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Abstract

The first observation of the rare decay K+ → µ+νµµ+µ− using
data collected by the NA62 Experiment in 2017 and 2018 is pre-
sented in this thesis. The K+ → µ+νµµ+µ− branching ratio is
measured using the K+ → π+µ+µ− process as a normalisation
channel. The number of observed data candidates is 1832, with
a background contamination of 168 ± 9. The analysis yields
B(K+ → µ+νµµ+µ−) = (1.307±0.034Stat ±0.025Syst ±0.012Ext)×10−8,
including a complete treatment of relevant systematic effects.

The complete software package for the ANTI-0 detector, added to the
NA62 setup in 2021, was developed by the author within the NA62
software framework and is described in detail. The software tools al-
lowing for short and long-term verification of ANTI-0 data quality are
presented, with their output used to summarise the commissioning and
performance of the detector in the 2021, 2022 and 2023 NA62 data-
taking campaigns.
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modes described in Section 5.3. The author contributed to the maintenance of the \Fast" functional-

ity, extended the \Capped" simulation mode to include the K + ! � + � � � + � � decay and was part of

the team that implemented the propagation of the decision of the \capping" algorithm for individual

particles to the analysis level.

No other quali�cations have been achieved with the work reported in this thesis.
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Chapter 1

Introduction

High Energy Physics, often referred to as Particle Physics, is a �eld of study dedicated to probing the

smallest known constituents of matter and their interactions. Despite being divided into the theoret-

ical and experimental branches, the success of Particle Physics as a whole crucially depends on the

interplay between the two, as demonstrated by its history. To provide one such example, the discov-

ery of charge-parity (CP) violation in the neutral kaon system in the 1960s [3] led to the theoretical

postulation of necessary existence of two third-generation quarks in the 1970s [4], the last of which,

the top quark, was conclusively observed only in 1995 [5][6].

Decades of scienti�c e�ort culminated in the Standard Model of High Energy Physics (SM), a theo-

retical framework encompassing all the known elementary particles and three of the four fundamental

interactions. The SM is one of the most comprehensive and extensively tested scienti�c theories,

completed by the discovery of the Higgs boson in 2012 [7][8]. As exempli�ed by the case of CP vi-

olation observed in the neutral kaon system, the SM describes not only the matter contents of the

universe and their properties but also allows for numerical predictions of the fundamental processes

and symmetries they are subject to. This second aspect enables tests of the framework through preci-

sion measurements, where instead of qualitative veri�cation of a process, numerical values describing

its properties can be extracted from experimental data and compared to the most accurate available

theoretical prediction. With the particle content of the SM complete and the limited phase-space for

direct detection of new Beyond-Standard-Model particles and forces given the current experimental

capabilities, the �eld increasingly relies on such precision measurements as a source of indirect evidence

of new physics. Such evidence takes the form of a statistically signi�cant deviation in a parameter

predicted by the theoretical framework to high precision or a violation of a fundamental symmetry.

While direct detection of new particles is fundamentally limited by the energies achievable at accelera-

tor facilities (with the current limit at the TeV scale), precision measurements at the intensity frontier

of the meson sector allow access to new physics models at mass scales in excess of 100 TeV [9].

The NA62 Experiment at the European Organization for Nuclear Research (CERN) was designed

and operates with the goal of a precise measurement of the ultra-rare decay of positively charged kaon,

K + ! � + � �� , in line with the above approach. The experimental complexity and rare nature of this

decay allows for other measurements in the kaon sector using NA62 data, including the observation

and quantitative veri�cation of rare kaon decays, such as the yet unmeasuredK + ! � + � � � + � � pro-

cess. The measurement of theK + ! � + � � � + � � branching ratio provides a test of the next-to-leading

order SM prediction [10]. The process o�ers access to form factors for radiative kaon decays and po-
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tential reach into the range of new physics models capable of addressing the muong� 2 anomaly [11].

The analysis of NA62 data collected in 2017 and 2018 (Run1) in search of theK + ! � + � � � + � � decay

is the main topic of the presented work.

The SM and the theoretical framework employed for the most precise prediction of the rate of the

rare K + ! � + � � � + � � decay are described in Chapter 2. Chapter 3 covers the beam, detector and

data acquisition system of the NA62 experiment, concluding with a summary of the Run1K + ! � + � ��

result. Chapter 4 introduces the ANTI-0 detector, a new system added to the NA62 experiment in

2021, and describes the software package used to simulate, reconstruct and verify the quality of

data produced by it. A summary of ANTI-0 performance in 2021 to 2023 data-taking campaigns

is included. The measurement of the branching ratio of theK + ! � + � � � + � � decay using Run1

NA62 data is presented in Chapter 5. The descriptions of analysis strategy, event selections, used real

and simulated data samples and background modelling techniques are complemented by a complete

treatment of relevant systematic e�ects, leading to the �rst observation of this decay and a precise

measurement of the branching ratio.
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Chapter 2

Theoretical framework

2.1 The Standard Model of Particle Physics

The Standard Model of Particle Physics (SM) is a self-consistent description of three out of four fun-

damental forces and all the known elements of matter. Gravitational interactions fall outside the scope

of the SM, with the gravitational coupling being multiple orders of magnitude smaller than those of

the other forces. The SM is a renormalisable gauge quantum �eld theory, with the matter particles

represented by fundamental �elds and interactions driven by local Abelian (U(1)Y ) and non-Abelian

symmetries, with the total symmetry group of SU(3)C � SU(2)L � U(1)Y .

The particle content comprises twelve fermions of spin 1/2, further divided into six quarks and six

leptons, �ve vector bosons of spin 1, mediators of the fundamental forces, and the Higgs boson of spin

0, all of which are depicted in Figure 2.1. The SM also includes the antiparticles of the fermions, that

is particles with the same mass and opposite algebraically additive quantum numbers, such as electric

charge, weak isospin or colour charge. The six distinct quark 
avours: up, down, charm, strange,

top and bottom, can be grouped into three generations or two types, as shown in Figure 2.1. There

are three lepton 
avours, where each charged lepton is complemented by a neutrino, both de�ned as

having a positive unit of lepton 
avour charge, with the antiparticles carrying a negative unit. Values

for the nine masses of quarks and charged leptons are not inherent properties of the SM but remain

to be measured as free parameters, while the three neutrinos are massless in the SM.

The unbroken SU(3)C group of the SM represents the strong force, mathematically formulated as

Quantum ChromoDynamics (QCD) [12]. QCD describes the interactions between quarks as mediated

by gluons, through the colour degree of freedom. The coupling strength of strong interaction depends

on the energy, with its dependence de�ned by theory in contrast to the overall scale,gS . Another free

parameter of the SM introduced in the QCD sector is the CP violating parameter,� QCD . The param-

eter is experimentally constrained to . 10� 10 [13] by measurements of the electric dipole moment of

a neutron [14] [15], with this �ne-tuning referred to as the \strong CP problem". While not directly

enforced by QCD, the strong interaction exhibits colour con�nement, i.e. the inability to directly

observe particles of non-zero colour charge. This leads to individual quarks only being observable as

part of hadrons, composite systems of at least two quarks.

The remaining two forces, weak and electromagnetic, are represented by the brokenSU(2)L � U(1)Y

symmetry, together referred to as the electroweak interaction [16]. The electroweak bosons include the
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Figure 2.1: Particle content of the SM with the masses, electric charges and spins top to bottom.
Coloured lines show allowed couplings between bosons and fermions, excluding self-interactions.

photon, the massless mediator of electromagnetic interaction, as well as the massiveZ 0, W � particles.

The spontaneous breaking of theSU(2)L � U(1)Y symmetry is caused by the Higgs �eld [17], the

interactions with which generate the masses of the electroweak bosons, quarks and charged leptons.

The electroweak scalar sector contributes a further four free parameters of the SM, namely: the

electromagnetic coupling,� , the Weinberg mixing angle, the masses of theZ 0 and Higgs bosons,mZ 0

and mH respectively. The �nal four parameters originate from couplings of quarks to theW � bosons

described in the next section, completing the set of nineteen independent variables de�ning the SM.

