13.5: Events flagged as inefficient, while probing the LAV detector within the MC to evalu-
ate sgc. Distribution of the transverse and longitudinal coordinates of the end points of the probed
photons, from MC truth information. Photons not pointing to any LAV station and photons con-
verting upstream of a station (whose products are lost detection) are dominant. Photons escaping
the apparatus are shown in the plot at 7eng = 1500 mm.

The above categories are related to well understood effects. First of all, a resolution
effect of the Tag&Probe method, resulting in an incorrect detector assignment (category i)).
For these events, the momentum of the probed photon (as defined in Equation (13.2)) is
expected to point towards one of the LAV stations, whereas the geometrical extrapolation
of the true MC momentum is outside the LAV acceptance: either the true photon line of
flight misses the LAV stations at large angle (since the photon momentum has been overes-
timated) or it is actually pointing to the LKr calorimeter (since the photon momentum has
been underestimated). The first case dominates below ~ 200 MeV and the second above
~ 1 GeV, as shown in the left panel of Figure 13.6. The first case directly leads to events
of category i) as defined above, and these events automatically introduce an inefficiency.
For the second case to produce events of category i), the LKr calorimeter must be ineffi-
cient, too, otherwise the events would have been rejected in advance by the veto condition
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against additional in-time activity in the LKr calorimeter: this inefficiency happens mostly
because the probed photon converts. Category ii) is relevant in the energy range 1-3 GeV,
where upstream conversions can be lost to detection because the e*e™ pair is severely bent
by the MNP33 spectrometer magnet. Category iii) is mostly relevant in the energy range
500 MeV-1 GeV. The right panel of Figure 13.6 shows the energy of the inefficient pho-
tons, as taken from the MC truth, for the three categories defined above. The region most
affected by the method-bias correction is that at low energy where category i) is the most
abundant case.
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FIGURE 13.6: MC events flagged as inefficient, when probing the LAV detector to evaluate ] }-.
Left: Difference between the expected and true energy of the probed photon versus the true energy.
Right: Fractional contribution to the inefficiency for the three categories defined in the text as a
function of the true energy of the probed photon.

Similar studies to those shown in Figures 13.5 and 13.6 for the LAV system are also
performed for the other detectors. The different contributions to the inefficiencies of the
LAV, LKr and SAV are listed in Table 13.2. For each of the detectors, the dominant source
of inefficiency is due to the mis-tagging contribution. While photon interactions are real
detection inefficiencies, the mis-tagging contribution is an intrinsic bias of the Tag&Probe
method for which the data single-photon efficiencies must be corrected.

LAV LKr SAV
Total inefficiency 4.5x 1072 58x107* 63 x 1074

Sources of inefficiency [%]

Mis-tagging 61.83 56.21 61.54
Photon-conversion 32.19 31.70 38.46
Photon-nuclear int. 4.66 12.09 -
Other interactions 1.32 - -

TABLE 13.2: Sources of the MC inefficiency. The mis-tagging contribution is taken into account by
the method-bias correction.
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The method-bias correction is defined as the ratio between the MC inefficiencies ob-
tained from the Tag&Probe method and the true one (1 — &{f&):
_ 1= enc (E)

b= —"=—"=. 13.4
1~ ee(E) 134

The efficiencies ¢}~ are evaluated as for the data, with the Tag&Probe method applied to
the reconstructed K,-(,) MC events. Instead, for )i the probed-photon energy and the
probed detector to which the photon is pointing are given by the MC truth. * Figure 13.7
shows the method-bias obtained for the LAV and LKr efficiencies. It significantly differs
from unity in the low-energy regions, namely E,;av < 2 GeV and E,1x: < 4 GeV, where
the effect of the mis-tagging is relevant. For the high-energy regions of LAV and LK,
namely E,1av > 2 GeV and E, 1k, > 4 GeV, the observed bias is compatible with 1 within
the statistical uncertainties. For the IRC and SAC efficiencies, the bias ratio is assumed
to be 1 in the following. Extremely large statistics would be needed to evaluate the bias
related to those detectors. As demonstrated by the method validation of Chapter 17, the
systematic uncertainty due to the IRC-SAC bias is expected to be a sub-leading effect after
the optimization of the signal momentum region (Chapter 18).
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FIGURE 13.7: MC inefficiency (top), as measured with the Tag&Probe method (blue) and with
the MC truth information (red), and measured method-bias (bottom) for the LAV and LKr detec-
tors. ° The bias plays a role in the low-energy region of the probed photon, recovering the ineffi-
ciency related to mis-tagging of the Tag&Probe method.

4The MC sample is treated using the UpstreamPileupGenerator tool (see Section 7.3.2 for the description).
This affects the reconstruction of the GTK detector and the matching with the STRAW track, but there is no
direct implication on the photon-veto capability. Obviously, a bias can be generated, as the resolution of the
probed photon receives contributions from the reconstruction of the two charged particles. This possible effect
is accounted for by the method-bias correction in the related data-based systematic uncertainty evaluation.
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The statistical uncertainty on the LAV and LKr method-bias corrections are evaluated
accounting for the partial correlation between eI}~ and &¢. Each event is flagged to
whether or not it can be used for the evaluation of the true and/or method efficiency and
for which energy bins of the probed photon. The efficiency is evaluated separately: i) for
the events only usable for the method (true) efficiency as a function of the method (true)
probed energy, EI” (E™®); and ii) for the events usable for both the method and true effi-
ciency as a function of the pair EiTP—E}Fme, where i and j can refer to different energy bins.
The method and true efficiencies are obtained as statistical-weighted average of the effi-
ciencies for the “only” and “both” categories. The statistical uncertainty is then propagated
by means of a toy MC simulation. The propagated error can be regarded as a conservative
estimate, since no parametrization of the measured efficiencies is done in order to reduce
the statistical uncertainties. As the energy of the probed photon increases, the error of the
method-bias decreases thanks to the correlation induced by the “both” category of events.
As a consequence, for the final LAV and LKr single-photon efficiencies, the MC statistical
uncertainty is dominant at low energy, while the data statistical uncertainty dominates at
high energy.

Systematic and statistical uncertainties on the method-bias and on the random veto
corrections are evaluated and accounted for when evaluating the expected 7° rejection in
Chapter 14. Since the 7t° rejection inefficiency is dominated by the single-photon detector
inefficiencies at high energy, for this work the MC statistics induces a marginal contribution
to the uncertainty on the estimated background.

13.5 Results for the single-photon efficiencies

The behavior of the LAV and LKr inefficiency is separately studied. At extremely low en-
ergies, the energy distribution of the probed photon is very steep in the LAV. Therefore,
the average energy in each bin is seen to differ from and is used in place of the bin cen-
ter. The analysis results are completely insensitive to this treatment. A further consistency
check is performed by smoothing the LAV and LKr efficiency curves, inclusive of the re-
lated statistical uncertainties. Details are given in Appendix D. None of the analysis results
(background expectations and uncertainties, optimization of the momentum signal region)
shows any significant variation whether or not such a treatment is applied. Therefore, the
LAV and LKr inefficiencies obtained with the smooth treatment are used in the analysis.

5In the LAV, the zig-zag behavior stems from the MC truth inefficiency, not from the Tag&Probe evaluation.
Apparently this effect is beyond the statistical fluctuations (evaluated using the Feldman-Cousins method with
68% coverage). The step observed above 750 MeV is due to the photo-nuclear effect: a bump is observed in the
true inefficiency, which is spread onto several bins in the Tag&Probe evaluation. The effect is less pronounced
in the Tag&Probe evaluation in data as seen in Figure 13.4.
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The results of the single-photon efficiency study are shown in Figure 13.8 after the cor-
rections of the efficiencies for the random veto and the method-bias, according to Equa-

tion (13.3). ® The summarized results are:

¢ in the LKr an inefficiency of O(10~*) between 10 and 20 GeV and below 10~° above
20 GeV.

* in the LAV an inefficiency of O(1072) between 1 and 4 GeV and below 102 above
4 GeV.

* in the IRC an inefficiency below 10~2 above 10 GeV.
¢ in the SAC an inefficiency of O(10~2) above 10 GeV.

Numerical values of the inefficiency as a function of the probed photon energy are given
in Appendix C in Table C.1 and Table C.2.
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FIGURE 13.8: Inefficiency versus the energy of the probed photon (E,probe) s a result of the single-
photon efficiency study.

®Only the statistical uncertainties are shown. The systematic uncertainties on the expected background
rejection induced by the single-photon efficiencies are discussed in Chapter 14.
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Chapter 14
The Expected 7t° Rejection

The single-photon efficiencies of the data are used as input to evaluate the expected 7°
rejection inefficiency by weighting K™ — 7 7°(7), Kyz(,), MC events. The MC sample
consists of about 60 million generated events. ! The selection described in Chapter 10 is
applied to the MC reconstructed events. The MC truth information is, instead, exploited
to geometrically extrapolate each photon of the event to the LKr, LAVs and SAV detectors.
Using the photon energies (given by the MC truth) and the respective detector, the event is
weighted by the probability w of detecting at least one photon:

W =€yt &y T g — €98y — €y €y — €€y T €9 E0p€q g =

= Wro + E’Yrad - wﬂos’)’rad (141)

where w0 = €,1 + €,2 — €,1€,2 is the probability of detecting at least one photon coming
from the 7° and e, is the efficiency of the i-photon. In case no detectable radiative photon
Yrad is present in the MC event (which corresponds to radiation of a photon with energy
softer than 10 keV in the kaon rest frame), the total weight coincides with w .

The expected rejection inefficiency €0 is obtained in bins of the 7" momentum, as a
function of the involved photon-veto detectors, and of the energy of the radiative photon.
Numerical results are listed in Table 14.1 for the 7+ momentum range 15-35 GeV/c, which
is the momentum range used in the K* — 7" v¥ analysis. The numbers provided corre-
spond to the central values, while the related uncertainties are provided only for the total
rejection inefficiency. The uncertainty evaluation is discussed in Section 14.1.

A difference is observed in the K™ momentum distribution of K™ — 71t 7t°(7y) events
selected in data and MC, as shown in Figure 14.1. The difference arises from the beam
simulation being tuned on the beam setup used during the 2016 data taking. In order to
avoid a possible bias induced by this discrepancy, the MC events are weighted with the
data/MC ratio. The impact of this correction on the estimate of the expected rejection

inefficiency is negligible with respect to the total uncertainty.

14.1 Uncertainties on the expected 7t° rejection

Three sources of uncertainty are considered when evaluating the rejection inefficiency €.:

* The statistical uncertainty due to the limited statistics of the K,y MC sample used
to obtain the average 71° rejection inefficiency.

1 As described in Section 7.1, for this sample 7% mesons are forced to decay into two photons.
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E?.q [MeV]

T° categories

rt? rejection inefficiency

Fraction of events

Intrinsic Total contribution

< 0.01 All categories  2.70 x 1078 2.59 x 108 0.957

LKr-LKr 4.86 x 10710 3.52x 10710 0.7236

LKr-LAV 109 x 10710 1.76 x 10711 0.1608

LKr-SAV 894 x 10-8 9.55 x 1077 0.1068

LKr-Missing* - - 0.0022

LAV-SAV  7.86 x 1077 5.11 x 1077 0.0065

SAV-Missing  1.24 x 10~* 1.24 x 1078 0.0001
0.01-2  All categories 2.19 x 1078 9.08 x 101 415 x 1072
2-4 All categories  1.06 x 1078 1.10 x 1071 1.04 x 1073
4-6 All categories  3.12 x 1077 891 x 10713 2.86 x 1074
6-8 All categories 2.41 x 1010 1.77 x 10714 7.34 x 107°
8-10 All categories 5.18 x 1071 1.56 x 10~1° 3.01 x 107°
>10 All categories 2.55 x 1071 6.90 x 1071 2.72 x107°

Total 7z° rejection inefficiency: (2.68ﬂ:‘918> x 1078

TABLE 14.1: Expected 7° rejection inefficiency for the 77t momentum range 15-35 GeV/c in the
different categories of the two 7t° photons and as a function of the energy of the radiative photon,
provided for the single category (intrinsic) and as contribution to the total rejection inefficiency.

E;ra 4 is given in the K™ center of mass. In the events with photon radiation softer than 10 keV, the

photon in not propagated in the GEANT4 simulation. The uncertainties of the total 77° rejection
inefficiency combine statistical and systematic uncertainties. *The category LKr-Missing does not
contribute to the evaluated rejection, but only to its uncertainty. This happens because in such
events the photon detected by the LKr has an energy above 35 GeV, where only an upper limit to
the LKr detection inefficiency could be set.

¢ The statistical uncertainty due to the statistical errors of the data single-photon effi-

ciencies.

¢ The systematic uncertainty due to the method-bias correction applied on the data

single-photon efficiencies.

The study of the uncertainties on the expected 7t° rejection inefficiency described in Sec-
tions 14.1.1, 14.1.2, and 14.1.3 takes as example the 77 momentum region 15-35 GeV/c.
However, this procedure is repeated in each of the 7% momentum bin in which the ex-

pected 7° rejection inefficiency is computed.