2.1.1 Flavour structure of the Standard Model

Contrary to interactions mediated by the gluons, photons andZ 0 bosons, those involving theW � do

not conserve 
avour symmetry. The symmetry breaking leads to non-alignment of the mass (strong)

and interaction (weak) eigenstates of quarks. By convention, only the down-type quark eigenstates

are rotated by the complex unitary Cabbibo-Kobayashi-Masakawa (CKM) matrix [4], VCKM , so that

2
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: (2.1.1)

The magnitude of matrix elements determines the coupling strength entering at a vertex containing

the respective pair of quarks. The CKM matrix can be fully described by four parameters, often

described as three angles for inter-generation mixing and a single complex phase, introducing CP

4



(0; 0) (1; 0)

(��; �� )

�
�
�
�
�
VudV �

ub
VcdV �

cb

�
�
�
�
�

�
�
�
�
�
VtdV �

tb
VcdV �

cb

�
�
�
�
�

�

�




Figure 2.2: One of the CKM unitarity triagnles.

violation. The Wolfenstein parametrisation [18] can be used to exhibit the element hierarchy,

VCKM =

0

B
B
B
@

1 � � 2 � A� 3(� � i� )

� � 1 � � 2 A� 2

A� 3(1 � � � i� ) � A� 2 1

1

C
C
C
A

+ O(� 4); (2.1.2)

where

� =
jVus j

p
jVud j2 + jVus j2

; A =
1
�

�
�
�
�
Vcb

Vus

�
�
�
� ; �� + i �� = �

Vud V �
ub

VcdV �
cb

(2.1.3)

with

�� = � (1 � � 2=2 + :::) and �� = � (1 � � 2=2 + :::): (2.1.4)

Global �ts combining all experimental measurements for the parameters give [13]

� = 0 :2250� 0:00067; A = 0 :826+0 :018
� 0:015; �� = 0 :159� 0:010; �� = 0 :348� 0:010: (2.1.5)

While the CKM matrix elements can be measured independently, the Wolfenstein parametrisation

underlines CKM suppression, i.e. a reduction in the rate of processes involving quarks from di�erent

generations.

The variety of experimentally measurable combinations of the matrix elements allows to over-

constrain the values, testing the self-consistency of the SM. The unitary character ofVCKM can be

veri�ed making use of the identities � i Vij V �
ik = � jk and � j Vij V �

kj = � ik , which provide six closed

triangles in the complex plane. Of particular interest is the unitary triangle

Vud V �
ub + VcdV �

cb + Vtd V �
tb = 0 ; (2.1.6)

with all terms having a leading contribution of order A� 3. By dividing all sides by VcdV �
cb, one obtains

the triangle shown in Figure 2.2, with corners located at (0; 0), (1; 0) and (��; �� ).

2.2 Beyond the Standard Model

Despite the enormous success and many decades of development, the SM does not address all the

experimentally observed aspects of the microscopic universe, both in terms of its total content and

precise predictions of the properties of its known components. Extensions to the theoretical framework,

as well as empirical evidence in favour of existence of additional particles and phenomena are often
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collectively referred to as Beyond Standard Model (BSM) physics.

2.2.1 Dark Matter

A variety of astronomical evidence implies the presence of Dark Matter, de�ned as interacting gravi-

tationally but not electromagnetically. This property makes it susceptible only to indirect observation

on astronomical scales, as exempli�ed by the evidence for it found in galaxy rotation curves [19] and

gravitational lensing [20]. Measurements of the energy density of di�erent components of the universe,

together with a study of the anisotropies of the Cosmic Microwave Background �nd the baryonic mat-

ter content (fraction of total matter energy density) to be 15:6%, with Dark Matter contributing the

remaining 84:4% [13].

Decades of experimental searches for Dark Matter particles, including production at colliders, de-

tection by nuclear recoil and annihilation into SM particles, have substantially limited the theoretically

allowed phase-space, both in terms of candidate masses and the strength of coupling to SM particles.

While new experiments, making use of developments in detection techniques, continue to probe the

remaining regions of phase-space, ongoing theoretical e�orts aim to utilise alternative mechanisms to

explain the phenomenon, see Reference [21].

2.2.2 Matter-antimatter asymmetry

Another shortcoming of the SM from the macroscopic perspective is the inability to quantitatively ex-

plain the baryonic asymmetry of the universe, that is the prevalence of matter over antimatter. Given

the empirical evidence for near homogeneous and symmetric production of matter and antimatter dur-

ing the Big Bang, such an asymmetry necessitates the presence of Baryon-number and CP-violating

processes out of thermal equilibrium [22]. Within the SM, CP-violation can enter through two free

parameters: the complex phase of the CKM matrix and� QCD . Measured values for both [13] are

inconsistent with the observed matter-antimatter asymmetry.

2.2.3 Neutrino masses

With no mechanism for generating masses for neutrinos within the SM, they should remain the only

elementary fermions with zero mass. However, both neutrinos generated in the Sun and the atmo-

sphere were observed to oscillate [23] [24] [25], i.e. change their 
avour as they propagate through

space. This phenomenon in only possible for massive particles and implies the non-alignment of mass

and weak interaction neutrino eigenstates. A theoretical description analogous to the treatment of

quarks, as described in Section 2.1.1, results in the PNMS mixing matrix [26] [27].

The existence of neutrino masses necessitates an extension of the SM Lagrangian with a mass-

generating term. Such a term can take two forms, depending on whether the particles exhibit Majorana

or Dirac properties, i.e. whether they are or not their own antiparticles. The former case would imply

of a set of distinct, experimentally measurable phenomena, such as neutrinoless double beta decay.

2.2.4 Muon anomalous magnetic moment

Muons, being charged fermions satisfying the Dirac equation, have an intrinsic magnetic dipole mo-

ment
~M = g�

e
2m�

~S; (2.2.1)
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where ~S is the spin of the particle, with m� , e and g� de�ning the mass, electric charge and gyro-

magnetic ratio of the muon. Excluding quantum loop e�ects, the Dirac theory gives g� = 2, leading

to the de�nition of the anomalous magnetic moment as

a� =
g� � 2

2
: (2.2.2)

Within the SM, the leading contribution to a� comes from electron, muon and tau loops through

Quantum ElectroDynamics (QED), precisely calculated to 5-loop order. A second class involves elec-

troweak processes mediated byW , Z and Higgs bosons. Quark and gluon loop contributions, jointly

termed hadronic, present the largest computational challenge and involve substantial systematic un-

certainties. The complete prediction, with the error dominated by the hadronic component, gives [28]

aSM
� = (116 591 810� 43) � 10� 11: (2.2.3)

Measurements of the muon anomalous magnetic moment have been performed by a succession of

experiments, in line with increasingly precise theoretical predictions. The Muong� 2 Collaboration [29]

at the Fermi National Laboratory is the latest e�ort in this domain, motivated by the previously

observed discrepancy between theory and measurement and is expected to provide a �nal result with

the precision of 0.14 parts per million. The current experimental world average for the anomalous

magnetic moment is [13]

aexp
� = (116 592 059� 22) � 10� 11; (2.2.4)

with the small uncertainty driven by the precision of the latest results from the Muon g� 2 Collabora-

tion [30]. The resultant discrepancy of 5:2� signi�cance, referred to as the muong� 2 anomaly, could

be a signature of BSM physics, with its importance reduced by the discrepancies in hadronic cross sec-

tion data used for the theoretical prediction of the hadronic contribution. Recent advances in lattice

QCD (see [31] for an overview) allow for an independent estimate for the hadronic contribution [32] of

similar precision to the value obtained from data-driven methods used in the most recent SM estimate

[28]. The former method yields aaSM
� prediction signi�cantly closer to the experimentally measured

value, with a 2:1 � tension between the theoretical approaches, where� is the sum in quadrature of

the uncertainties on the two theoretical predictions. Additional independent lattice QCD calculations

and collection of hadronic data for the latter method are hence in progress.

2.3 Kaon physics

Kaons, mesons composed of a single �rst generation quark (anti-quark) and a strange anti-quark

(quark), can be described as the minimal 
avour laboratory, being the lightest particles exhibiting all

phenomena due to the 
avour structure of the quark sector of the SM. There are four weak eigenstates

of kaons, with their properties listed in Table 2.1. Since their discovery in 1947 from cosmic rays [33],

kaons have played a key role in the the development of the SM. With only 3 known quarks (up,

down and strange) the CP symmetry as initially observed in theK 0
S and K 0

L system motivated the

introduction of the Glashow-Iliopoulos-Maiani (GIM) mechanism [34], which necessitated the existence

of a fourth quark, the charm. The subsequent discovery of CP violation in the neutral kaon system

[3] led to the formulation of the CKM matrix and the concurrent postulation of two heavy quarks,

the bottom and the top [4].
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Name Quark content Mass [MeV=c2] Lifetime [10� 8 s] Main decay mode

K + u�s 493:677� 0:016 1:238� 0:002 � + � �

K � �us 493:677� 0:016 1:238� 0:002 � � �� �

K 0
S

d�s� �dsp
2

497:611� 0:013 (8:954� 0:004) � 10� 3 � + � �

K 0
L

d�s+ �dsp
2

497:611� 0:013 5:116� 0:021 � � e� � e

Table 2.1: Selected properties of kaon mass eigenstates. [13]

Given their position in the mass hierarchy of 
avoured particles and relative simplicity of decay �nal

states, kaons have been extensively studied throughout the past seven decades. With the structure of

the SM �rmly established, the focus in the kaon sector has shifted to measurements of rare decays,

where statistically signi�cant deviations from the SM rates and spectra would imply contribution from

BSM processes.

2.3.1 K ! �� �� decays

The K ! �� �� decays are often referred to as the kaon golden modes, given the small magnitude and

theoretical cleanliness of their predicted SM branching ratios. They are mediated by 
avour-changing

neutral currents, processes highly suppressed within the SM due to both the structure of the CKM

matrix and the GIM mechanism, with leading contributions from Z 0 penguin diagrams and a sizeable

contributions from W box diagrams, demonstrated in Figure 2.3.

The small size of theoretical uncertainty on the expected branching ratios,B , is due to the in-

clusion of next-to-leading-order (NLO) QCD corrections to the top quark contributions [35], next-to-

next-to-leading-order (NNLO) QCD corrections to the charm contribution [36] and NLO electroweak

corrections to both top and charm contributions [37] [38], as well as the treatment of isospin breaking

and non-perturbative e�ects [39] [40]. The uncertainties are dominated by external contributions from

s d
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Figure 2.3: Leading order Feynman diagrams for theK ! �� �� decays.
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CKM matrix parameters. Using jVus j, jVcbj, jVub j and 
 = arg( � V �
ud Vub=VcdV �

cd) to de�ne the matrix

yields the explicit dependencies [41]

B (K + ! � + � �� ) = (8 :39� 0:30) � 10� 11 �
�

jVcbj
40:7 � 10� 3

� 2:8

�
h 


73:2�

i 0:74
; (2.3.1)

B (K 0
L ! � 0� �� ) = (3 :36� 0:05) � 10� 11 �

�
jVub j

3:88� 10� 3

� 2

�
�

jVcbj
40:7 � 10� 3

� 2

�
�

sin 

sin 73:2�

� 2

: (2.3.2)

Tree-level measurements can be used to extract the global averages for the four CKM parame-

ters [42], leading to the numerical predictions of the branching ratios [43]

B (K + ! � + � �� ) = (8 :19� 0:61) � 10� 11; (2.3.3)

B (K 0
L ! � 0� �� ) = (2 :78� 0:30) � 10� 11: (2.3.4)

The small predicted SM branching ratios of theK ! �� �� decays make them sensitive to a variety of

potential BSM contributions [44], further enhancing the importance of their precise measurements.

The neutral decay remains unobserved and is currently addressed by the KOTO collaboration [45],

which was able to set the experimental upper limit at [46]

B (K 0
L ! � 0� �� )KOT O

exp < 2:1 � 10� 9 at 90% CL: (2.3.5)

The charged decay was measured by two experiments at the Brookhaven National Laboratory(BNL),

E747 and E949, giving a combined result of

B (K + ! � + � �� )E 747;E 949
exp = (1 :73+1 :15

� 1:05) � 10� 10 (2.3.6)

based on the observation of 7 signal candidates in two kinematic regions [47] [48]. The NA62 experi-

ment at CERN was designed to measureB (K + ! � + � �� ) with a 10% precision. Using data collected

in the 2016-2018 period, a result of

B (K + ! � + � �� )NA 62 Run 1
exp = (10 :6+4 :0

� 3:4jstat � 0:9syst ) � 10� 11 (2.3.7)

was achieved from 20 signal candidates [1], with a second, ongoing data-taking campaign started in

2021.

2.4 K + ! � + � � � + � � decay

The K + ! � + � � � + � � process remains the only unmeasured of the fourK ! l�l 0�l0 decays, where

l; l 0 2 e; � . The B787 experiment at BNL established the following constraint on the branching

ratio [49]

B B 787
exp (K + ! � + � � � + � � ) < 4:1 � 10� 7 at 90% CL: (2.4.1)

A general branching ratio, B , of particle P is de�ned as

B (P ! D0) =
�( P ! D0)

X

n

�( P ! Dn )
; (2.4.2)
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where �( P ! D0) is the partial width of the decay into �nal state D0 and the set n encompasses all

the allowed decays channels of the particle. An individual decay width can be further parameterised

as

�( P ! D0) =
1

2mP

Z
jA(P ! D0)j2d�( D0); (2.4.3)

with A(P ! D0), the amplitude, being the matrix element describing the dynamics of the process,

�( D0) the allowed kinematic phase-space of the �nal stateD0 and mP the mass of the parent particle.

The most recent prediction of theK + ! � + � � � + � � decay width was obtained using chiral pertur-

bation theory, �PT . The following subsections introduce�PT and summarise the calculation of the

SM expectation for B (K + ! � + � � � + � � ). The �nal state of the K + ! � + � � � + � � decay allows for

investigating BSM models with new forces coupling preferentially to muons and consistent with the

observed muon anomalous magnetic moment. The chapter concludes with an outline of such a BSM

model and a summary of the estimated sensitivity of theK + ! � + � � � + � � analysis to that model.

While the BSM model was not addressed as part of the analysis described in this thesis, it will be

pursued as a natural extension of the work presented in Chapter 5.

2.4.1 Chiral Perturbation Theory

Due to asymptotic freedom of the parton (gluon and quark) �elds at low energies in QCD, analytic

derivation of hadronic interactions from the SM Lagrangian is not possible in the low-energy regime.

Instead, one can resort to constructing an e�ective �eld theory, that is one where only a small number

of degrees of freedom is kept, with the remainder of free parameters of the underlying theory inte-

grated out and the structure of the theory itself absorbed into e�ective coupling constants. Chiral

perturbation theory is an example of such an approach, where the remaining degrees of freedom are

the masses of the three lightest quarks,mq; q 2 f u; d; sg, which can be parameterised using the

masses if the light meson octet,f � 0; � � ; K 0; �K 0; K � ; � g, with the strong interaction parameterised

with respect to hadronic and not partonic states.

The �PT name derives from QCD exhibiting a perfect chiral symmetry in the limit mq ! 0 8 q 2

f u; d; s; c; t; bg. Looking at sector of the three lightest quarks, the explicit spontaneous chiral symmetry

breaking occurs due to mq 6= 0 8 q 2 f u; d; sg. The e�ective Lagrangian, L , is then extended

to include electroweak interactions, parameterised by a set of low-energy couplings (LECs). The

resulting Lagrangian gives asymptotically stable hadronic states in the low-energy regime, enabling

perturbative calculations, expanding in powers of quark masses and momentum,p. The p-order of the

calculation de�nes the number of required LECs, which cannot be computed analytically and hence

are taken from empirical measurements.�PT is valid only up to an energy scale corresponding to the

breaking of this approximate symmetry, � X � 1:2 GeV [50]. Detailed overviews of�PT can be found

in References [51][52][53].

2.4.2 Standard Model Branching Ratio

Given � X > m K , chiral perturbation theory is frequently used for numerical predictions in the kaon

sector. The computation of B SM (K + ! � + � � � + � � ) to order p4, as described in Reference [10],

was motivated by the availability of the relevant �PT LECs and will be summarised here. All Greek

symbols excluding� appearing in equations of this subsection de�ne four-vector indices from the set

f 0; 1; 2; 3g that are implicitly summed over according to the Einstein summation convention.
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The four-momenta involved in a K + ! l�l 0�l0 decay can be labelled as

K + (p) ! l (pl )� (p� )l0(p1)�l0(p2): (2.4.4)

The matrix element for the process is

T = � iG F eV�
us �� �

�
FK �L � � �H �� l �

	
; (2.4.5)

with
�L � = ml �u(p� )(1 + 
 5)

n
2p� � q�

2pq� q2 �
2p�

l + �q
 �

2pl q + q2

o
v(pl );

l � = �u(p� )
 � (1 � 
 5)v(pl );

�H �� = iV1� ���� q� p� � A1(qWg�� ) � W � q� )

� A2(q2g�� � q� q� ) � A4(qWq� � q2W � )W � ;

(2.4.6)

where

A4 = FK
m2

K + � W 2
2F K

V (q2) � 1
q2 + A3;

�� � = e
q2 �u(p2)
 � v(p1):

(2.4.7)

The four-momenta

q = p1 + p2; W = pl + p� = p � q (2.4.8)

characterise the transfer to the dilepton (l0�l0) pair and the virtual W + boson respectively.