14.1.1 Statistical uncertainty of the MC

The uncertainty induced by the limited MC statistics is obtained by dividing in 20 sub-
samples the K;(,) MC events and computing for each sub-sample the expected 71° rejec-
tion inefficiency. The average of the 20 measurements is considered as the central value
of the rejection inefficiency .0 while its standard deviation is taken as statistical uncer-
tainty induced by the available MC statistics. For the 77 momentum region 15-35 GeV/c
given in Table 14.1, the result for the rejection inefficiency including only the MC statistical
uncertainty is e, = (2.68 £ 0.13) x 1078.
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FIGURE 14.1: Kaon momentum of Ky, events selected as described in Chapter 10 for data (blue)
and MC (red). The expected 7° rejection inefficiency is corrected to account for the difference ob-
served between data and MC.

14.1.2 Statistical uncertainty of the single-photon efficiencies

When evaluating the expected 7° rejection inefficiency, the single-photon efficiencies mea-
sured on data are used. In order to propagate the error of the single-photon efficien-
cies, the evaluation is repeated 1000 times randomly sampling the efficiencies with an
asymmetric distribution centered on the measured value and with left and right gaussian
spreads determined by the corresponding (asymmetric) uncertainties. From the distribu-
tion of the 1000 obtained rejection inefficiencies, left- and right-asymmetric uncertainties
are derived by taking 1 sigma confidence interval with 34.1% coverage on both sides of
g0 (obtained with the mean value of the single-photon efficiencies). In the momentum
region 15-35 GeV/c, the result for the rejection inefficiency including such an uncertainty
is 0 = (2687148) % 1078 = (2.68 % 013 yicuat) £ 8 Dagastay ) X 107

14.1.3 Systematic uncertainty of the single-photon efficiencies

The determination of the 71° rejection inefficiency based on MC simulation is sensitive to
systematic effects in the Tag&Probe method used to determine the single-photon efficiency.
The LKr calorimeter, a central detector in this work, can be considered as the most im-
portant source of systematic effects. In particular, the reliability of the MC in simulating
non-gaussian tails of the LKr energy resolution has been carefully studied. The LKr energy
resolution is evaluated in data and MC from the selection of K™ — 77 71°(y) events with
7t° undergoing Dalitz decay (K, events). The following data and MC samples have been
analyzed:

e Data 2017 Sample A. The filter POS3TVFilter [134] has been used during the cen-
tral reprocessing of the data in order to identify three-track events with a positron in
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the final state. The filter requires data collected within the Control, Multi-track and
Electron-multi track trigger streams (see Section 8.1.1 for the details of the trigger con-
figurations). Data are reconstructed with the software revision v1.0.2.

e MC sample of Kt — 77 7t°(y) events with the 71° meson forced to have Dalitz decay
(m° — yete™). About 5 x 107 events centrally produced with the software revision
v0.11.1 have been analyzed.

After applying the selection described in Appendix E, the expected 4-momentum of the
Dalitz photon Pyexpected = (Px+ — Pr+ — Por — P,-) is required to point to the LKr sensitive
volume. A distance greater than 20 cm is required between the expected photon position
and the impact point at the LKr surface of each of the three charged particles. The photon is
searched among the LKr photon clusters of the standard reconstruction. Only one photon
must be present in time with the event 2 and at least 15 cm away from the pion, electron,
and positron clusters. The photon cluster is required to be within 50 cm from its expected
position, as computed with the charged particles, and all the conditions imposed to the
tagging photon of the Tag&Probe method are applied (see Section 13.1).
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FIGURE 14.2: Difference between expected and reconstructed LKr photon energy as function of the
expected energy (computed with the charged particle 4-momenta) for selected K, events in data
(left) and MC (right).

The difference between the reconstructed and expected photon energy is evaluated in
bins of the expected energy, as shown in Figure 14.2 for the data (left panel) and MC (right
panel). The data distribution is populated by events in the very far tails of the resolution,
which are not present with the same rate (negative values of the y axis) or are absent alto-
gether (positive values of the y axis) in the simulation. ® In order to correctly account for
this effect in the calculation of the method-bias correction (described in Section 13.4.2), the

2The timing-versus-energy conditions are used, according to the list in Table 11.1.

3Possible contributions from the STRAW track reconstruction to the far tails of the energy residual distribu-
tions were studied in the context of the search for K™ — 71" 71° with 77 — yA’, as explained in Reference [157].
Using the MC truth for the it or et in place of the reconstructed tracks, no difference was observed in the
resolution evaluated in the MC and the data-MC comparison was unchanged.
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LKr resolution tails are parameterized from the K, data selection and then applied to the
Ky(4) MC sample used to evaluate the MC efficiencies as described in the following.

The resolution of the measured LKr photon energy in data is studied in 4 bins of the ex-
pected energy (0-5 GeV, 5-10 GeV, 10-20 GeV, and above 20 GeV) as shown in Figure 14.3.
The LKr resolution is described by the histogram itself for the bulk of the distribution
(gaussian central region delimited by the dashed black lines) and by the fit of the tails with
an inverted second order polynomial, f(x) = 1/ (pax? + p1x + po)-
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FIGURE 14.3: LKr energy resolution as evaluated in data with K, events selected as described in
the text. The difference between the reconstructed and expected photon energy is plotted in four
different bins of the expected energy. The blue points represent the data, while the red curve is the
result of the fit.

The parameterized LKr energy resolution obtained in data is inserted in the K, (,) MC
sample used for the evaluation of the single-photon efficiencies within the MC, with the

goal to correct the reconstructed energy of the tagging photon and determine the effect
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on the method-bias correction. Given the true energy of the photon cluster a new recon-
structed energy is randomly sampled according to the parameterization of the data resolu-
tion. Events in the far tails of the energy resolution are rare, but can affect the Tag&Probe
method. Given the limited MC statistics available for the evaluation of the method-bias
correction, and to avoid that the result is being driven by few events moved to the far tails
of the resolution, the energy smearing procedure is repeated 1000 times for each event.

The single-photon efficiencies of the Tag&Probe method are evaluated for this smeared
MC, providing an alternative method-bias correction (with respect to that defined in Sec-
tion 13.4.2) to be applied to the data efficiencies according to Equation (13.3). To control the
statistical uncertainty of this procedure, the total available K; () MC statistics (60 million
of events) is divided into two (equal sized) sub-samples and the method-bias is evaluated
separately in each of them, as shown in Figure 14.4. The data-MC resolution discrepancy
clearly affects the region 300 MeV-1 GeV of the method-bias for the LAV efficiency at the
level of a factor up to 2, while the effect is smaller when evaluating the method-bias for the
LKr efficiency. Given the LAV expected inefficiency and the method-bias correction extent,

a systematic uncertainty of <*J3 % on the low-energy region of the LAV inefficiency is

derived.
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FIGURE 14.4: Method-bias for the LAV (left) and LKr (right) efficiencies. The green and blue lines
represent the method-bias correction once the parameterized LKr resolution measured in the data
is inserted in the two (equal sized) Kj(,) MC sub-samples for the evaluation of expc- The red line
is the measured method-bias obtained in Section 13.4.2 without considering any resolution effect.

The 71° rejection inefficiency is evaluated after correcting the efficiency for each of the
two alternative method-bias factors. A corresponding systematic uncertainty is estimated
as the difference between the mean of the 7° rejection inefficiency using the two alterna-
tive method-bias values and that obtained without including any correction for the dif-
ferent data and MC LKr energy resolution. This procedure is applied for each of the 71"
momentum ranges where the 71° rejection inefficiency is evaluated. For the 77+ momentum

region 15-35 GeV /¢, given as example in Table 14.1, the rejection inefficiency obtained after
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including also the systematic uncertainty is
€0 = (2.683333) %1078 = (2,68 + 013 (mcstat) 1t (Datastat) 10.05(Datasyst)) % 1078,

After considering the impact of the LKr resolution on the method-bias correction, the result
for the rejection inefficiency uncertainties is practically unchanged. The statistical uncer-
tainty due to the data single-photon efficiencies is seen to dominate the total uncertainty.
Other tests for systematic effects are performed by comparing the expected background
events with the observed counts in data sidebands, as will be explained in Chapter 17.

14.2 Expected 7t° rejection as a function of the 7+ momentum

The expected 7t° rejection inefficiency is computed in 5 GeV/c bins of the 777 momentum.
An additional source of rejection in the data is given by accidental in-time activity in the
photon-veto detectors, the so-called random veto. The 7% rejection inefficiency evaluated
with the MC is therefore scaled by a factor &gjgnas = (1 — RV') = (0.501 £0.016), as obtained
in Section 11.3. For the 7" momentum range 15-35 GeV/¢ the corresponding 7° rejection
inefficiency is e, = (1.347072) x 1078,

A possible source of rejection present in data but not accounted for by the MC eval-
uation is given by the rrvi-trigger conditions, which perform an online photon veto both
at LO and at L1, with the LOLKr and L1LAV algorithms respectively. If the trigger condi-
tions are partly orthogonal to the offline conditions of the photon-rejection algorithm, the
trigger would induce an additional rejection. This possibility is investigated by selecting,
according to Chapter 10, K>, events on control-trigger data and looking for at least one
event which survives all the photon-rejection conditions but it is discarded by the v trig-
ger. After applying the full photon-rejection algorithm no event is seen to survive out of 21
million selected events before any rrvv-trigger requirement is applied. Therefore, with the
available statistics, any trigger effect on the rejection (if present) must be below 1 x 107 at
90% of confidence level.

The total expected rejection inefficiency as a function of the charged pion momentum
(5 GeV/c momentum bins) is shown in Figure 14.5. Table 14.2 lists the numerical val-
ues. The result strongly depends on the 7" momentum. Increasing the 77 momentum
above 40 GeV/c corresponds to decrease the 77° momentum below 35 GeV/c and to en-
hance the probability that one of the 7t photons escapes detection passing in the regions
not instrumented between two LAV stations. Instead, decreasing the 7" momentum be-
low 15-20 GeV/c increases the probability that the hardest of the two 77°-daughter photons
touches the beam pipe and converts therein into an e*e™ pair which is then lost to detec-

tion. *

4The eTe™ pair can be bent away from any sensitive volume of the detectors by the dipole magnet placed
between the MUV3 and SAC detectors.
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FIGURE 14.5: Overall expected rejection inefficiency of 7° from K™ — 7t 71°(7y) events estimated
from a combination of data single-photon efficiencies and MC simulation. The rejection inefficiency
is studied as a function of the charged pion momentum (5 GeV/c momentum bins).

The reliability of the rejection obtained with the Tag&Probe method needs to be veri-
fied. Control regions with an expected 7t° rejection inefficiency in-line (or above) the cur-
rent limit of O(10~7) [41] on the physical process are identified at the edges of the 7"

momentum spectrum:

e left sideband: 77 momentum 10-15 GeV /c, €0 = (1.43:(;:;11) x 1077,

e right sideband: 77t momentum 55-60 GeV/c, €70 = <6.6J_’i:(1)) x 1077,

The left sideband at low 77" momentum allows validation of the IRC and SAC efficiencies,
which are the leading contributors to the total 77° inefficiency, as shown in the left panel of
Figure 14.6. The LKr efficiency, instead, dominates the inefficiency at high 7" momentum
with a sub-leading contribution from the LAV (Figure 14.6 right panel) and might be vali-
dated in the right sideband. ® The validation studies are described in detail in Chapter 17.
After the validation, the momentum cut is optimized in the central region (7" momen-
tum 20-45 GeV/c) to obtain the optimal signal region for the final measurement of the
nt° — invisible decay, as discussed in Chapter 18.

5As it will explained in Chapter 17, the 50 GeV /c cut applied by the LISTRAW algorithm in the rrvi-trigger
stream, on whose data the 71 — invisible is based, excludes this possibility and a different approach for the
validation of the LKr and LAV efficiencies is followed.
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7t Momentum [GeV/c]

&0 [1078]

7.1
143771

3.0
5.81_3.2

0.87
1.16+1.04

0.55
0.26"033

0.64
0.15f0.10

0.74
0-45f0.43

19
2.31_5

25
3'85.1

5.3
8~51L4.2

10-15
15-20
20-25
25-30
30-35
35-40
40 -45
45 -50
50 -55
55-60

41
66" 40

TABLE 14.2: Values of the expected overall 7° rejection inefficiency, as reported in Figure 14.5. The
total uncertainties include the statistical contribution from MC, and the statistical and systematic
contributions from the data single-photon efficiencies.

107
& [ Sideband left
% r ™ Momentum
‘S 10-15 GeV/c
=107
3]
£

107°

[y
S
©

T T IR U T T

10*10 | | | | v | 3
Lk, Lk, Lq {4 Ry, AC,
"IRe -S4 ° V\I/.?C I/'S4 ° M/ss/-ng CM’Ss/’n

T° Photon Category

= B
o o
4 S

Inefficiency

[y
o
&

R T T H

107°

1070

Sideband right
" Momentum
55-60 GeV/c

L

| | |
L
S, g, g K"M/ss,,] Zr ) O

m° Photon Category

FIGURE 14.6: Inefficiency contributions to the total 77° rejection in different categories of the two
nt’-daughter photons for the two sideband regions. The inefficiency is dominated by the IRC&SAC
and LKr in the low (left) and high (right) 7" momentum sideband region, respectively. Only the
categories with an inefficiency contribution greater than 1010 are shown.
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Chapter 15
The Background Expectation

The signal sample for the search for 7° — invisible events is obtained after applying the
K> selection and the conditions of the photon-rejection algorithm, as veto, to rvi-trigger
data. After signal selection, the dominant background contribution of the residual events
is due to K™ — 71" 71°(y1p) events with 1% — 77 decays, where the photons emitted from
the 71° decay, as well as through the inner bremsstrahlung (IB) amplitude, are undetected.
The estimated background rejection is seen to strongly depend on the momentum of the
radiative photon from the IB amplitude (see Table 14.1): decays with a radiative photon
harder than 10 keV/c in the K* rest frame are rejected at the level of 1010 or better. ! Given
the rejection power on hard radiated photons, the background contribution from the radia-
tive process K™ — 71" 1%y mediated by a structure-dependent direct-emission transition
amplitude (DE) and by the interference (INT) between DE and IB amplitudes [158-160] is
negligible.