The three constants multiplying both terms of Equation 2.4.5 are the electric charge,e, the Fermi

constant GF and the CKM matrix element Vus , underlining the electro-weak nature of the decay. The

�� � symbol de�nes the polarisation vector of the virtual photon, satisfying q� �� � = 0. The outgoing

states of the four leptons are described by spinorsu(px ) , v(px ), which are solutions to the covariant

form of Dirac equations

(
 � p�
x � m)u(px ) = 0 ; (
 � p�

x + m)v(px ) = 0 ; (2.4.9)

with the contraction �q = 
 � q� and 
 � being the Dirac gamma matrices. Spinor conjugate forms are

�u(�v) = u(v)y
 0, exploiting the hermitian conjugates uy(vy). The matrix 
 5 is the product i
 0
 1
 2
 3,

and � ���� and g�� are the totally antisymmetric and metric tensors, with the latter de�ning a con-

travariant four-vector as p� = g�� p� . The Vi and A i symbols represent the amplitudes used for the

deconstruction of the vector and axial-vector weak form factors, whileF and FK are scaled psue-

doscalar decay constants for the charged pion and kaon respectively. The electromagnetic form factor

of the positively charged kaon is denoted byF K
V (q2), with mK + representing theK + mass.

Considering the physics of the process, there are three general types of diagrams contributing

to the matrix element. Bremsstrahlung of the �nal state muon and the incoming K + are shown in

Figures 2.4 a) and b) respectively and represented by �rst term of Equation 2.4.5, jointly referred to as

the inner bremsstrahlung. Structure-dependent processes, i.e. interactions of the virtual photon with

the hadronic structure of the K + , are described by the second term of Equation 2.4.5 and depicted

in the Figure 2.4 c).
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Figure 2.4: Three types of Feynman diagrams contributing to theK + ! � + � � � + � � decay amplitude.

To leading order of �PT , all the weak form factors are set to zero, withF K
V (q2) = 1 and FK = F .

This results in tree-level contributions from inner bremsstrahlung only. At next-to-leading, i.e. p4,

order, the form factors take the form:

V1 = � 1
8� 2F

;

A1 = � 4
F (L r

9 + L r
10);

A2 = � 2FK (F K
V (q2) � 1)
q2 ;

A3 = 0 ;

(2.4.10)

with F K
V (q2) retaining the kinematic dependence andL r

9, L r
10 being coupling constants parameterising

explicit local action in the Lagrangian. The form factor amplitudes FA , R, FV used by the PDG [13]

can be expressed as

(FA ; R; FV ) = �
1

p
2mK +

(A1; A2; V1): (2.4.11)

In the e�ective theory at next-to-leading order, the electromagnetic form factor takes the form

F K
V (q2) = 1 +

�
4
3

L r
9

F
�

1
144� 2F 2

�
q2

�
1

48� 2F 2

X

i = �;K

�
1
4

(q2 � 4m2
i )

h
1 �

p
q2 � 4m2

i

q
log

q +
p

q2 � 4m2
i

q �
p

q2 � 4m2
i

i
� m2

i

�
:

(2.4.12)
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Quantity Value Source

jVus j 0.220 [54]
F 93:2 MeV [54] [55]

FK 113:6 MeV [54] [55]
L r

9 6:9 � 10� 3 MeV [56]
L r

10 � 5:5 � 10� 3 MeV [56]

Table 2.2: Values of constants used in the calculation ofB SM (K + ! � + � � � + � � ) as described in [10].

The contributions from virtual � + and K + loops are simpli�ed and contained in the second and third

term, involving the explicit sum over the two species. The values for the �ve parameters used in the

describedB SM (K + ! � + � � � + � � ) calculation are shown in Table 2.2.

To account for the presence of two identical� + in the decay �nal state, terms originating from

swapping p1 $ pl , i.e.

q ! pl + p2;

W ! q � p = p� + p1;
(2.4.13)

are subtracted from Equation 2.4.5.

In the decay width calculation, as de�ned in Equation 2.4.3, the square of the amplitude takes the

form

jA(K + ! � + �� + � � )j2 =
1
2

X

spins

jT j2; (2.4.14)

where the sum runs over the allowed spin states of the four leptons and the factor 1=2 is due to two

identical particles in the �nal state. Finally, a phase-space integral is performed numerically using a

Monte-Carlo program, yielding the branching ratio expectation value of [10]

B SM (K + ! � + �� + � � ) = 1 :35� 10� 8; (2.4.15)

with the uncertainty on the result not provided.

2.4.3 Muon-philic force carriers as a potential solution to the (g � 2)�

anomaly

Light weakly-coupled force extensions to the SM with carriers coupled preferentially to muons o�er

one of the remaining solutions to the observed muong � 2 anomaly, described in Section 2.2.4. This

section will follow an article proposing a muon-philic force mediated by a scalar [11], which could be

investigated with the NA62 K + ! � + � � � + � � data set.

A general extension to the SM Lagrangian including a new scalar particle coupling to the muons,

� is

Lext =
1
2

(@� � )2 �
m2

�

2
� 2 � y� � ���; (2.4.16)

where m� is the mass of the scalar andy� is the Yukawa coupling strength to the muon �led, � .
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Figure 2.5: Dependence of the branching ratio ofK + ! � + � � X normalised to the coupling strength,
� � , on the mass of X. The red and black lines represent vector and scalar (� ) muonphilic mediators
respectively. The small inset represents a region whereX ! �� is the dominant decay mode of the
mediator. [11]

The production rate of the scalar mediator in conjunction with a � + � � pair is governed by the width

� K + ! � + � � � =
1

256� 3m3
K +

Z
jM � j2dm12dm23; (2.4.17)

with m12 = ( p� + p� )2 and m23 = ( p� + p� )2, where pX represents the four-momentum of particle X.

The squared matrix element takes the form

jM � j2 =
� 2

� y2
�

2m2
� (m2

23 � m2
� )2

�
m2

K (m2
23 + m2

� )2

� m2
23

�
(m2

23 + m2
� )2 + m2

12(m2
23 � m2

� )
�

+ m2
� (m2

23 � m2
� m2

K + )
�
;

(2.4.18)

where� � = 2GF f K m� jVus j � 8:7� 10� 8 encapsulates the relevant coupling constants as de�ned previ-

ously and f K = 160 MeV is the kaon decay constant. The predicted branching ratio ofK + ! � + � � � ,

normalised to the coupling strength � � = y2
� =4� , is presented as the black curve in Figure 2.5 as a

function of the mass of the mediator.

The dominant decay mode of the new mediator depends on the mass of the particle. Two photons

generated through a muon loop are the preferred �nal state form� < 2m� , whereas form� > 2m� ,

the dominant di-muon decay width can be expressed as

� � ! � + � � =
� � m�

2

�
1 �

4m2
�

m2
�

� 3=2
: (2.4.19)

Given the new mediator couples exclusively with muons, the only diagram contributing to the

K + ! � + � � � (� ! � + � � ) amplitude at leading order is that of Figure 2.6. Note that the K + ! � + � � �

branching ratio in the mass range dominated by the� ! � + � � decay is. 10� 10 assuming� � = 10 � 8,
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Figure 2.6: Feynman diagram for the leading contribution of a BSM scalar muon-philic force to the
K + ! � + � � � + � � decay.

as evident from Figure 2.5. The resulting contribution to B (K + ! � + �� + � � ) would be on a sub-

percent level of the SM value of Equation 2.4.15. HenceB (K + ! � + �� + � � ) is not a suitable

observable to investigate the presence of the muon-philic scalar mediator.

Given the low expected yield of the BSM contribution as compared to the SM rate, the search for

the new physics e�ects should be performed as a peak search in the spectrum of the invariant mass of

the � + � � track pair, corresponding to m� if the correct positive muon is selected. The reach of the

NA62 experiment into the (m� ; � � ) phase-space was estimated in [11] using the following assumptions.

The accepeptance of both the BSM signal,K + ! � + � � � (� ! � + � � ), and SM background, the

K + ! � + � � � + � � decay, is taken as 5%. Other background sources arising from misidenti�cation of

pions as muons and pion decays in 
ight are neglected due to expected sub-leading contributions.

The sidebands of a particularm� hypothesis are used to provide a data-driven background estimate.