Any background source other than undetected K* — 71t 7t°(y), 1 — 7 decays can
also be considered negligible. This point is studied as an extension of the background esti-

mation of the K* — 7T v search [161]. From the procedure described in Reference [152],

2
miss

which produces a first estimate of the M. . . expected distribution as a function of the
" momentum, the background contributions other than the dominant 7°-induced back-
ground are evaluated. 2 As shown in Table 15.1, it turns out that the K — 7vv channel
is the largest single background contributor (as evaluated assuming the SM central value
for its branching ratio ®). Throughout the entire 77 momentum window considered, the
overall number of expected background events slowly varies with the momentum and is
well below 0.1 events for each 777 momentum bin considered. Normalized to the expected
rt’-induced background, the contribution of any other background is seen to be always

below 1.5%.

As discussed in Chapters 13 and 14, to evaluate the expected number of background
events, single-photon detection efficiencies are determined from a Tag&Probe method on
data, and the expected rejection for K — m™n°(y), m° — <7 decays is obtained by

n the MC simulation, the IB transition includes the effect of multiple soft photon emission by QED [141].
The energy of all the soft photons is summed up and provides the energy of the single photon emitted. The
momentum spectrum of the charged pion accounts for the total energy radiated. Since the 7° — invisible
analysis is insensitive to IB photons of energy harder than 10 keV, any effect induced by multiple photon
emission might be relevant only if all of the photons are softer than 10 keV. Any bias due to multiple photon
emission on the evaluation of the expected background events is therefore negligible.
2The aniss shape distributions has been obtained from private discussion with Giuseppe Ruggiero and
Tommaso Spadaro.

3BRgy (KT — trvw) = (8.4+£1.0) x 10711,
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Decay Background contribution
Kt — i 0.214
Kt = utv(y) 0.012
Kt = utv(y) (ut —etv) 0.003
Kt — ntmnom® 0.001
Upstream decays 0.084
Total background 0.314

TABLE 15.1: Summary of the background contributions other than the dominant one, undetected
Kt — 7t 7°(y) and ° — 7 events, for the full 7+ momentum spectrum considered. The esti-
mate of the number of background events is obtained by extension of the procedure adopted in the
K™ — mvy analysis of 2017 data.

weighting simulated events for the probability that all photons escape detection. The ex-
pected number of background events Ny, is evaluated after accounting for the trigger
efficiency according to Equation (9.2), here reported,

kag = Nr[“ X €0 X 5trigger

where ¢, is the expected 71° rejection inefficiency; euigger is the trigger efficiency; Nyo is
the number of tagged 71 mesons evaluated in data before any photon-rejection condition
is applied. The estimated number of background events in 5 GeV/c " momentum bins
are listed in Table 15.2. The uncertainties on the expected 7° rejection inefficiency and on

the trigger efficiency are propagated in the estimation on the number of background events.

7t Momentum [GeV/c] N0 [10°] ero [1078]  eqigger [%] Nbkg

10-15 84.55+0.18 143771 916432 111723
15-20 923.43 4 0.61 58730 863430  46°%
20-25 1383.90 + 0.74 1167087 852+3.0 143
25-30 1612.51 £ 0.80 026703  843+30 353
30-35 1504.93 +0.78 0.15M0%  831+£29  19'73
35— 40 1313.67 +£0.73 045M07:  80.7+28 48778
40 -45 1058.54 + 0.66 23172 755426 18735
45 -50 481.37 4 0.44 3827 715425 129757
50 — 55 26.91+0.10 85755 444416 1.0270%
55 — 60 0.35+0.01 66" 352+1.2 0.082130%

TABLE 15.2: Summary of the number of tagged 7r° mesons N0, expected background rejection
inefficiency eno, v-trigger efficiency éqigger, and estimated number of background events Npkg
evaluated in 5 GeV/c 7+ momentum bins.
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Chapter 16
The Statistical Treatment of Data: the CL,
Method

Given the estimated number of background events, the statistical treatment of the CL;
method [103] is used to evaluate the expected number of signal events N to a certain
confidence level (CL). The method is widely used in statistically limited searches, where
the transitions between exclusion, observation, discovery, and measurement are small. It
consists of two hypothesis tests:

¢ the null, or background-only, hypothesis (b) which here implies that the data can be
understood in terms of SM physics: 71 decays into visible particles that are unde-
tected.

e the alternative, signal-plus-background, hypothesis (s + b) which here means that
new physics can explain the observed data: 7t decays to invisible particles. Since
the background from 71° — 7y decays cannot be completely rejected, the alternative
hypothesis must include both signal and background.

The CL; method makes use of a modified frequentist statistics where the confidence level
observed for the signal-plus-background hypothesis (CL(,,)) is normalized to the confi-
dence level observed for the background-only hypothesis (CLy):

CLS — CLS+b — PrOb(QS+b Z QObS) (161)

CL, Prob(Qp > Qobs)

where Q is a test statistics and Qs the observed value of Q. It gives an approximation
to the confidence, in the signal hypothesis, one might have obtained if it would have been
possible to discard, with absolute certainty, that the selected events are due to background
processes. In this sense, conservative exclusion limits on the signal are obtained and the
signal hypothesis is excluded at a certain confidence level CL when CL; =1 — CL.

In order to determine CL;, MC-toy simulations are used to generate 1 million of possi-
ble background event counts (Ny,) evaluated from a Poisson distribution with mean equal
to the expected number of background events (IN;). For each generation, the test statistics
Qp must be evaluated: it is defined as the likelihood ratio (ratio of the probability densi-
ties) of the two hypotheses signal-plus-background and background-only, assuming that
Nj, counts are observed

Qp = —2In(Qy,) =2 [Ns — Nj,In <§ + 1)] ) (16.2)
b
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where
e~ (Ns+Np) (Ns + Nb)Nbi Nbi! e Ns (Ns + Nb)Nbi
Qv = | % Ny, N, ' (16
Nbi' e*Nb Nb b; Nb b;

The test statistics Qj is constructed to decrease monotonically for increasingly signal-like
experiments. Therefore, the confidence in the signal hypothesis is given by the probability
that the test statistics is greater than or equal to the value Qs observed in the experiment:

Oubs = 2 [Ns ~ Ny In <NS n 1)] : (16.4)
Np

The same procedure is applied to the alternative hypothesis of signal+background. CL )
is obtained with 1 million of MC-toy simulations used to generate N(,,;), counts from a
Poisson distribution with mean Ns + N, (where N, is defined as in the null hypothesis).
The test statistics Q. is defined according to Equations (16.2) and (16.3) by replacing Nj,
with N(s4p),- The probability of observing a test statistics Qp (Q(s+4)) greater or equal than
Qobs is computed by means of an integration given the Q, (Q(s4)) distribution for different
values of Nj, (N(sp),)-

A comparison between the achieved limits and those in the background-only hypothe-
sis is performed. Since the expected limits are computed supposing the absence of signal
(i.e. signal events are due to a background fluctuation), the number of observed events
Nops is assumed equal to a fluctuation of the background events N}, according to a Poisson
distribution. This procedure is repeated 200 times by generating independent MC-toy sim-
ulations. In each generation the number N, of background events is randomly extracted
from an asymmetric gaussian distribution centered on the value of the estimated back-
ground events Npg as given in Equation (9.2) and with left and right standard deviations
determined by its uncertainties. In order to evaluate the observed limit after the unblind-
ing of the signal region, the CL; is computed with N, equal to the number of residual
Ky, events on rrvv-trigger data after applying all the photon-rejection conditions. Both for
the expected and observed limits, for a given value of N}, a scan on the number of signal
events is done, resulting in a two dimensional distribution of the CL; value as a function
of N;. From this distribution, the median value of CL, together with the regions with 68%
and 95% statistical coverage are evaluated for each tested N; (as shown in Figure 17.1 for
the validation of the low-momentum sideband region).

The CL; method is used in Chapter 17 and Chapter 18 for the validation of the 7™
low-momentum sideband and for the optimization of the 7" signal region, respectively.
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Chapter 17
The Validation of the Background Estimate

As a consequence of the trend of the expected 7t° rejection inefficiency as a function of the
charged pion momentum (shown in Figure 14.5) three momentum regions are identified:
two sideband regions at the edges of the 77 momentum distribution and a central region.

17.1 Low-momentum region

In order to validate the rejection estimate and, therefore, the number of expected back-
ground events, the number of events expected in absence of a signal is compared to the
number of events observed in the data in the sideband momentum region 10-15 GeV/c.
Here the expected rejection inefficiency is €70 = (1.43f8:;}1) x 1077 and, considering the
uncertainties, the presence of 71° — invisible signal events can be excluded at 90% CL by
the experimental limit from the BNL experiment E949 [41]. Therefore a direct comparison
between expectation and observed events in the data can be done. In total about 85 x 10°
tagged 71° mesons are collected in data, as estimated by applying the Ky, selection on
control-trigger data and before any of the condition of the photon-rejection algorithm, and
given the estimated 7° rejection 11.1723 background events are expected (see Table 15.2).
From the CLs; method computed in absence of signal (the number of observed events in
data is taken as a fluctuation of the number of background events), the 90% CL limit on
the number of expected signal events is: Nyexp < 713?&1?;, where the uncertainties cor-
respond to the intervals with 68% (95%) statistical coverage. In the data signal sample, 14
events survive the Ky, selection after all the photon-rejection conditions are applied, re-
sulting from the CL; method in an observed 90% CL limit on signal events of Ny g5 < 9.4.
Figure 17.1 shows the two-dimensional distribution of the CL, as a function of N; for the
expected and observed limits. No excesses are observed, meaning that the observed sig-

nals are compatible with a statistical fluctuation of the sole background.

Given the number of signal events Ns one can derive the branching ratio according to
Equation (9.3) here reported:

Nj
N. mo X Esignal X £’rrigger

BR(7t° — invisible) = BR(7t° — 77) X

where Ny is the number of 77° mesons tagged on control-trigger data as estimated by
applying the K> selection before any photon-rejection conditions; €tigger and Esignal are
the efficiencies of the rv7 trigger and of the photon-rejection algorithm evaluated for a
nt° — invisible signal, respectively.

In the sideband region of 7t momentum 10-15 GeV/¢, the expected and observed upper
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FIGURE 17.1: Two dimensional distribution of CLs versus N; for the expected and observed upper
limits in the low-momentum sideband region 10-15 GeV/c. The number of expected background
events is 11.11“?:; while 14 events are observed in the data after all the signal selection. The CL;
results of the data (black line) are compared to the expected fluctuations in absence of a signal. The
band of the expected limit is obtained from a combination of MC simulation and data single-photon
efficiencies. The green (light blue) area is defined as having a statistical coverage of 34% (47.5%) on
either side from the statistical median. The red dashed line corresponds to set the limit at 90% CL
(CLy=1—CL =0.1).

limits at 90% CL are:

.. 1.00(+1.95 —
BReypected (717 — invisible) < (1‘81i0.68t1.03§) x 1077, (17.1)
BRopserved (70 — invisible) < 2.39 x 107, (17.2)

The expected and observed limits are compatible within one sigma. The comparison be-
tween expected and observed limits translates into the validation of the single-photon ef-
ticiencies of the IRC and SAC detectors, which are the leading contributions to the back-
ground in the 777 momentum bin 10-15 GeV /¢, as shown in the left panel of Figure 14.6:
the events with one photon pointing to the IRC or SAC detectors and the other pho-
ton escaping detection at large angle are dominating the veto performance for the low-
momentum sideband, with expected contributions to the 7% rejection inefficiency of ~
3x 1078 and ~ 8 x 1078, respectively. A systematic uncertainty on the IRC (SAC) inef-
ficiency above ~30 x10* (~"32 x10*) would produce a one-sigma discrepancy be-
tween the observed and expected branching ratios. These figures correspond to a factor
of f:f%:g (:f%f;’) times the total uncertainty quoted for the IRC (SAC) efficiency (here, the
two most energetic bins of Table C.2 contribute to the quoted 7t° rejection inefficiency).
Therefore the test performed translates into an upper limit on the systematic uncertainty
for the IRC and SAC efficiency. The results obtained can be translated into a maximum
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systematic uncertainty on the LKr calorimeter efficiency, too. The fraction of events with
one photon pointing to the LKr and the other escaping detection at large angle (“missing”)
is ~ 0.11%. A systematic uncertainty on the LKr efficiency above ~*30 x10~5 would pro-
duce a one-sigma discrepancy between the observed and expected branching ratios. This
figure corresponds to a factor of 4 to 10 times the upper total uncertainty quoted for the

LKr efficiency for the three highest energy bins of Table C.1.

17.2 High-momentum region

The LKr and LAV efficiencies drive the rejection inefficiency for high values of the 77 mo-
mentum (Figure 14.6 right panel) and can be validated with the sideband region between
55-60 GeV/c. However, this cannot be done as for the low-momentum sideband region
due to the cut at 50 GeV/c applied on the data by the LISTRAW algorithm used in the rtvv
trigger. Different possibilities have been investigated in order to overcome this issue. One
possibility would be to extend the sideband to the momentum region 50-60 GeV/c !, gain-
ing in statistics, and use the L1-autopass data (the events in which the L1 algorithms are
registered but not enforced), which correspond to about 25% of the L0, y-trigger events.
Since about 7 x 10* Ky, events are selected in the high-momentum region on control-trigger
data (see Chapter 10), the number of corresponding L1-autopass data is around 7 million
events, which would be barely sufficient to validate an expected rejection inefficiency of
O(10~7). However, this would imply a re-filter of the data used, since at the moment the
PNNFilter itself applies a cut at 50 GeV/c on the momentum of the STRAW tracks. Obvi-
ously, the validation cannot be performed using the control-trigger stream itself, given the
statistics. The lack of statistics in the 777 high-momentum region would make the results
of the two attempts (L1-autopass and pure control-trigger data) inconclusive and therefore
a different approach needs to be used to validate the LKr and LAV efficiencies by using the

central 7t momentum region.

17.3 Central-momentum region

In the central 777 momentum region of Figure 14.5, momentum between 20 and 45 GeV /c,
the LKr inefficiency starts to dominate the expected background rejection with a sub-
leading contribution from the LAV inefficiency. > The two inefficiencies increase their
contributions to the 7% rejection with the momentum, as shown in Figure 17.2. Given
an expected 71° rejection inefficiency on the order of 1078-10"7, the present experimental
limit [41] does not provide a useful constraint and a different test is performed with respect
to the validation of the low-momentum region.

1Given the estimated rejection, the presence of signal is still excluded by the present experimental limit.
2 As it will be discussed in Chapter 18, the signal momentum region for the final search for 71° — invisible
decays is chosen after the optimization of the momentum region 2045 GeV/c.
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FIGURE 17.2: Inefficiency contributions to the expected 71° rejection for three bins of the 7" mo-
mentum in the central momentum region. Only the contributions above 10~!2 are shown.

A particular approach [162] has been applied to validate the background expectations
in the 5 GeV/c " momentum bins of the central momentum region. The idea is to add
an artificial and energy-independent inefficiency ¢, to the LAV and LKr detectors, one at a
time, such that the corresponding 7t° rejection inefficiency is weakened to the level of 10~7
to 10° also in the central momentum region. The presence of signal events is excluded at
this level by the current experimental limit [41], and the background estimation obtained
in this way can be directly validated by comparison to data in which the LAV and LKr effi-
ciencies are similarly artificially decreased. The procedure is performed slightly differently
for the evaluation of the expected and observed 7° rejection inefficiency as explained in
the following.

Expected LAV-induced 7r° rejection While analyzing the MC K; () sample used to eval-
uate the expected 71° rejection, the LAV single-photon efficiency as measured in Chapter 13
is decreased by a constant value €. For each value of ¢, tested, the corresponding 7’ rejec-
tion inefficiency is obtained, as shown in the left panel of Figure 17.3. By construction, for
gy = 0 the rejection is equal to that obtained in Chapter 14.

Observed LAV-induced 7t° rejection When applying the photon-rejection algorithm of
Chapter 11 to the K>, data signal sample, the events are flagged as pertaining to the LAV,
and/or to the LKr, and/or the other vetoes if at least one photon is detected therein. An
artificial inefficiency €, is introduced for LAV-flagged events: in a fraction of cases equal
to ey, the LAV flag is switched off. These altered events can still be rejected if they are
tflagged by one of the other detectors, otherwise they determine an artificial contribution
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to the global inefficiency and therefore a worsening of the 7t° rejection inefficiency. Since
this test makes use of events which would be rejected in standard conditions and since
the expected 71° rejection inefficiency is artificially increased at the level of 1077 as checked
before with the MC, the blind analysis principle is preserved.

Expected LKr-induced 7t° rejection The same procedure described above for the LAV
cannot be applied for the validation of the LKr efficiency, since for the data events with one
or two photons detected by the LKr calorimeter would have to be carefully distinguished
to be compared with the expectation. 3> Therefore a different approach is explored. While
analyzing the MC Kj(,) sample used to evaluate the expected 7’ rejection, events with
one or more photons pointing to the LKr calorimeter are altered: the probability w, defined
in Equation (14.1), is decreased for these events by a constant value ¢,. For each value
of &, tested, the corresponding 71° rejection inefficiency is obtained, as shown in the right
panel of Figure 17.3. By construction, for e, = 0 the rejection is equal to that obtained in
Chapter 14.

Observed LKr-induced 7t° rejection Exactly as for the LAV, when applying the photon-
rejection algorithm of Chapter 11 to the K;, data signal sample, the events are flagged as
pertaining to the LAV, and/or to the LKr, and/or to the other vetoes if at least one photon
is detected therein. An artificial global inefficiency ¢, is introduced for LKr-flagged events:
in a fraction of cases equal to ¢y, the LKr flag is switched off. These altered events can still
be rejected if they are flagged by one of the other detectors, otherwise they determine an ar-
tificial contribution to the global inefficiency and therefore a worsening of the 7t° rejection
inefficiency. Also in this case the blind analysis principle is preserved, since the test makes
use of events which would be rejected in standard conditions and since the expected 7°
rejection inefficiency is artificially increased at the level of 107 as checked before with the
MC. However, introducing a global inefficiency to the expected LKr-induced 7’ rejection
enhances mostly the contribution of the events with two photons in the LKr calorimeter
(since they are the majority of events with at least one photon in the detector acceptance).
Anyway, the dominant contribution from the LKr to the final 7t° rejection comes from the
category with only one photon inside the calorimeter and the second lost at large angle
(the so-called LKr-Missing category), therefore this study on the LKr cannot provide an
estimate on the systematic uncertainty due to the LKr efficiency. Only the test on the LAV
can be used to validate the background rejection.

A complication arises for the test of the observed 7% rejection. The v trigger already
applies a veto on the photons in the LKr and LAV detectors (through the LOLKr and L1ILAV
requests), so that the sample used for the signal search is biased. For this validation to be
implemented with reasonable simplicity, data from a different trigger stream must be used.

3For the test of the LAV efficiency, the contribution of the events with two photons detected in the LAV
system is negligible, see Figure 17.2 and Table 14.1.
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FIGURE 17.3: An artificial single-photon and a global inefficiencies ¢, are introduced, one at a
time, for the LAV (left) and LKr (right) respectively, and the expected 7° rejection inefficiency is re-
computed as ey varies. Regions in which the expected rejection inefficiency is of O(10~7) or greater
can now be cross-checked with the data. For e, = 0 a 7° rejection inefficiency of about 5 x 10~°
is obtained according to the procedure described in Chapter 14. The momentum region between
20-40 GeV/c is used for this test.

Two alternatives are explored: data from the Non-Muon trigger and from the control trigger.

A large amount of Ky, events is collected with the Non-Muon trigger mask (see Sec-
tion 8.1.1 for the details on the trigger configurations). The conditions for the 2017 Sample
A required by this trigger stream are:

e [0: RICH x Q; x!MUV3
e L1: KTAG

A downscaling factor of 200 is applied at LO-trigger level. The number of Ky, selected
events is roughly a factor of 3 more than those counted in the control-trigger stream. The fil-
ter OneTrackNotMuonFilter [134] has been specifically developed for the Non-Muon trigger
stream, with the main purpose of selecting a sample useful for accidental activity (random
veto) studies on the LAV system and the LKr calorimeter. The filter requires single-track
events with momentum below 40 GeV /¢ and no in-time activity in the SAV detector. How-
ever, at the moment this analysis is done no reconstructed data are available for the 2017
Sample A since the filter was not included in the central reprocessing of the data. For this
reason, the background validation with this trigger stream cannot be performed.

The second possibility investigated for the validation of the background rejection is
the use of pure control-trigger data. Due to the downscaling factor of 400, the validation
procedure described above cannot be applied separately for each 5 GeV/c 7 momentum
bin of the central momentum region, since at least (9(107) selected K, events are needed.
In order to have a reasonable amount of statistics, the momentum region under valida-
tion is extended to the range 2040 GeV/c. In the data sample of 2017 A about 1.5 x 107
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Ko events are selected in this region before applying any of the conditions of the photon-
rejection algorithm. The estimated 71° rejection inefficiency from the MC simulation and
the single-photon efficiencies is about 5 x 10~?, with contributions given in Table 17.1: the
IRC and LKr detectors are the relevant sources for the estimated 7t° rejection inefficiency,
with a sub-leading contribution at the level of 20% from the LAV.

E.q [MeV]

7t° categories

7t° rejection inefficiency

Fraction of events

Intrinsic ~ Total contribution

< 0.01 All categories  4.83 x 1077 4.62 x 1077 0.957

- LKr-LKr  0.80 x 107° 0.57 x 10~° 0.712

- LKr-LAV  1.05x 107 0.22 x 1077 0.210

- LKr-SAV 253 x10°8 1.85 x 1077 0.073

- LKr - Missing ~ 8.00 x 108 0.24 x 1077 0.003

- LAV-SAV  3.15x 1077 0.63 x 1077 0.002
- SAV - Missing  4.33 x 107> 1.30 x 1077 3x107°
0.01-2 All categories  3.45 x 1077 1.45 x 10710 42x1072
2-4 All categories  1.88 x 1077 1.88 x 10712 1.0x 1073
4-6 All categories  6.68 x 1010 1.87 x 10713 28x 1074
6-8 All categories  7.82 x 1010 0.61 x 10713 7.8 x 1075
8-10 All categories  1.16 x 1071° 3.59 x 101 3.1x107°
> 10 All categories  7.96 x 10711 215 x 1071 27x107°

Total 7r° rejection inefficiency™: (4.8752) x 10~°

TABLE 17.1: Contributions to the expected 71° rejection inefficiency in the 77 momentum region
20-40 GeV/c used for the validation of the background rejection. *Statistical and systematic uncer-
tainties are combined.

After applying the method described above for the LAV, the observed 717 rejection inef-
ficiency is computed in control-trigger data and shown as a function of the artificial ineffi-
ciency ¢, in Figure 17.4, allowing a comparison with the expected 7° rejection inefficiency
after the LAV efficiency is worsened. The numerical values are listed in Table 17.2. For
the observed rejection inefficiencies the uncertainties are dominated by the data statistics
and are partially correlated when e, varies. The uncertainties on the expected rejection
inefficiencies are dominated by the statistical contribution of the single-photon detector ef-

ficiencies and are mostly correlated when ¢, varies.

Throughout the &, values tested, expected and observed rejections are compatible within

the quoted uncertainties, and two consequences can be derived:

¢ The LAV inefficiency had to be increased by 20%, to induce a 1077 rejection ineffi-
ciency. This is due to the sub-leading contribution of the LAV efficiency to the 7t° re-
jection as shown in Table 17.1. The worsening of the rejection inefficiency linearly de-
pends on the average LAV artificial inefficiency. An absolute systematic uncertainty
of 1.5% on the LAV inefficiency would bias the rejection inefficiency by 6 x 107, i.e.
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FIGURE 17.4: Observed (blue) and expected (red) 7t° rejection inefficiency as a function of an artifi-
cial LAV inefficiency ey, introduced as explained in the text. The 7 momentum range 2040 GeV/c
is considered for the validation test.

Expected rejection Observed rejection
inefficiency [10~7] inefficiency [10~7]

X

0.22
0.05 0.2475%2 -
0.38
0.1 0487035 -
0.2 097572 1107572
0.3 145458 1.627)88
0.4 19777 22719
2.0 2.3
0.6 2929 33113

TABLE 17.2: Numerical values for the expected and observed 7° rejection inefficiencies as a func-
tion of an artificial LAV inefficiency introduced as explained in the text. The 777 momentum region
20-40 GeV/c is considered for the validation test.

by one standard deviation. The agreement observed when evaluating the system-
atic uncertainty of the rejection from the method-bias correction allows setting the

systematic error for the LAV inefficiency at ;5 %, thus implying a systematic uncer-

tainty on the 7° rejection inefficiency of 3% x 1077

Given a 20% increase in the LAV inefficiency, the dominant contributors to the 7°
rejection inefficiency are given by the LKr-LAV and LAV-SAV (LAV-IRC indeed)
configurations, as shown in Table 17.3. A one-sigma variation of the difference be-
tween observed and expected 7° rejections would be obtained after varying the LKr
inefficiency by a factor T x 107°. This is less than the approximate absolute uncer-

tainty on the LKr efficiency, see Table C.1. The test performed allows concluding that
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any systematic error on the LKr efficiency is below the quoted statistical uncertainty.

Similarly, a variation of ﬂ:g x 10~% of the IRC inefficiency would correspond to a

one-sigma variation of the difference between observed and expected 7 rejection in-

efficiencies. This allows a slightly more stringent constraint on the IRC systematic

uncertainty than the test using the low-momentum region.