Granularity along the scalar mass dimension is determined by the momentum resolution of the NA62

experiment, here taken as�p � =p� = 0 :4% for a p� = 20 GeV=c muon track. Assuming statistical

e�ects will dominate the overall uncertainty and the collection of 1013 positively charged kaon decays

within the sensitive region of the NA62 detector, one obtains the (m� ; � � ) phase-space reach of Figure

2.7, where theK + ! � + � � � + � � 90% CL exclusion contour is labelledK ! 3� �E . The green band

of Figure 2.7 covering the (g � 2)� -anomaly-allowed region is based on an average excluding the

most recent result, with a central value consistent with Equation 2.2.4 but with signi�cantly larger

uncertainty. The inclusion of the latest measurement performed by the Muong� 2 Collaboration [30]

would yield a band narrower by factor � 3 and fully contained within the one shown in Figure 2.7. The

plot also includes a red line labelledK ! � �E , depicting the (m� ; � � ) phase-space reach at 90% CL

for a search involving � decay into an invisible �nal state on NA62 data under assumptions detailed

in Reference [11].
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Figure 2.7: Projection of the NA62 reach into parameter space for a muon-philic scalar force mediated
by a � particle. The light green band accommodates the (g� 2)� anomaly as measured prior to results
from the Fermilab Muon g� 2 Experiment [57]. The experimental constraints from the E137 [58] and
BABAR [59] Collaborations are included. The grey dashed line denotes a limit on the lifetime of the
mediator such that the particle can give an invisible signal in the NA62 apparatus. TheK ! � �E
red line and K ! 3� �E blue line denote the reach of searches with one and three muon tracks
respectively. [11]
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Chapter 3

The NA62 Experiment at CERN

The NA62 Experiment is located in the TCC8 and ECN3 experimental halls at the CERN North

Area, as shown in Figure 3.1. The experiment was conceived with the aim of measuring the very rare

charged kaon decayK + ! � + � �� to a 10% relative precision, using a kaon decay-in-
ight technique

and protons delivered by CERN's Super Proton Synchrotron (SPS).

Figure 3.1: Aerial view of the CERN Prevessin site, known as the North Area, produced with the
CERN Geographic Information System [60]. CERN overground buildings are marked in pink, with
underground tunnels and caverns in blue. Elements of the particle delivery system to the NA62
Experiment (accelerators, transfer lines, targets) and the experimental caverns used by NA62 are
marked in black.
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Final state BR[%] Suppression mechanism

� + � � 63:56 � 0:11 PID & kinematics
� + � 0 20:67 � 0:08 Photon veto & kinematics
� + � + � � 5:583� 0:024 Track multiplcity & kinematics
� 0e+ � e 5:07 � 0:04 PID & photon veto
� 0� + � � 3:352� 0:033 PID & photon veto
� + � 0� 0 1:760� 0:023 Photon veto & kinematics

Table 3.1: Six main decay modes of the positively charged kaon together with their branching ratios
and strategies for their suppression within the NA62 Experiment. Numerical values taken from [13].

The beam line and detector of NA62 were designed together to enable the measurement given the

elusive nature of the decay in question, with only a positively charged pion track in the �nal state

and missing energy-momentum to account for the presence of the neutrino-anti-neutrino pair. Such a

signature can be obtained from any charged kaon decay involving a positive pion in the event of the

other daughter particles escaping detection, as well as through a similar mechanism with additional

misidenti�cation of a positive muon or positron as a pion. All of the six main decay modes of the

K + , listed in Table 3.1, are potential sources of background for theK + ! � + � �� channel. Mitigating

signi�cant background contamination necessitates excellent kinematic resolution for both parent kaon

and daughter particles, e�cient particle identi�cation (PID) and a hermetic photon veto to suppress

the K + ! � + � 0(� 0 ! 

 ) process. Target precision of theK + ! � + � �� measurement and the SM

prediction for branching ration of the signal mode beingO(10� 10) require the collection of O(1013)

kaon decays within the acceptance of the detector. To achieve this goal on a few years' timescale,

delivering a beam of high intensity is necessary. Consequently, timing resolution ofO(100 ps) and

high trigger e�ciency were added to the design requirements.

The NA62 Experiment collected K + ! � + � �� data in 2016, 2017 and 2018, jointly referred to as

Run1. Data-taking recommenced in 2021 and is planned to last until at least 2025, with this second

period referred to as Run2.

To ful�ll the technical requirements, the approaches described further in this chapter were adapted,

with beam line speci�cations followed by details of the detector design, then trigger and data acqui-

sition (TDAQ) system, as implmented for Run1. The chapter concludes with an overview of the

NA62 software framework, used for simulation, data reconstruction and analysis, together with the

methodology and an up-to-date result of theK + ! � + � �� analysis.

3.1 Beam line

To produce an intense hadron beam containing charged kaons, the NA62 Experiment relies on the

CERN accelerator complex for the delivery of protons. The protons are extracted from the SPS in

� 3 s spills, each delivering� 3:3 � 1012 protons, transferred through the TT20 line, diverted through

the T4 target, and propagated through the P42 line, all shown in Figure 3.1. The 400 GeV protons

then impinge on the T10 target, a beryllium cylinder of 2 mm diameter and 400 mm length, to produce

a secondary hadron beam named K12, which passes through experimental halls TCC8 and ECN3 of

the North Area [61]. The target material, together with the central momentum of 75 GeV=c of the

secondary beam were chosen to maximise the production of kaons with respect to protons and other
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Particle species p K + � + � + Total
Beam fraction [%] 23 6 70 < 1 100
Instantaneous intensity [MHz] 175 45 525 � 5 750

Table 3.2: Beam composition and instantaneous particle rates per species at nominal intensity of the
K12 beam line. Values taken from [62].

hadron components, as shown in Table 3.2 including nominal instantaneous particle rates.

The experimental right-handed coordinate system is de�ned by the direction of the beam, taken as

the z-axis so that particles travel in the positive z-direction, and the vertical y-axis pointing upwards.

The position of the T10 target serves as the origin of the experimental coordinate system.

The secondary hadron beam propagates through the beam line shown in Figure 3.2, with the con-

ventional division into upstream and downstream parts delimited by the position of the third station

of the GigaTracker, i.e. 102:4 m downstream of the T10 target. The beam initially passes through a

large-acceptance copper collimator, then is focused in the (x; y) plane by three quadrupole magnets

(Q1, Q2, Q3). Subsequently, secondary hadrons encounter the �rst achromat (A1), composed of four

dipole magnets and responsible for selecting the central momentum of 75 GeV=cwith a 1% root-mean-

square (RMS) acceptance. The �rst two magnets displace the beam along the horizontal direction.

The beam then propagates through graduated holes of a set of two movable beam-dump units (TAX1

and TAX2), used to absorb particles outside the desired momentum and direction range. Between

the two units, a set of tungsten plates of total length of 50 mm is inserted, with the depth optimised

to allow maximal positron energy loss from bremsstrahlung while minimising hadron scattering. The

�rst achromat concludes with two dipole magnets, returning the centre of the beam to its original

direction along the z-axis. The beam is then re-focused and collimated in both x and y directions by

a set of quadrupole magnets interspersed with collimators, removing the remainder of particles scat-

tered by the tungsten plates. Secondary particles pass through a set of dipole magnets, labelled B3 in

Figure 3.2, which impart a vertical magnetic �eld causing the de-focused positive and negative muons

to be swept away. The correction for a potential deviation due to the muon sweepers is provided by

a pair of dipole magnets (TRIM2 and TRIM3).

The beam particles are then prepared for entry into the �rst detector system, the KTAG, located

about 70 m downstream of the T10 target. Parallelisation of beam hadrons and minimising their

radial dispersion is handled by a pair of quadrupole magnets (Q7, Q8) followed by two collimators

(C4, C5). Two pairs of �lament scintillator counters (FISCs), one oriented along the x and the other

along the y directions, enable the measurement of transverse beam pro�les. One module of each pair

is positioned in front of and the other behind the KTAG, with the FISCs used both for beam tuning

and quality monitoring during data-taking.

Subsequently, beam particles are focused one �nal time by a pair of quadrupole magnets (Q9,

Q10), before entering the second achromat (A2) housing the three-station magnetic beam spectrom-

eter, the GigaTracker (GTK). The achromat is composed of four dipole magnets, with the �rst pair

imparting a vertical parallel displacement of � 60 mm and the other returning the beam to the original

direction. Between the two magnet pairs, the particles encounter a toroidally magnetized iron colli-

mator, known as a scraper magnet (SCR1), responsible for defocusing and removing the muon beam
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(a) Vertical and horizontal views of the upstream section of the K12 beam
line, spanning the T10 target to the TRIM5 magnet. Trajectory of a beam
particle emitted from the T10 target along in the positive z-direction is shown
as the dashed line. The red line marks the trajectory of a secondary hadron
emitted from the target at the indicated angle.

(b) Horizontal view of the downstream section of the K12 beam line, spanning
the TRIM5 magnet to the beam dump. The solid yellow line denotes the
nominal trajectory of the K12 beam, with the dashed lines marking the width
of the beam pro�le.

Figure 3.2: Schematics of the K12 beam line, containing the secondary hadron beam used by the
NA62 experiment. The detector and beam line components are labelled. [62]
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component. After exiting the achromat, the beam is subject to the e�ects of the last two collimators

(C6, C7), de�ning the �nal angular acceptance of the beam and discarding any particles outside of it,

such as products of upstream decays. During the 2018 data-taking campaign, a �xed iron collimator

(TCX) replaced C6 and C7, o�ering improved suppression of particles originating from decays in the

upstream region, owing to its signi�cantly larger transverse size and depth.