Therefore, from the test performed on the LAV inefficiency upper limits are derived on the

systematic uncertainties for the LKr and IRC inefficiencies.

The effect of the random veto when evaluating the observed rejection is seen to be well

below the quoted uncertainties.

E? .4 [MeV]

7t° categories

7t° rejection inefficiency

Fraction of events

Intrinsic  Total contribution

< 0.01 All categories  0.95 x 107 0.91 x 107 0.957

- LKr-LKr  0.08 x 1078 0.06 x 1078 0.712

- LKr-LAV  3.10 x 1077 6.46 x 1078 0.210

- LKr-SAV  2.60 x 1078 0.19 x 108 0.073

- LKr - Missing  6.67 x 1078 0.02 x 1078 0.003

- LAV-SAV  1.32x107° 2.64 x 1078 0.002
- SAV - Missing 4.33 x 107° 0.13 x 1078 3x107°
0.01-2 All categories  7.88 x 1078 331 x 1077 42 %1072
24 All categories  4.97 x 1078 4.97 x 10~ 1.0x 1073
4-6 All categories  2.75 x 1078 0.77 x 1071 28x1074
6-8 All categories  4.52 x 1078 3.53 x 10712 7.8 x 1075
8-10 All categories  0.64 x 1078 1.98 x 10713 3.1 x107°
> 10 All categories  0.17 x 1078 454 x 1071 2.7 x107

Total 77° rejection inefficiency™: <0.97J_r8:g;) x 1077

TABLE 17.3: Contributions to the expected 7° rejection inefficiency in the 777 momentum region
2040 GeV/c after increasing the LAV inefficiency by 20%. *Statistical and systematic uncertainties
are combined.

17.4 Summary of the validation

The systematic uncertainties on the expected 7° rejection inefficiency derived from the
validation of the analysis as discussed in Sections 17.1 and 17.3 are found to be smaller than
the combined uncertainty derived from the MC statistics, the statistical uncertainty of the
single-photon efficiencies, and the systematics of the Tag&Probe method. The results for
the 77 momentum region 20-40 GeV /¢, used in the validation of the central momentum

region, are summarized in Table 17.4.
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Source A(1 — effue A(&ro) Validation method
Data-driven method-bias
+0.5 -2 2.0 -9
LAV T2 X 1075, E>1GeV T x10 Section 14.1.3
LAV-artificial inefficienc
+4.0 -6 +4.0 -9 Yy
LKr <o X107°, E >20GeV  <T7 x10 Section 17.3
LAV-artificial inefficienc
+15 —4 +4.5 -9 y
IRC <o x107%, E>10GeV <737 x10 Section 17.3
Low-momentum sideband
+5.0 —4 +3.0 -9
SAC <2y x107%, E>10GeV <3 x10 Section 17.1
MC stat.
Data stat. 2 %1077 Chapter 14
Data syst.

Total 7r° rejection inefficiency: (4.875%) x 10~

TABLE 17.4: Summary of the systematic uncertainties (A) derived from the background validation
on the single-photon detector inefficiencies 1 — €€, and on the expected rejection inefficiency &,
in the 7" momentum region 2040 GeV/c. The uncertainties on ¢ 0 are compared to the combined
uncertainty derived from the MC statistics, the statistical uncertainty on the single-photon efficien-

cies, and the systematics on the Tag&Probe method.
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Chapter 18
The Optimization of the 7" Momentum
Signal Region

The optimization of the 77 momentum signal region is performed before the unblinding
of the final number of candidate events in the data signal sample. Given the dependence
of the expected 71° rejection inefficiency on the 777 momentum shown in Figure 14.5, three
signal regions are tested with lower edge at 20 GeV/c and upper edge value set at 35, 40,
and 45 GeV/c, respectively. Table 18.1 summarizes the number of tagged 71° mesons and
the estimated background rejection for the three regions under study.

nrt Momentum [GeV/cl  Nyo [10°] &0 [1077]  epigger [%]  Npig

20-35 4501.3+13 49740 842430 1977
20 - 40 58150+15 4.8%52  834+29 237
20 - 45 6873.6+1.7 777> 822429 4417

TABLE 18.1: Expected background events computed according to Equation (9.2) for the tested 7t
momentum regions.

For each of the three 77 momentum regions, the CLs; method is applied in order to
determine the limit on the number of expected 7° — invisible signal events. It is im-
portant to remark that the CL; technique is applied under the assumption of absence of
signal and with Nps equal to a fluctuation of the estimated background. The results of the
CL; are listed in Table 18.2 and allows selecting the momentum region with upper edge
at 40 GeV/c, as it provides the upper limit on the 77° — invisible branching ratio with the
lowest median and 68% coverage upper bound. The upper limit on the expected branching
ratio, evaluated according to Equation (9.3), are also listed in Table 18.2.

7rt Momentum [GeV/cl  Ngexpected ~ BRexpected [10™°]

+4 9(+14.2) +2 6(+7.4)

20-35 94" e 4955550
+5 8(+19 1) +2.3(+7.8)

20 - 40 10055 ey 410500
3 +7 6(+18 8) +2 6(+6.6)
20-45 1297 50(—7.9) 45" 18(—2.8)

TABLE 18.2: Expected 90% CL upper limits on the number of signal events and on the branching
ratio for 1° — invisible, computed according to Equation (9.3), for the three 77+ momentum regions
under study. The median values obtained by the CL; method is quoted together with the bands with
68% and 95% coverage, given as first and second set of uncertainties, respectively, with the latter in
parentheses.
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After fixing the upper edge of the 7+ momentum signal region at 40 GeV /¢, accord-
ing to the optimization, the lower edge has been increased by 5 GeV/c and for the new
momentum region under test the expected performance are evaluated. ! The estimated
background events are listed in Table 18.3 and compared with those obtained previously
in 2040 GeV/c. The CLs; method is again applied to determine the limit on the number
of expected 71° — invisible signal events in the new momentum region under study. The
results of the CL; are listed in Table 18.4 and compared with those obtained in 20-40 GeV /c.

7wt Momentum [GeV/cl  Nyo [10°]  £70 [107°]  &yigger [%]  Nbig

20 - 40 5815015 48752 834429 23139
25-40 4431.1+13 2877  828+29 101

TABLE 18.3: Expected background events computed according to Equation (9.2) for the tested 7™
momentum regions.

7rt Momentum [GeV/cl  Ngexpected ~ BRexpected [107°]

+5.8(+19.1) +2.3(+7.8)
20-40 10-1_4.2(_6.3) 4'1—1.7(—2~6)
+4.8(+10.5) +2.6(+5.7)
25-40 7-2_2.9(_4,8) 3'8—1,5(—2.6)

TABLE 18.4: Expected 90% CL upper limits on the number of signal events and on the branching
ratio for 71° — invisible, computed according to Equation (9.3), for the two 77" momentum regions
under study. The median values obtained by the CLs; method is quoted together with the bands
with 68% and 95% coverage, given as first and second set of uncertainties, respectively, with the
latter in parentheses.

Given the results of the CL; technique for the regions under study, shown in Figure 18.1,
the optimal choice of the 77 momentum range for the search for 7° — invisible decays is
the region between 25 and 40 GeV/c.

18.1 Signal momentum region 25-40 GeV/c: summary of the sys-

tematic uncertainties

Variations in the results obtained for the validation procedure described in Section 17.3
are verified for the signal 77" momentum region 25-40 GeV/c, and the corresponding sys-
tematics are derived. About 11 x 10° Ks,; events are selected according to the criteria of
Chapter 10 on control-trigger data, still enough to apply the validation procedure for the
background estimation described in Section 17.3. After applying an artificial increase in
the LAV inefficiency by ¢, the expected and observed rejection inefficiencies are computed.

ISince the present best upper limit is at the 10~7 level [41], using a lower edge of less than 20 GeV /¢ would
worsen the analysis sensitivity. Conversely, increasing the lower edge above 25 GeV/c would not guaran-
tee to have the statistics needed for the background validation in the central momentum region described in
Section 17.3.
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FIGURE 18.1: Expected 90% CL upper limits on the 7m° — invisible branching ratio, computed
according to Equation (9.3), as a results of the optimization of the 77t momentum region. The
median values obtained by the CLs; method is shown together with the bands with 68% (light green)
and 95% (light blue) coverage. After the optimization of both the upper and lower edges, the region
between 25 and 40 GeV/c is chosen as signal momentum region for the analysis.

The observed rejection inefficiency agrees with the expected one within the statistical un-
certainty and their numerical values are listed in Table 18.5.

Expected rejection Observed rejection

€ inefficiency [10~7] inefficiency [10~7]
0.24

0.05 0.267542 -
0.43

0.1 0.527033 -

0.2 1.03708 14133

0.3 1.5572% 22122

0.4 21778 2,921
2.3 3.0

0.6 3.17%3 44739

TABLE 18.5: Numerical values for the expected and observed 71° rejection inefficiencies as a func-
tion of an artificial LAV inefficiency, introduced as explained in Section 17.3, for the 7" momentum
range 25-40 GeV/c.

The contributions to the expected 7° rejection inefficiency for e, = 0.2 are listed in Ta-
ble 18.6. The inefficiency of the LKr—LAV component is higher than that for the 2040 GeV/c
region (see Table 17.3): 0.84 x 10~7 with respect to 0.65 x 10~7. As seen, the statistical un-
certainty of the test worsens by ~ 30% with respect to the range 20-40 GeV /c. Nevertheless
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the systematic uncertainty implied by the agreement observed is still lower than the statis-
tical uncertainty on the detector single-photon inefficiencies, as summarized in Table 18.7.
The SAV-Missing contribution for the bin 25-40 GeV/c is lower than that for 2040 GeV/c
by a factor of 5. Therefore, the effect of the IRC and SAC systematic uncertainties is greatly

reduced.

7t° rejection inefficienc .
) y Fraction of events

E*.q [MeV]

7t° categories

Intrinsic  Total contribution

< 0.01 All categories  0.99 x 1077 0.95 x 107 0.957

- LKr-LKr  1.05x107° 0.74 x 1077 0.702

- LKr-LAV 353 x 1077 8.41 x 1078 0.238

- LKr-SAV 191 x 1078 1.07 x 1077 0.056

- LKr - Missing 1.03 x 107 0.31 x 1077 0.003

- LAV-SAV  2.05x 1075 1.23 x 108 0.0006
- SAV - Missing 240 x 107° 0.24 x 1077 1x107°
0-2 All categories  8.31 x 1078 3.49 x 1077 4.2 x 1072
2-4 All categories  5.30 x 1078 0.53 x 101 1.0 x 1073
4-6 All categories  2.03 x 1078 0.59 x 1071 2.9 x 107
6-8 All categories  5.51 x 1078 0.43 x 1011 7.8 x107°
8-10 All categories  0.75 x 1078 0.21 x 1012 2.8 x107°
> 10 All categories  0.26 x 1078 0.70 x 10713 2.7 x 107>

Total 7r° rejection inefficiency*: (1.0370%2) x 1077

TABLE 18.6: Contributions to the expected 7° rejection inefficiency in the 77 momentum region
25-40 GeV/c after increasing the LAV inefficiency by 20%. *Statistical and systematic uncertainties
are combined.

Source A(1—efse) A(ezo) Validation method
Data-driven method-bias
+0.5 ) +0.6 -9
LAV o3 x 1075, E > 1GeV o3 x 10 Section 14.1.3
LAV-artificial inefficienc
+4.6 -6 +4.6 -9 y
LKr <79 x107°, E>20GeV <T75 x10 Section 17.3
LAV-artificial inefficienc
+1.7 —4 +05 -9 y
IRC <710 x107%,E>10GeV <77 x10 Section 17.3
Low-momentum sideband
+5.0 —4 +0.1 -9
SAC <29 X107, E>10GeV <Tyj; x10 Section 17.1
MC stat.
Data stat. 52 %1077 Chapter 14
Data syst.

Total 7r° rejection inefficiency: (2.8757) x 10~

TABLE 18.7: Summary of the systematic uncertainties (A) derived from the background valida-
tion on the single-photon detector inefficiencies 1 — €5 , and on the expected rejection inefficiency
€70, in the momentum signal region 25-40 GeV/c. The uncertainties on e,0 are compared to the
combined uncertainty derived from the MC statistics, the statistical uncertainty on single-photon

efficiencies, and the systematics on the Tag&Probe method.
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18.2 Comparison of the analysis method with the present experi-

mental result

A different technique is used in this work with respect to the most sensitive present exper-
imental result of 7° — invisible decays from the BNL experiment E949 [41]. The analysis
described in this work makes use of a “background-expectation” technique in order to de-
termine the background contribution of 77° — 77y decays with both photons undetected.
This is done with the combination of MC simulation and single-photon efficiencies mea-
sured on control-trigger data as described in Chapters 13 and 14. The number of estimated
background events are then used together with the number of tagged 71° mesons selected
in data to compute with the CL; method the upper limit on the number of expected signal
events. As described in Section 2.3, the E949 experiment at BNL used a “non-background-
expectation” technique for 1° — 77 decays where the number of remaining events after
applying the signal selection are all interpreted as 71° — invisible signal events [41].