The beam particles are then subject to a de
ection originating from a dipole magnet (TRIM5) po-

sitioned immediately downstream of the last GTK station. The 90 MeV=c magnetic kick to 75 GeV=c

particles results in a 1:2 mrad de
ection in the x-plane, with the beam entering a long vacuum tank

housing the �ducial region for kaon decays (later referred to as FV). In the downstream section of the

beam line, as shown in Figure 3.2b), beam components travel in a straight line and through the cen-

tral holes of the �rst two downstream spectrometer stations (STRAW1, STRAW2). The particles are

subject to a 270 MeV=c magnetic kick from the MNP33 magnet, resulting in a de
ection of � 3:6 mrad

in the (x; z) plane countering the e�ect of the TRIM5 magnet. The beam then continues past the

central holes of the �nal two spectrometer stations (STRAW3, STRAW4). The MNP33 de
ection

results in beam particles hitting the centre of the (x; y) plane at a z-position 2:8 m downstream of the

front face of the electromagnetic calorimeter, the LKr.

The large vacuum tank housing the FV and the downstream spectrometer terminates behind

STRAW4, with the beam particles crossing a thin aluminum window and entering an evacuated beam

pipe, which allows them to pass through the centres of the downstream detector systems. The beam

pipe closely follows the direction of the beam, accounting for its divergence, and minimises the amount

of downstream detector signals originating from beam components. Two FISCs are present at the point

where the beam crosses the z-axis, verifying its shape before a �nal magnetic de
ection. The magnetic

kick is provided by a dipole magnet (BEND) and directs the beam at � 13:2 mrad in the (x; z) plane,

towards the beam dump. Before being absorbed by the iron dump surrounded by concrete, beam

components exit the evacuated beam pipe and pass through a wire chamber with analogue readout

and an ionisation chamber. These two instruments allow a �nal measurement of the beam pro�le and

a live per-spill monitoring of the number of protons delivered on the T10 target.

3.2 Detector

The detector of the NA62 Experiment aims to enable a decay-in-
ight measurement of theK + ! � + � ��

decay, with the general requirements outlined in the beginning of this chapter. The elusive nature of

the signal mode and the high beam intensity, leading to a high detector rates, require precise quanti-

tative descriptions of both the parent kaon and the daughter pion, together with a hermetic veto for

photons and high e�ciency of detection of any additional charged particles. Beam particle momenta

and directions are measured by the upstream spectrometer, the GTK, with the kaon indenti�ed and

timestamped by the KTAG system. All the remaining detector systems of the NA62 detector, as

shown in Figure 3.3, are designed to identify and quantify signal from decays originating in the FV

and other particles arriving from the upstream.

This section describes the detector systems of NA62 in their Run1 con�gurations, with more detail

available in reference [62]. Systems pertinent to theK + ! � + � � � + � � analysis are covered in greater

detail.
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Figure 3.3: Schematic of the NA62 detector in its 2017 and early 2018 con�guration, as viewed from
the side. The object labelled \CHOD" describes the position of both NA48-CHOD and CHOD. [62]

3.2.1 KTAG

The unseparated hadron beam of NA62 contains only 6% of positively charged kaons. To enable

the measurement of their decays, in particular matching the upstream spectrometer tracks produced

by all charged beam particles to downstream signatures, and reject beam particle interactions with

vacuum tank gas, the kaon crossing time must be obtained with a precision of 100 ps. This task is

performed by a di�erential Cherenkov detector with a bespoke photon readout system, the KTAG.

The system is designed to minimise material thickness in the path of the beam, which de�nes the

amount of scattering due to the detector, maximise the e�ciency of kaon detection and ensure a small

contamination arising from beam pions. To satisfy the requirements at the expected 45 MHz kaon rate,

a standard nitrogen-�lled ChErenkov Di�erential counter with Achromatic Ring focus (CEDAR) [63],

designed for identi�cation of high energy particles in secondary SPS beams, was complemented with

a state-of-the-art purpose-built photon readout [64].

Di�erential Cherenkov counters exploit the Cherenkov e�ect, where charged particles travelling

through a medium at a speed larger than the speed of light in that medium emit photons at an angle

� C with respect to their direction. For particles of velocity v = �c , photons can be focused on a plane

with an e�ective focal length f , leading to a light ring of radius

RC = f � � C = f � cos� 1
� 1

n�

�
; (3.2.1)

with n being the refractive index of the medium. In CEDARs, the radius at which photons are

extracted from the vessel through eight quartz windows, as shown in the light propagation schematic

of Figure 3.4, is �xed. Given the �xed central momentum of the beam, p, a particle species of mass

m is characterised by a velocity

� =
�

1 +
m2

p2

� � 1=2

: (3.2.2)

The desired species, i.e. kaons, can be selected by choice of gas medium and number density,� de�ning

the refractive index, with the dependence

(n � 1) / � / P=T; (3.2.3)

where P and T are the pressure and temperature of a gas contained in a �xed volume.
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Figure 3.4: Left: Schematic diagram of light propagation in the CEDAR vessel. [65] Right: Mechanical
design showing one half of the KTAG detector readout module. [64]

In a CEDAR vessel, well insulated by design, the refractive index is hence determined by the gas

pressure. The NA62 CEDAR was �lled nitrogen at pressure of 1:73 bar during Run1.

To minimise pion contamination of the kaon signal, with radial separation �R (K � � ) � 2 mm, the

width of the transmitted light ring can be constrained by using a motorised diaphragm. The width

of the light ring is dominated by beam divergence, with a signi�cant contribution from chromatic

dispersion and minor ones from scattering and refractive index inhomogeneity [63]. The impact of the

�rst phenomenon is mitigated by precise beam steering to achieve< 100 mrad divergence and detector

alignment using a pair motors, independently parallelising the optical axis in the (x; z) and (y; z)

planes. Chromatic dispersion is tackled by the usage of correctors �xed inside the CEDAR vessel, as

shown in Figure 3.4. Overall, the individual light ring width is kept well below the kaon-pion radial

separation, with the diaphragm operated at an aperture of� 1:5 mm.

After exiting the CEDAR vessel through one of the eight thin, uniformly spaced quarts windows,

the photons are re
ected radially outwards by a spherical mirror towards a light box, as shown in

Figure 3.4. Each of the eight light boxes, often referred to as sectors or octants, consists of an aluminum

plate with cone-section-shaped and Mylar-lined holes leading to 48 photomultipliers(PMs), with the

single channel resolution of� t (PMT ) = 300 ps. The large number of PMs per octant was chosen to

achieve the required time resolution of< 100 ps, since a kaon crossing time resolution,� t (KTAG ) is

taken as the average of overN 
 detected photons, so that

� t (KTAG ) = � t (PMT )=
p

N 
 : (3.2.4)

A more detailed description of the light box geometry is available in [64].

The KTAG performance in NA62 Run1 was characterised by observing an average of 20 Cherenkov

photons per kaon candidate, i.e. one constructed from coincident signals in at least �ve octants of

the detector. The time resolution of the detector in that period can hence be calculated from Equa-

tion 3.2.4 as� 70 ps. The average e�ciency of kaon identi�cation in Run1 is 98%.

3.2.2 Beam spectrometer - GTK

The Gigatracker (GTK) is a beam spectrometer positioned around the A2 magnetic achromat of the

K12 beam line inside the evacuated beam pipe [66]. In the Run1 con�guration, it consists of three

stations, with the layout presented in Figure 3.5: GTK1 before the �rst dipole magnet pair, GTK2 in
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Figure 3.5: Left: Schematic of the GTK beam spectrometer. The dashed line follows the trajectory
of a K12 beam particle travelling at the central momentum of 75 GeV=c from left to right. Right top:
Sketch of a single GTK station. The beam would traverse the module from top to bottom. Right
bottom: picture of a fully assembled GTK station, viewed from the sensor side. [62]

the section where the beam particles travel at a vertical displacement of� 60 mm and GTK3 down-

stream of the achromat and the following TRIM5 kicker magnet. Precise measurement of positions at

each of the three stations allows to reconstruct the beam particle momentum magnitudes under the

magnetic de
ection, as well as their direction.

Recording signal from all charged hadron beam components, the GTK is exposed to the highest

hit rate of all the NA62 detector systems (up to 1:5 MHz=mm2 [66]), necessitating excellent time

resolution and radiation hardness. To achieve these goals, hybrid silicon pixel technology was em-

ployed, each station comprising of a sensor, on-detector read-out and cooling layers in the path of the

beam, see Figure 3.5. The cooling system, maintaining the modules at� 15 � C, was designed to allow

continuous operation of the detector under full intensity for 100 days without signi�cant performance

loss [67]. The design thickness of a single station under 0:5% X 0, with the sensor layer only 200µm

thick, was chosen to minimise both multiple Coulomb scattering of beam particles interacting with

the detector and the amount of background from interactions in GTK3.

To achieve a target momentum resolution of� p=p = 0 :2% given the vertical spatial dispersion of

the beam of 0:6 mm at GTK2, a 300 � 300µm2 pixel size was chosen. A matrix of 40� 45 pixels is

read out by an application-speci�c integrated circuit (ASIC) [68], with two rows of �ve such modules

comprising a single station of active area 62:8 � 27 mm2. The detector geometry provides a 0:16µrad

angular resolution in the (x; z) and (y; z) planes. The usage of a time-over-threshold technique with

multiple corrections, including the e�ects of time-walk, gives a single pixel time resolution of 150 ps.

3.2.3 CHANTI

The CHarged ANTI-coincidence detector (CHANTI) [69] is positioned just downstream of the �nal

GTK station and was designed to detect charged particles scattering in GTK3, also being sensitive

to upstream kaon decays and beam halo muons originating from the K12 beam line. It comprises

six stations housed in a vacuum vessel shared with GTK3, with the spacing approximately doubling
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Figure 3.6: Left: Three of the four views, i.e. layers of equally-oriented straws, present in a single
STRAW detector station. A superposition of the four views gives hermetic coverage spanning a 2:1 m
circle with a beam-hole in the middle for a free passage of the beam. Right: Positioning of straw tubes
within a single STRAW detector view optimised to ensure su�cient overlap for a particle to cross at
least two straws. [62]

between subsequent module pairs. Two orthogonally-oriented layers of scintillator bars of area 300�

300 mm2 with a beam hole in the middle make up a single station. This geometry allows for a

hermetic coverage in the angular range of 49 mrad to 1:34 rad. The scintillator bars are of triangular

shape, 3:3 cm wide at the base with a central wavelength-shifting optical �bre propagating the light

signal to a silicon photo-multiplier (SiPM) for each bar. The detector system was measured to be 99%

e�cient [69], with the observed position and time resolutions of � 2:5 mm and � 0:8 ns [62], respectively,

critical for space-time matching and minimisation of the impact of accidental activity.

3.2.4 STRAW

The STRAW is a magnetic spectrometer designed to measure momenta and directions of decay prod-

ucts of the K12 kaons. The spectrometer consists of four stations, two placed in front of and two

downstream of the MNP33 magnet, as shown in Figures 3.2 and 3.3. An integrated magnetic �eld

of 0:9 T m supplies a de
ection which allows for a measurement of momentum. To satisfy the low

scattering and precision requirements, the chosen approach was a bespoke system of thin gas-�lled

straw tubes inserted directly into the main vacuum vessel of NA62, immediately downstream of the

target kaon decay region. Each station is composed of four views of 2160 mm-long and 9:8 mm-

diameter straws, aligned orthogonally in pairs in (X; Y ) and (U; V) directions, with the latter rotated

by 45� with respect to the experimental coordinate system, see Figure 3.6. Central straws from each

view are removed to allow for the passage of the undecayed beam particles, as visible in Figure 3.2.

Tracks produced in kaon decays in the generalised NA62 acceptance will span the angular range� 3� ,

motivating the relative staggering of the two pairs of tube layers within a view. Such redundancy

guarantees at least two straw crossings per charged particle track in each view, as shown in Figure 3.6.

A single straw tube is made of a thin layer of polyethylene terephthalate (PET), covered by 50 nm

of copper and 20 nm of gold on the inside. The tubes are �lled with a gas mixture composed of 70%
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Figure 3.7: Schematic view of the RICH detector vessel, with indicated beam direction, layout of the
mirror mosaic at the downstream end and photo-multiplier arrays on the upstream 
ange. [62]

argon and 30% CO2, and contain a 30µm thick tungsten anode wire running on the symmetry axis

of the cylinder. A charged particle passing through a tube creates electron-ion pairs. The duration

of the electrical pulse generated on the anode de�nes the distance of particle impact point from the

central wire, further improving the point position resolution. Small dimensions of individual straws

allow to achieve a light system, totalling 1:8% X 0.

The novel design allowed to achieve the target momentum resolution of the spectrometer of

� p

p
= 0 :30%� 0:005%� p; (3.2.5)

where the particle momentum, p has units of GeV=c. The one-dimensional angular resolution of the

system decreases from 60µrad at 10 GeV=c to 20µrad at 50 GeV=c.

3.2.5 RICH

The Ring Imaging CHerenkov (RICH) detector of NA62 was designed to allow for pion and muon

separation in the (15 to 35) GeV=c momentum range, as necessary for theK + ! � + � �� analysis. Fur-

thermore, the system was required to provide a sub-100 ps timing information, compatible with the

performance of the upstream KTAG-GTK system.

The target Cherenkov threshold for the detector was set for a 12:5 GeV=c pion to ensure full e�-

ciency at the lower momentum limit, leading to the required refractive index n such that (n � 1) =

62� 10� 6. This motivated the choice of neon as the radiative medium, as it nearly exactly matches the

requirement at room temperature and atmospheric pressure. The RICH vessel, a 17 m long cylinder

with diameter decreasing from 4:2 m upstream to 3:2 m downstream, is located downstream of the

NA62 vacuum tank. A thin evacuated aluminum tube running along the centre of the vessel sepa-

rates the beam from the active detector area. Cherenkov photons from charged kaon daughters with

momentum exceeding the detector threshold are incident on the downstream end, housing an array

of spherical mirrors, shown in Figure 3.7. The array consists of 18 hexagonal and 2 half-hexagonal

mirrors of 350 mm side, separated along the vertical into two groups re
ecting the light to the left

and right of the active area respectively. The orientation of each mirror is controlled though a pair

of remotely-controlled piezoelectric actuators, allowing for quick alignment to validate detector per-
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Figure 3.8: Left: Schematic of the NA48-CHOD, showing the two orthogonally-aligned layers of
scintillator slabs, with readout photo-multiplier tubes at their ends and the support structure. Right:
tile layout and per-tile hit rate in MHz at nominal NA62 intensity for the CHOD. [62]

formance. The photons travel upstream, towards two arrays of PMs situated symmetrically on the

outer 
ange of the upstream end of the vessel. The granularity of the readout assemblies signi�cantly

contributes to the angular resolution of the detector. 976 PMs per array were instrumented, with the

active area enhanced through the use of Mylar-covered Winston Cones [70].

The detector performance was measured on 2017 data yielding a pion identi�cation e�ciency of

83% and a muon contamination of 0:2% [71]. A sample ofK ! � 0e+ � e events from 2017 data was

used to quantify the RICH timing resolution as 70 ps [72].

3.2.6 Charged particle hodoscopes

The NA62 experiment uses two independent scintillator detector systems positioned between the RICH

and LKr, the NA48-CHOD inherited from the NA48 experiment [73], and the CHOD custom-built

for NA62. Both detectors are used primarily for the provision of fast information on the presence of

charged particles in the radial range (145 to 1070) mm downstream of the RICH for triggering purposes,

with the lower and upper limits de�ned by the shapes of the IRC calorimeter and the LAV12 station

respectively (see Section 3.2.8). The hodoscopes provide timing information for charged particles

of all momenta, serving as the only timing system for particle outside the RICH operational range.

Both detectors have a central hole, allowing the beam pipe to transmit the undecayed K12 beam

components without interactions.

3.2.6.1 NA48-CHOD

The NA48-CHOD is placed between the RICH and the LAV12 station. It consists of two diagonally-

oriented layers of 20 mm thick scintillator slabs made of BC408, with the material choice motivated

by a fast decay time. The slabs vary in both length and width, ranging from 65� 1210 mm2 for the

innermost, to 99 � 600 mm2 for the outermost, as shown in Figure 3.8. Light generated by charged

particles passing through the NA48-CHOD is collected by photo-multiplier tubes (PMTs), one at the

outer end of each slab, optically connected by a Plexiglas light guide. The position of the particle
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impact point is obtained from the coincidence of signal in the vertical and horizontal layers, with the

two layer system helping to suppress noise and back-scatter from the LKr calorimeter. The NA48-

CHOD is read out with time-over-threshold discriminators developed for the LAV detector, achieving

a single-particle time resolution of � 200 ps [62]. The total system thickness is 0:10 X 0.