A comparison with the E949 experimental technique is done as described in the fol-
lowing. A scan on the number of observed data events, N, is performed in the range
0-54, corresponding to a ~ 2¢ variation of the number of estimated background events
Npkg = 10722 The expected limit at 90% CL on the number of signal events are computed
in two ways:

* in the background-expectation approach, the CLs; method is applied giving in input the
expected number of background events (evaluated as described in Chapter 15) and
the tested value of N.

* in the no-background-expectation approach, the Poisson statistics is used to determine

the 90% CL upper limit on the number of signal events for each tested value of Nyps.

From Equation (9.3), the upper limits on the branching ratio are evaluated and the com-
parison of the two approaches is shown in Figure 18.2. It can be seen that more stringent
limits can be set with the background-expectation technique if the number of observed data
events is below 30. The transition observed corresponds to the discovery scenario given the
estimated background, which obviously is not possible in the non-background-expectation
method.
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FIGURE 18.2: Comparison of the upper limits on the branching ratio of 7° — invisible decays be-
tween the analysis technique described in this work (red line) and that used by the E949 experiment
at BNL (black line).
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Chapter 19
Results

19.1 BR(m° — invisible)

The optimization of the 77 momentum region described in Chapter 18 defines the signal
region for the measurement of 71° — invisible as the 77 momentum range 2540 GeV /c.
Given an expected 7t° rejection inefficiency of e = (2.8737) x 107, the background es-
timation is Npyxg = 10722, After applying the full photon-rejection algorithm described in
Chapter 11 on the signal sample of rrvi-trigger data, 12 events are observed as shown in
Figure 19.1. The number of observed events are compared to the expectation from a pure-
background scenario in 5 GeV/c momentum bins, see Table 19.1.

Additional sources of systematic uncertainties specific to the photon-rejection conditions
are considered. In particular, the criteria defining the LKr region spatially unrelated to the
charged pion when defining the “Hit multiplicity” condition (see Section 11.2.1) are var-
ied. The results of this study are described in Appendix F. Since any variation in the event
count is negligible if compared to the quoted uncertainties, no additional systematic un-
certainties need to be added.
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N
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o
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" Momentum [GeV/c]

FIGURE 19.1: Unblinding of the signal region. Momentum distribution of K3 events after applying
the full photon-rejection conditions on 7rvi-trigger data: 12 events are observed in the 777 momen-
tum range 2540 GeV/c.
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7wt Momentum [GeV/cl  Nbig  Nobs

25 - 30 3515 3
30 -35 19180 6
35 - 40 48778 3

TABLE 19.1: Number of expected background events and number of observed events in 5 GeV/c
bins in the 777 momentum signal region 25-40 GeV /c.

Given the number of the expected background and observed events the CL; method is
applied to determine a frequentist 90% confidence interval for the number of signal events.
No deviation of the observed counts beyond the uncertainty from a pure-background sce-
nario is detected and the upper limit on the number of observed signal events is set to
N < 8.24 at 90% CL. Figure 19.2 shows the results of the CLs method on the limit of ob-
served signal events, together with the median of the expected signal events and the bands

at 68% and 95% coverage.
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FIGURE 19.2: Two dimensional distribution of CLs versus N for the expected and observed upper
limits for the signal events in the 777 momentum range 25-40 GeV/c. The number of expected
background events is 10722 while 12 events are observed in the data after the signal selection. The
CL; results of the data (black line) is compared to the expected fluctuations in absence of signal
(blue line). The band of the expected limit is obtained from a combination of MC simulation and
data single-photon efficiencies. The green (light blue) area is defined as having a statistical coverage
of 34% (47.5%) on either side from the statistical median. The red dashed line corresponds to set the
limit at 90% CL (CLs =1 — CL = 0.1).
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The observed upper limit from Equation (9.3) on the 71° — invisible branching ratio at
90% confidence level is:

BRypserved (71° — invisible) < 4.4 x 1077, (19.1)
while the 90% CL expected upper limit in absence of signal is: !

BRexpected (770 — invisible) < (3.8j§;§§f§;2§) % 1077, (19.2)

This result improves on the present most stringent upper limit, from the E949 experiment
at BNL [41], by a factor of about 60.

19.2 Rejection studies within the K™ — srTv7 analysis

In the measurement of the K* — 7" v branching ratio, K™ — 77 71°(vy) events represent
one of the most dangerous background contributions. In the analysis of both 2016 [89] and
2017 [102] data, this is, indeed, the dominant background from kaon decays in the fiducial
volume. Therefore a robust validation of the reliability of the estimation for this back-
ground source is needed and is provided by this work. In addition, within the K™ — tvv
analysis, a data-driven approach has been adopted. The 7° rejection has been measured
as the ratio between the observed residual events after applying all of the photon-rejection

conditions on mvi-trigger data and those observed without the photon-rejection condi-

2

tions on control-trigger data for events with MZ .

(M,
Kt — 77 7m° events where the 7° decays into two photons both reconstructed in the LKr

compatible with the squared 77 mass
««s Tanging from 0.015 to 0.021 GeV?/c*), corrected for the signal and trigger efficiency.
calorimeter are then used to evaluate the reconstruction tails of the kinematic variable
aniss, that was combined with the observed residual K+ — 717 7t° events to evaluate the
expected background for this channel in the two signal regions. However, this method does

not allow inclusion of the radiative tails from K™ — 77 7%y events, which affect mostly the

so-called Signal Region 2 with M2 . above the squared 7’ mass. This contribution was esti-
mated in this work by the evaluation of the 7t° rejection as described in Chapters 13 and 14,
in the squared missing mass region 0.026 < M2, = (Pg+ — P+ )* < 0.068 GeV?/c* [163].
The inclusion of this contribution in the background evaluation of the K™ — 7" v analysis

is discussed in Reference [154].

After unblinding the present analysis, the comparison between the 71° rejection esti-
mated as described in this work and that obtained with the data-driven method within
the K* — 7T v analysis 2 has been done for the same data set (2017 Sample A). It must
be emphasized that the LKr information is treated slightly differently in the K™ — tvi
analysis of 2017 data [164] with respect to the 2016 selection, and therefore to this work.

IThe median values obtained by the CLs method is quoted together with the bands with 68% and 95%
coverage, given as first and second set of uncertainties, respectively, with the latter in parentheses.
2Numbers are obtained from private discussion with Giuseppe Ruggiero and Radoslav Marchevski.
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Instead, the analysis documented in this work involves two conditions which are not used
for the K* — 7m7v7 analysis: one allows rejecting photon conversions by looking for extra
activity in the RICH detector (see Section 11.2.3); the other, so-called “LKr extra hit” (see
Section 11.2.5), allows vetoing photons in the LKr calorimeter with point of impact up to
30 cm from the charged pion on the basis of their hit energy distribution, without using
any of the official cluster algorithms. The absence of the RICH-based conversion condition
cannot impact by more than 10% on the total rejection as the total contribution of photon
conversions to the single-photon inefficiency is about 30%, as shown in Table 13.2. The im-
pact of the LKr extra hit condition has been determined by counting the observed events
without applying this condition. The results are shown in Table 19.2. The variations are
tiny for the low 7" momentum region, dominated by the IRC-SAC inefficiency. An in-
crease by 40% is observed in the signal region 25-40 GeV/c without the LKr extra hit cut,
which is compatible in size and sign with the observed difference shown in Figure 19.3.
After including the contributions from the two additional conditions, the 7% rejection in-
efficiency estimated in this work is compared with that observed within the Kt — mtvv
analysis in 5 GeV/c momentum bins for the 77 momentum region 15-40 GeV/c. As shown
in Figure 19.3, the two results agree within the quoted uncertainties.

t+ Momentum range [GeV/c] Observed events
Standard analysis No LKr extra hit cut
15-20 66 67
20-25 11 14
25-30 3 5
30-35 6 7
35-40 3 5

TABLE 19.2: Observed event counts for this analysis and for a modified version without the LKr
extra hit condition.

19.3 New-physics searches in Kt — 7t X — 7T + invisible
decay

With no modifications to the analysis described in this work, the result of Section 19.1 can
be converted into a limit for the decay K¥ — 7" X, where X stands for any system with
mass my around the 77° mass and assumed to escape detection, being long-lived or fee-
bly interacting with SM particles. The signature for the decay Kt — 7t X corresponds
to a charged pion in the final state and nothing else. The kinematic condition of Equa-
tion (10.12) on the squared missing mass restricts the search to the mass range m x between
0.109 and 0.155 GeV /c?. From Equation (9.3), the branching ratio for a K™ — 77 X decay
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FIGURE 19.3: 7t° rejection inefficiency as a function of the charged pion momentum in 5 GeV/c
bins: red points refer to the 7° rejection inefficiency estimated in the analysis of this work, blue
points to that observed within the K™ — 717 analysis using the data sample 2017 A.

can be computed as:

BR(K" — " X) = N -
Ni+ x R(mx) x €signal X Etrigger
_ BR(K" — 1t 71°) x BR(7r® — invisible)

R(mx)

(19.3)

where N; is the number of 7° — invisible signal events; Nx+ the number of kaon decays in
the sample used; €signal and ewigger the efficiency of the conditions of the photon-rejection
algorithm and of the v trigger, respectively; R(mx ) the acceptance of the kinematic con-
dition on the squared missing mass in Equation (10.12) for the emission of a particle with
mass my in the process K* — 7" X normalized to K™ — 71 7° with 7n° — invisible de-

cays. 3

From the result of Section 19.1, BRypserved (77° — invisible) < 4.4 x 10~?, a 90% CL up-
per limit on BR(K™ — 71" X) is obtained, shown as solid line in Figure 19.4, as a function
of my in the mass range 0.109 — 0.155 GeV/c2. In the hypothesis that X is a single particle
dominantly decaying to SM particles, different hypotheses have been made for the value of
its lifetimes, Tx. The corresponding upper limits are shown as dashed lines in Figure 19.4.
As Tx decreases, the probability that the X decay products satisfy the conditions to veto
the event increases, and therefore the corresponding upper limit on the branching ratio
weakens. The shape of the upper limits is a direct consequence of the trend of the accep-

tance R(my) as a function of the mass my.

3Ina model-independent approach, the radiative effects are assumed to cancel.
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FIGURE 19.4: Upper limit at 90% CL on the branching ratio for the decays Kt — 7t X, where X
stays for any system with mass m x long-lived or invisibly decaying inside the NA62 experimental
apparatus (solid line). Assuming X being a single particle dominantly decaying to SM particles,
different hypotheses are made on the X rest lifetime Ty (dashed lines). The search is restricted to
the mass region 0.109 — 0.155 GeV /c? for m .

The result shown in Figure 19.4 is obtained as a direct by-product of the 7t° — invisible
search: no changes to the selection are made and the search is done treating the squared
missing mass window 0.015 < M2, . = (Pg+ — Py+)? < 0.021 GeV?/c* as a single bin. *
The limit obtained is therefore conservative throughout the mass range. It has to be un-
derlined that Equation (19.3), and the corresponding values for the branching ratio, are
independent from any model of new physics: the results for finite lifetimes rely on the
only assumption that the escaping system is made of a single particle dominantly decay-
ing to SM visible daughters with the quoted lifetime. The decay width for the process

Kt — 7 X is given in Equation (2.4) and reported here for convenience [42, 47]:

1

3

F(K+ — 7T+X) = 167
K+

1/2 (.2 ) 2 m%ﬁ - m%ﬁ ’ S |2
X A (mK+/mﬂ+/mx) X\ —— X ’hds| (19-4)
ms - md

where A(a,b,¢) = (a — b — ¢)? — 4 be and K, is the model-dependent effective coupling for
the s — d transition.

The results presented are interpreted as a search for axion-like particles (ALPs) with

dominant fermion coupling and for dark scalars, decaying to invisible final state in the

4 An analysis with missing-mass sliding window has been performed on signal and background simulated
spectra. Window widths of 1 and £1.5 units of the missing mass resolution have been considered. The pro-
jected sensitivity is seen to only marginally improve over the limit obtained when treating the entire missing
mass range as a single bin.
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experimental apparatus or escaping detection being feebly interacting and long lived, ac-
cording to the models presented in Section 2.4 [42, 43].

19.3.1 Interpretation in term of ALP production in K™ decays

Following Reference [42], the excluded parameters regions are evaluated for the three cou-
pling scenarios: Yukawa-like, Quark universal, and Quark third generation. According to
the theoretical calculations of Reference [42] the coupling strengths for the transition s — d
are: °

W, = (35x107% +i1.5x 10 %)gy (19.5)

for the Yukawa-like couplings,

hi, ~ (4.6 x 107° +i2.0 x 107%)g, (19.6)
for the Quark-universal couplings and

hi, ~ (1.7 x107° +i7.6 x 107%)gq (19.7)

for the Quark-third-generation couplings.

Inserting the upper limits obtained (Figure 19.4 red line) in Equation (2.4) and using Equa-
tions (19.5), (19.6), and (19.7) the excluded parameters regions for the coupling versus the
mass are computed. Figure 19.5 shows the results obtained (labeled as “This result”) to-
gether with the most updated searches for ALPs in K and B decays as extrapolated from
Reference [42]. © Stronger constraints on the couplings are given by the kaon sector for
my < 0.3 GeV/c? in the scenarios of Yukawa-like and Quark-universal couplings. In the
scenario of Quark-third-generation couplings, where ALPs are assumed to be solely and
universally coupled to quarks from the third family, the effective coupling k3, is reduced
by more than three orders of magnitudes with respect to the Quark-universal couplings
scenario and therefore the bounds on gg are three orders of magnitudes weaker than those
obtained for g; where the coupling to the light quarks is also included. This is not the case
for B mesons, for which the corresponding h?, effective coupling is dominated by the ALP
coupling with heavy-quarks and the bounds on B — Xua are unchanged when the light

quarks are excluded.

For the corresponding Yukawa-like scenario of Reference [43], the so-called BC10 model,
the excluded regions for the parameter space of coupling versus mass have been computed,
too. The upper limits obtained (Figure 19.4 red line) are inserted in Equation (2.4) and ac-
cording to the Lagrangian of Equation (2.6) the value ”

Ih5,| ~1x 10 %gy (19.8)

>For the computation of 1%, see Equation (A.2) in the Appendix A.

6The NA62 results including 2016 and 2017 data for K™ — 71" X in the region far from the 7% mass should
increase the sensitivity for invisible-ALP searches by a factor of ~ V2 [165].

"For the computation of his see Appendix A.
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FIGURE 19.5: Excluded parameter regions for an invisibly decaying pseudoscalar a produced in
K and B FCNC decays as presented in Reference [42]. Contributions from K* — 7t + invisible
(E949 experiment [41, 52, 53]), KT — 7+ X (K, experiment [54]), B — K + inivisible (CLEO exper-
iment [55]), and the B width measurement (PDG [5]) are shown. Three different coupling scenarios
are considered as explained in Section 2.4.1: (a) Yukawa-like; (b) Quark universal; (c) Quark third
generation. The results on the search for ALPs in the channel K* — 7" + invisible around the 7°
mass presented in this work are labeled as “This result”.

is used for the coupling strength for the transition s — d. Figure 19.7 shows the results
obtained (labeled as “This result”) together with the most updated searches for ALPs in K
and B decays as extracted from Reference [43].

If, within the accessible mass range, the ALP width is assumed to be dominated by
decays to SM particles 8, the corresponding rest lifetime, shown in Figure 19.6 is expected
to be well above a few ns for gy coupling below ~ 0.02. Therefore, the upper limit in Fig-
ure 19.4 for infinite lifetime can be directly translated into a corresponding upper limit for
the coupling gy as a function of the ALP mass m,. The present analysis allows to exclude
a previously unexplored region of the parameter space, as shown in the top panel of Fig-
ure 19.7. To derive the upper edge of the excluded region, no sensitivity is assumed for

8The ALP decay width to SM particles is given in Equations (A.3) and (A.4) in the Appendix A.
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ALP lifetimes shorter than 2 ns.
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FIGURE 19.6: Lifetime of the ALP particle (in ns) according to Equations (A.3) and (A.4), as a func-
tion of log,,(gy) and of the ALP mass. The red line corresponds to ALP lifetimes of 2 ns.

If, within the accessible mass range, the ALP width is assumed to be dominated by
decays to invisible particles, the corresponding ALP lifetime can be assumed to be signifi-
cantly lower than that for the previous scenario. Nevertheless, the branching fractions for
ALP decays to SM particles would be suppressed, so that the ALP would effectively be an
invisible particle for the whole parameter space. The present analysis allows excluding an
even larger region of unexplored parameter space than for the previous scenario, as shown
in the bottom panel of Figure 19.7: all of the constraints from previous searches for ALP

visible decays would be significantly weakened.

19.3.2 Interpretation in term of dark scalar production in KT decays

Following the model presented in Section 2.4.2, refereed to as BC4 model in Reference [43],
the production of light dark scalars S is investigated in the channel Kt — 7*S. Using
Equation (2.4) and, according to the Lagrangian of Equation (2.7), the value °

|h5,|* =~ 3.8 x 107" sin? @ (19.9)

for the coupling strength in the s — 4 transition, the relation between the branching ratio
and the coupling is of the form [44]:

mg

.2 + -
= BR(K —_
sin” 0 (K" — 17S) x 0.004 [75]

(19.10)

9For the computation of h3_ see Equation (A.7) in the Appendix A.
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FIGURE 19.7: Search for an axion-like particle a4 according to the BC10 model of Reference [43].
Top: Excluded parameter regions for an axion-like particle dominantly decaying to SM particles.
Contributions from KT — 7" 4 invisible (E949 experiment [52, 53]), KT — ntX (K2 experi-
ment [54]), B — K + invisible (CLEO experiment [55]), the search for visible a decays (CHARM
experiment [56]), K, — 741 ¢~ (KTeV experiment [57]), B — K*)u*yu~ decays (LHCb experi-
ment [58-60]), and constraints from the Big Bang nucleosynthesis are shown. Bottom: Excluded
parameter regions for an axion-like particle dominantly decaying to invisible particles, with contri-
butions from K* — 7+ 4 invisible (E949 experiment [52, 53]), K* — 717 X (K, experiment [54]),
B — K + invisible (CLEO experiment [55]), and constraints from the Big Bang nucleosynthesis. For
both panels, the exclusion bound from the present search for the decay K™ — 7" + a is labeled as
“This result”.

where Ps is the 3-momentum of the S particle in the K™ rest frame.

Inserting the upper limits obtained (Figure 19.4 red line) in Equation (19.10), the ex-
cluded parameters regions for the coupling versus the mass are computed. Figure 19.8
shows the results obtained (labeled as “This result”) together with the most updated searches
for S in K and B decays as extracted from Reference [43].

If in the accessible mass range, the width of the scalar is assumed to be dominated by
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decays to visible particles, a lifetime of ~ 0.003 ns/sin? 6 is obtained. ' With the coupling
range shown in the top panel of Figure 19.8, infinite lifetimes for the dark scalar can be
safely assumed. The results obtained extend in a region still unexplored by past exper-
iments. If, as for the ALP search, dark scalar decays to invisible particles are assumed
to dominate, the analysis results exclude an even larger region of unexplored parameter
space, as shown in the bottom panel of Figure 19.8.
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FIGURE 19.8: Search for a dark scalar S according to the BC4 model of Reference [43]. Top: Ex-
cluded parameter regions for a dark scalar dominantly decaying to SM particles. Contributions
from Kt — 7t + invisible (E949 experiment [63]), the search for visible S decays (CHARM ex-
periment [56, 64]), K — muu (NA48/2 experiment [65]), B — Kuu (LHCb [59, 60] and Belle [66]
experiments), astrophysical constraints (SN1987a [67-70]), and constraints from the Big Bang nucle-
osynthesis are shown. Bottom: Excluded parameter regions for a dark scalar dominantly decaying
to invisible particles, with contributions from K* — 7" + invisible (E949 experiment [63]), astro-
physical constraints (SN1987a [67-70]), and constraints from the Big Bang nucleosynthesis. For both
panels, the exclusion bound from the present search for the decay K™ — 7™ + S is labeled as “This
result”.

19The scalar decay width to SM particles is given in Equation (A.8) in the Appendix A. For the mass range
considered in this work, the electron channel dominates the decay width of the S particle.
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Chapter 20
Conclusions

A search for invisible decays of 71° mesons tagged via the decay chain K* — 77 7%(7y),
m° — invisible performed within the NA62 experiment has been presented in this work.
From a fraction of data collected in the 2017 data taking, a sample of about 21 X 10°
KT — 7t 7°(7) events (corresponding to about 8.4 x 10° tagged 71° mesons) have been
selected in the 777 momentum region 10-60 GeV/c on control-sample data. The photon-
rejection algorithm has been developed following the K™ — 77 v analysis of 2016 data [1]
and, therefore, not optimized by purpose for the 1 — invisible search, so that the 71° re-
jection evaluated in this work can be used in the K — v analysis.

A different experimental technique has been adopted with respect to that leading to the
current most stringent upper limit: the background contribution from 71° — 77 events is
evaluated by the combination of the response, studied in data, of the photon-veto system
in detecting the visible products of 7t° decays with MC simulation. This procedure allows
the evaluation of the expected 7° rejection and of the estimated number of background
events. The validation of the background expectation shows that the single-photon detec-
tion efficiencies have been measured in data with a systematic uncertainty sub-dominant
with respect to the statistical fluctuations, and the topologies of the detector signals gener-
ated by the two photons from 7° — <y decays can be reproduced in the data as expected
in the MC.

After the optimization of the 77 momentum region, the search for 7° — invisible has
been performed in the signal region with 77 momentum between 25 and 40 GeV/c. Here,
the estimated 7° rejection inefficiency is

e = (2.8737) x 1077, (20.1)

and the number of estimated background events is Nyig = 1Of§2. Using the CL; method,
in absence of signal, the expected upper limit at 90% CL on the branching ratio is
o 2.6(+5.7 -
BRevpected (7 — invisible) < (38775 757)) x 1077, (20.2)
where the uncertainties represent 68% and 95% statistical coverage of the upper limit, given
as first and second set of uncertainties, respectively, with the latter in parentheses.

After the unblinding of the signal region, 12 events are observed in the signal sample. The
resulting 90% CL upper limit on the branching ratio for 7° — invisible is

BRpserved (710 — invisible) < 4.4 x 1077 (20.3)
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which improves by a factor of about 60 on the present most stringent experimental re-
sult [41].

The analysis has also been interpreted as a search for K™ — 7" X decays, where X stands
for any system with mass mx in the range 0.109 — 0.155 GeV /c? assumed to escape detec-
tion being long-lived or invisibly decaying. Model-independent limits are derived for the
K* — 7" X branching ratio for different X lifetimes. Using the models discussed in Ref-
erences [42, 43], the productions of axion-like particles (ALP, a) with fermionic couplings
is investigated in the channel K™ — 774 and excluded parameter regions are computed
for the ALP coupling with SM fermions as a function of the ALP mass. Similarly, using
the model discussed in Reference [43] the productions of dark scalars S with mixing with
the SM Higgs boson is investigated in the channel K™ — 71" S and an excluded parameter
region is computed for the S coupling to the Higgs as a function of the S mass. The results
obtained improve on the previous experimental limits for a wide class of models.

As a perspective, to further improve on the results here presented the uncertainties on
the detector single-photon efficiencies should be reduced. This is particularly true for the
high-energy part of the LKr single-photon efficiency, the uncertainty of which drives the
error on the expected 71° rejection inefficiency. Achieving such an improvement would re-
quire on one side a significant increase of the statistics of the data control sample and, on
the other side, a validation of the measured single-photon efficiency more stringent than it
is possible at present, with the possibility to include in the validation procedure a sideband
region at high 77 momentum. An increase of the MC statistics would also be needed in
order to better study the systematic uncertainties induced by the method-bias correction.
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Appendix A
Formulae for Axion-Like and Dark Scalar
Particles

Flavor-changing neutral currents s — d and b — s transitions are investigated in the search
for axion-like particles (ALPs) and dark scalar particles as discussed in the models pre-
sented in Section 2.4 [42, 43]. In this work the channel K™ — 71" X is considered, where
X stands for any system with mass mx around the 71° mass assumed to escape detection,
being long-lived or feebly interacting with SM particles. The main formulae used to com-
pute the excluded parameter regions for the coupling versus the X mass are reported in the
following.

Axion-like particles

Following Reference [42], the ALP-fermion interaction given in Equation (2.5) can be writ-

ten as: 1

2

7 a(my — ms) < 2 * <AUV> 2 * (“%JV))
L Dadp sg X m:V, lo + mZV, lo X
BoR 4v/27 v md, sin® Oy £VisV1d OB m? e Ves Ved 108 m? N
(A.1)

in case of the the Yukawa-like scenario, where 4, d and s are the ALP, d_—quark and s-quark

tields, respectively; m , ms, m. and m; the masses of the down, strange, charm and top quark,
respectively; m%, the mass of the W boson and 6y the Weinberg angle; « is the fine-structure
constant; v the vacuum expectation value of the Higgs field; V;; is the CKM matrix param-
eter for the quarks i and j; gy the ALP-fermion coupling; and Ayy is the new-physics
scale. 2 In Reference [42] the new-physics scale is assumed at A = 1 TeV. Similar expres-
sions can be derived for the Quark-universal and Quark-third-generation scenarios. From
Equation (A.1), one can derive:

a(img — ms) ( 2 * (A%JV> 2 * <A%JV>>
hgs = m;VisViglog | =55 | +mZVesViylo x A2
s 4270 m2, sin® Oy \ ot 08 m? cVesVed 08 m2 g (A2)
to be used in Equation (2.4) for the evaluation of the excluded parameter regions of the cou-
pling strength as function of the ALP mass. In the Yukawa-like scenario of Reference [43],
the expression of hfls can be obtained from Equation (A.2) multiplied by a factor 1/4.

1In Reference [42], the limit m; > m;, > m; is considered.

2Equation (2.5) is seen as part of a more general theory which manifests at a higher energy scale, A, where
the new physics is assumed to appear. The divergences of the one loop contribution of the effective theory are
canceled at the new-physics scale A.
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For m, values lower than three times the pion mass, as the ALP mass range considered
in this work, the only decay possible for the ALP is into pairs of leptons and photons. The
ALP decay width is of the form [42]

gj% 1
- _ 7f L
F(a—>€ l )— 3 Mgy |1 ” (A.3)

in case of a decay to a lepton pair, where gy is the ALP-fermion coupling, m, the ALP mass
and 1, = m?/(4m?) the lepton lifetime, respectively, and

2
aZms N QZ gr
[(a—=77) = 55015 P2 Fa(xp)

n (A.4)

L
7

in case of a decay to a photon pair, with f running over all fermions and where gy is
the ALP-fermion coupling; m, and m; the ALP and fermion masses, respectively; Qy the
fermion charge; N, the number of color; « the fine-structure constant; 7y = mﬁ/ (4m]2() the

fermion lifetime and

) ) arcsin® \/T, <1
F(t)=—-xX 2 A5
¢ T -1 {logutvi::—in] , T>1 (8.5)

Equations (A.3) and (A.4) are used to derive the ALP lifetime for a given coupling and
mass as shown in Figure 19.6.

Dark scalar particles

In Reference [43], the production of a light dark scalar particle arises from the mixing with
the SM Higgs as given in Equation (2.7). In the channel Kt — 7™ 4 S, considered in this
work, the s — d transition can be written as [45]:

3a(my — my)

327 v my, sin® Oy

L D Sdp sg X (m%VtSV;; + m2V,s V) x sin (A.6)
where S, d and s are the dark scalar, d_—quark and s-quark fields respectively; my, m;, m,
and m; the masses of the down, strange, charm and top quark, respectively; m%, the mass
of the W boson and 6y, the Weinberg angle; « is the fine-structure constant; v the vacuum
expectation value of the Higgs field; V;; is the CKM matrix parameter for the quarks i and
J; and sin 6 the coupling parameter of the S-Higgs mixing. From Equation (A.6), one can
derive:

S _ 3“(md _ms)

YT A m?2, sin? Oy

(mFVis Vi + m2Ves V) x sin (A7)

to be used in Equation (2.4) for the evaluation of the excluded parameter regions of the
coupling strength as function of the dark scalar mass.
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The dark scalar decay width into leptons is of the form [44]

ﬂ’l% ns

N .2
[(S— ¢707) =sin"0 x ey

B (A.8)

where sin 6 is the S-Higgs mixing parameter; m, and mg are the lepton and dark scalar
masses, respectively; v the vacuum expectation value of the SM Higgs; and B, a kinematic
parameter equals to f; = /1 —4m?/m%. For mg values lower than two times the muon
mass, as the S mass range considered in this work, the dark scalar dominantly decay to an
electron-positron pair.
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Appendix B
LKr Dead Cells

The effect of the LKr dead cells on the Tag&Probe method is studied with the selection of
K> events on control-trigger data as described in Chapter 10. Exactly two photon clus-
ters (from the standard reconstruction) must be present in the LKr calorimeter according to
Section 11.1.1 and veto conditions are applied on the LAV and SAV detectors as described
in Sections 11.1.2 and 11.1.3. A distance greater than 20 cm is required between the two
LKr photon clusters. One of them is randomly chosen as the tagging photon and must sat-
isfy the conditions described in Section 13.1 (except the minimum distance from any dead
cell), while the other is considered as the probe photon. The expected 4-momentum of the
probed photon is computed according to Equation (13.2) and its extrapolated position at

the LKr plane must be inside the detector sensitive volume.

For the selected events, a two dimensional plot is filled with the x and y position of

Eprobe Eprobe

expected —found” expected and

the tagging photon with and without the weight for A where

EF;SEZ are the energy of the probed photon as computed from Equation (13.2) and as given
by the reconstructed LKr photon cluster. The ratio of the two plots, shown in Figure B.1,
probe

expected —found"

have an energy response much lower than expected and they are identified as dead cells in

represents the average value of AE From this ratio, four regions are seen to
addition to those already marked as dead by the LKr reconstruction (green/yellow spots
in Figure B.1). Table B.1 gives the definition of the four regions and the position of the
tagging photon is required not to be inside any of them.

x [mm] y [mm]
210 < x < 240 —350 <y < =310
700 < x <740  —150 < y < —110

=320 <x < =290 500 <y < —470
—-730 < x < =710 290 <y < 320

TABLE B.1: LKr regions with an energy response much lower than expected marked as additional
dead-cell regions.
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FIGURE B.1: Position of the tagging photon at the LKr surface. Each bin is filled with the average
value of the difference in GeV units between the expected and reconstructed energy of the probed

photon ((AEprObe )), which should peak at 0 GeV. In four regions, values of (AE) greater

expected —found
than 5 GeV are seen. These are declared dead-cell regions in addition to those already known in the

LKr reconstruction (green/yellow spots).
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Results of the Single-Photon Inefficiencies
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TABLE C.1: Results of the single-photon inefficiencies for the LAV (left) and the LKr (right) detec-

tors.
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Appendix C. Results of the Single-Photon Inefficiencies

Energy [GeV] ‘ Inefficiency IRC ‘ Inefficiency SAC ‘

0-5
5-10
10-20
20-40
> 40

(3.527051) x 1071
(4.7270355) x 1073
(6.357189) x 1074
(2.12100) x 10~*
(8.60785%) x 10°°

(6.827291) x 107!
(4.32712) x 1073
(1.467039) x 1073
(1.047073) x 1073
(6.507755) x 1074

TABLE C.2: Results of the single-photon inefficiencies for the IRC and SAC detectors.
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Appendix D
Smooth of the LAV and LKr Single-Photon
Efficiencies

As stated in Section 13.5, a consistency check of the analysis results is performed by smooth-
ing the LAV and LKTr efficiency curves inclusive of the related statistical uncertainties. The
SmoothKern method of the TGraphSmooth ROOT class [166] is used. The idea is to substitute
the evaluated inefficiency with a gaussian-kernel weighted average: for each energy point,
the average is performed using 1-4¢ interval, where the resolution ¢ is set to 100 MeV for
the LAV and 750 MeV for the LKr. Figure D.1 shows the LAV and LKr inefficiency with
and without applying the treatment described above.

> lz > 1
%) E 15)
; i
S LAV 5107 LKr
£ 107 E
© —4- default © F —4 default
= £107%E
—— smoothed ET —— smoothed
10725 1072 =
[ 1074
1072 E £
E 105
1074 ! ! ! ! ! Ll 10767"‘m"‘\HH\HH\HH\HH\Mmmm
1 2 3 4 5 6 0 5 10 15 20 25 30 35 40
Eyprobe [GeV/] Eyprobe [GEV/]

FIGURE D.1: LAV (left) and LKr (right) inefficiency: the original result (red) is compared with a
smoothed curve (black) obtained as described in the text.

The expected 7t° rejection is then evaluated as described in Chapter 14 with both in-
efficiencies of Figure D.1 for the LAV and LKr. The results are shown in Figure D.2 and
no significant variations are observed in the estimated 71° rejection inefficiency. Since the
analysis results in term of background rejection and uncertainties, and optimization of the
momentum signal region do not show any significant variation whether or not the smooth
treatment is applied, the LAV and LKr smoothed inefficiencies are used in the analysis.
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FIGURE D.2: Background rejection inefficiency evaluated as described in Chapter 14 from the orig-
inal result (red points) and from the smoothed inefficiency curves (blue points) of the LAV and LK,
as a function of the 77 momentum in 5 GeV /¢ bins (left) and in the momentum intervals tested for
the analysis optimization as given in Chapter 18 (right).
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Appendix E
Dalitz Selection

Kt — 7 7t°(vy) Dalitz (71° — yeTe™) events are selected similarly to the K, normalization
sample (see Chapter 10). The main difference is that, instead of a single STRAW track in
the final state, a triplet of STRAW tracks is required. The three-track combination is formed
by requiring for each of the STRAW tracks the following conditions:

e A good quality track. This means that the track must satisfy the conditions: |Apg| <
20 GeV/c, )(%it < 20, and to have hits in at least 3 chambers.

¢ The track must be in the acceptance of the NA48-CHOD, LKr, and MUV3 detectors.

e The track must be associated to NA48-CHOD, CHOD, LKr candidates but not to a
MUV3 candidate.

Among all the three-track combinations only those with total charge equal to the K™ charge,
Quriplet = 1, are considered. For each selected triplets a three-track vertex is defined as the
median point at their closest distance of approach (CDA). The best triplet is the one with
minimum CDA and has to satisfy CDAgjpler < 30 mm. The longitudinal position of the
three-track vertex must lie between 100 and 170 m.

At least one of the STRAW tracks must be associated to candidates in the RICH, MUV]1,

and MUV2 detectors, and is identified as the pion track if it satisfies the conditions:

¢ The most probable hypothesis given by the SpectrometerRICHAssociation tool is
equal to 3 (pion hypothesis).

¢ The pion probability given by the SpectrometerCalorimeterAssociation tool is greater
than 0.8.

The positron and electron track must have Ejxy/piack > 0.8. In addition, the positron
track must be associated to a RICH candidate and the most probable hypothesis given by
the SpectrometerRICHAssociation tool must be equal to 1 (positron hypothesis).

A KTAG candidate with at least 5 fired sectors is required in time (within 2 ns time
window) with the tracks triplet. The association of the pion track to a GTK kaon candidate
is made exactly as for the single-track events as described in Section 10.1. The longitudinal
position of the K-t vertex is required to be between 105 and 165 m and the squared missing
mass Mrzniss = (Pg+ — Py+)? to be between 0.015 and 0.021 GeV?/c*. No activity is allowed
in the CHANTI, LAVs and SAV detectors.
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Appendix F
Study of the Systematics due to the LKr Hit
Multiplicity

Additional sources of systematic uncertainties specific to the photon-rejection conditions
are considered. In particular, the criteria defining the region of the LKr spatially unrelated
to the charged pion when defining the “Hit multiplicity” condition (Section 11.2.1) are var-
ied. The LKr hit multiplicity condition allows detection of photons not reconstructed by the
LKr standard and auxiliary reconstruction algorithms (see Section 7.2.2 for the algorithms
description) due to photon-pion merging. Anyway, inelastic interactions of the charged
pion downstream the STRAW spectrometer magnet (in particular in the RICH mirrors)
could induce a systematic loss of signal acceptance, due to detection of additional activity
in the NA48-CHOD, CHOD, and LKr detectors. The impact of this effect is studied by
varying the distance cut used in Section 11.2.1 to define the LKr hit multiplicity associated
to NA48-CHOD and CHOD extra activity. The default cut at 10 cm, used in this work,
corresponds to look for extra in-time activity in the LKr starting from about 5 cells away
from the pion cluster. This is considered the minimum distance that can be applied given
the matrix of cells used for the cluster reconstruction, otherwise the cells belonging to the
pion cluster would be also included. The cut on the distance is increased to 15, 20, and
30 cm. Changing the definition of the LKr hit multiplicity condition, the LKr single-photon
efficiency as computed in Chapter 13 is not touched, given the 45 cm isolation distance
required between the expected position of the probed photon and that of both the charged
pion and the tagging photon clusters. On the contrary, the number of observed events after
applying all the conditions of the photon-rejection algorithm is expected to vary due to the
change of the LKr hit multiplicity definition: events previously rejected are now kept if
a looser cut is used. The number of events remained in the 77 momentum signal region

25-40 GeV/c are counted as a function of the distance cut used. The results of this study

are reported in Table F.1.
Distance cut [cm] 10 15 20 30
7t Momentum [GeV/c] Nobs
25-30 3 5 6 6
30-35 6 6 6 6
35-40 3 3 3 3
25 -40 12 14 15 15

TABLE F.1: Observed events in the 77 momentum signal region 25-40 GeV /¢ after applying the
full photon-rejection algorithm on mvi-trigger data as a function of the LKr hit multiplicity distance
cut.
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The number of observed events increases by extending the area belonging to the pion
cluster. In particular, the lower 777 momentum region is more affected by the change of the
LKr hit multiplicity cut: this can be due to kinematic considerations or statistical fluctua-
tions. The variation of N, saturates at +25% when the distance cut is loosened, as shown
in Figure F.1.

A Nobs [%]
o

20

15

10

| |
0 15 20 30

LKr Multiplicity cut distance [cm]

FIGURE F.1: Variation of the numbers of observed events in the 77 momentum signal region
25-40 GeV/c as a function of the distance cut applied to define the LKr hit multiplicity cut.

A systematic effect induced by the LKr hit multiplicity distance cut, if present, is not
affecting the uncertainty quoted and some considerations are in order:

¢ A maximum increase of +25% on the expected 7 rejection inefficiency would remain
totally sub-leading with respect to the fluctuations on the estimated number of back-
ground events, Npyg = 10722 in the 7+ momentum signal region 25-40 GeV /, since
the main source of uncertainty on the 7° rejection inefficiency is due to the statistical

contribution of the single-photon efficiencies.

¢ The cut variation for the LKr hit multiplicity condition would have an impact on the
n’ — invisible signal efficiency due to the effect of accidental activity (signa1), for
which a systematic error of 3% is quoted. The corresponding change induced by the
cut variation is sub-leading with respect to the quoted uncertainty.

¢ The problem of determining the variation of the efficiency for photons closer and
closer to the pion impact point is difficult to solve with the necessary uncertainty,
given the statistics available. Indirect information might be obtained from the study
of the distribution of the minimum angle between the pion and the expected photon.
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