3.2.6.2 CHOD

The other charged particle hodoscope of NA62, the CHOD, is positioned between the LAV12 and

the LKr calorimeter. It comprises 152 scintillator tiles of 108 mm height and 30 mm depth. The tiles

are vertically spaced by 107 mm, possible thanks to placing alternating rows on opposite sides of a

thin (3 mm) central support foil. The resultant 1 mm vertical overlap minimises ine�ciency caused by

particles crossing at tile edges. The tiles have two base widths: 134 and 268 mm, with the former for

instrumenting the higher rate area closer to the beam and edge tiles shaped to extend exactly to an

outer radius of 1070 mm. The geometry is a result of optimisation of single tile rates, with the layout

and expected rates in MHz at nominal NA62 intensity shown in the right panel of Figure 3.8. Each

tile is read out by a pair of silicon PMs, optical contact with the scintillator material provided by

wavelength-shifting �bers, with outputs further shaped by constant fraction discriminators (CFDs)

[74] for improved trigger time resolution. The e�ciency of the CHOD was measured on 2016 data as

98:6%, with a single-particle time resolution of 1:01 ns [75].

3.2.7 Liquid krypton calorimeter - LKr

The main electromagnetic calorimeter used in the NA62 setup is the Liquid Krypton calorimeter

(LKr) inherited from the NA48 experiment [73]. It serves two main purposes: providing a photon

veto in the intermediate forward radial region, as de�ned with respect to the z-axis, and allowing for

particle identi�cation in conjunction with kinematic information from the STRAW spectrometer. To

cope with the high particle rate in NA62, a new readout system was designed for the LKr [76].

The calorimeter is a quasi-homogeneous ionization chamber, �lled with liquid krypton kept at

120 K by a purpose-built cryogenic system. The active material was chosen for radiation hardness,

with a �ltration plant allowing for purity tests being a part of the cryogenic setup. The calorimeter

vessel has an octagonal front face, covering the area of a circle of 1280 mm radius, with a central

hole accommodating the beam pipe. The vessel has a depth of 1:27 m, corresponding to 27X 0, cho-

sen to ensure full containment (> 99%) of electromagnetic showers up to 50 GeV. Readout is provided

through a set of thin Cu-Be electrodes of 20 mm width and 1:27 m length. The lateral spacing between

individual ribbons is 10 mm, as shown in Figure 3.9, leading to a cell transverse size of 20� 20 mm2.

Such high granularity allows for good position resolution of energy deposits, given the active medium

Moliere radius of 47 mm.

The expected energy resolution of the LKr in the NA62 con�guration based on simulation is [62]

� E

E
=

4:8%
p

E
�

11%
E

� 0:9%; (3.2.6)

with a slight deterioration as compared to the performance within the NA48 experiment [78] arising

from additional upstream material and a higher detector rate. The detector photon-veto capability

satis�es the NA62 requirements of 10� 3 at E 
 > 1 GeV and 10� 5 at E 
 > 10 GeV [62].
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Figure 3.9: Left: schematic view of a quarter of the LKr calorimeter. Right: detail of the calorimeter
cell structure. [77]

3.2.8 Other photon vetoes

The photon-veto requirements of NA62 are de�ned by the elusive experimental signature of the

K + ! � + � �� decay, in particular the fact that the K + ! � + � 0(� 0 ! 

 ) process can mimic the

signal mode should the photons go undetected. To enable the decay-in-
ight measurement, a her-

metic photon veto covering the angular range (0 to 50) mrad is achieved by employing four di�erent

calorimetric systems, as outlined in Table 3.3.

3.2.8.1 Large Angle Veto - LAV

The Large Angle Veto (LAV) system [79] is designed to veto photons emitted at an angles of (8:5 to

50) mrad from the z-axis and consists of 11 stations (LAV1- LAV11) operating in the vacuum tank

housing the decay volume and a single station (LAV12) placed between the two charged particle ho-

doscopes. As shown in Figure 3.3, the active area of each station is a ring in the (x; y) plane, with

a �xed radial length but varying inner radii and thicknesses. Given the low energy of photons from

� 0 decays emitted at angles covered by the LAV, the detector must have an ine�ciency of< 10� 4 for

E 
 > 200 MeV. The large transverse size of the detector active area and the station positions make it

sensitive to beam halo particles, i.e. ones originating from the upstream area but not the K12 beam.

To ensure the halo particles do not contribute through accidentals, a time resolution of� 1 ns is re-

quired.

At the stage of designing the NA62 detector, modules from the barrel of the electromagnetic

calorimeter of the OPAL experiment [80] became available for recycling. Upon testing, they were

observed to satisfy the performance requirements, o�ering substantial savings on construction costs.

The individual modules are lead-glass blocks, with 75% of PbO, 370 mm long and of square cross

Coverage [mrad] Detector name Modules

8.5 - 50 LAV 12
1.0 - 8.5 LKr 1

0 - 1 SAV SAC + IRC

Table 3.3: The NA62 photon veto systems, with their radial coverage and number of modules.
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(a) First LAV station.

(b) IRC installed on the K12 beam line.

(c) SAC before installation.

Figure 3.10: Pictures of the LAV1 station, IRC and SAC detectors. [62]

section varying from 100� 100 to 110� 110 mm2 on opposite ends. Electromagnetic showers induced

in the glass are detected from the Cherenkov light generated by their charged components. Each

block is read out by a single large-diameter PM, optically connected to the larger-area end by a light

guide. Each station comprises a few layers of rings of lead-glass blocks, with the PMs facing outward,

as shown in Figure 3.10 a). As the ring radius increases, the spacing between the wider ends of the

blocks reduces, which together with the staggered ring layout allows for fewer layers to achieve the

same e�ective depth for stations further downstream. The geometry results in most incident particles

traversing at least 27X 0 of the lead glass. Custom front-end electronics for the detector were designed

incorporating the time-over-threshold method to achieve the required time resolution [81].

3.2.8.2 Small Angle Veto - SAV

The Small Angle Veto (SAV) system comprises two calorimeters responsible for vetoing photons emit-

ted between 1 mrad and beam direction. Both are shashlyk calorimeters, with plastic scintillator

active regions interspersed by lead plates. Given the low angles of acceptance, the calorimeters are

only subject to photons from beam kaon decays with energyE 
 > 5 GeV, requiring an ine�ciency

< 10� 4 above this threshold.

The Intermediate Ring Calorimeter (IRC) covers the higher end of the SAV angular acceptance,

being an eccentric cylinder positioned just upstream of the LKr. The radial coverage extends to

290 mm, with a central bore of diameter 120 mm with its central axis shifted by 12 mm along the

x-dimension to account for the beam direction, see Figure 3.10 b). The calorimeter comprises two

modules, of 25 and 45 ring-shaped layers upstream and downstream respectively, with a layer contain-

ing a lead plate followed by a scintillator one, both 15 mm thick, totalling 19X 0 for the detector. The

scintillator rings are optically separated into quadrants, with light from each quadrant propagated to

a single PM by a wavelength-shifting �bre.

The Small Angle Calorimeter (SAC) is a square-cross section detector centered around the z-axis,

positioned just before the beam dump and after the �nal K12 BEND magnet, as shown in Figure 3.2.
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It was designed to tag photons emitted at low angles down to the direction of the beam after the

MNP33 de
ection. The calorimeter consists of 70 layers of 205� 205 mm2 cross-section, each layer

being a succession of a 1:5 mm lead plate and a 1:5 mm plastic scintillator plate. Holes bored out

in the layers allow for the passage of a wavelengths-shifting �bres coupling the scintillating material

to four PMs placed on the downstream end, as shown in Figure 3.10 c). As the scintillating plates

are not transversely separated, the SAC is e�ectively a single-channel detector, with a total depth of

19X 0.

3.2.9 Hadronic calorimeters - MUV1 and MUV2

The hadronic calorimeter of NA62 is composed of two detectors, MUV1 and MUV2, positioned in

this order downstream of the LKr as shown in Figure 3.3. The MUV2 detector is a refurbished front

module of the hadronic calorimeter of the NA48 experiment [73], while MUV1 was constructed specif-

ically for NA62. Both detectors are sampling calorimeters of interspersed iron and scintillator layers.

The hadronic calorimeter complements the LKr in providing particle identi�cation information based

on energy deposits in the total system.

The MUV1 was designed to provide higher granularity than its refurbished NA48 counterpart. It

comprises 24 iron plates of 26:8 mm thickness interspersed by 23 layers of 9 mm thick scintillator strips

alternately aligned along the horizontal and vertical, with one more of the former. The transverse di-

mensions of the layers are 2700� 2600 mm2, with the exclusion of the front and back metal plates, the

increased size of which serves to support the structure and cover the readout �bres. The scintillator

strips are 60 mm wide, as optimised for pion and muon separation capabilities and cost considerations,

and 2620 mm long. Strips in the central region are shortened and split in two to accommodate the

beam pipe and the increased hit rates. Wavelength-shifting �bres from full-length strips of the same

transverse position (but di�erent depth) lead the light signal to one PM from each strip side. The

shorter strips are grouped similarly with readout only from one end, leading to a total of 176 channels.

The MUV2 detector follows a similar layout, with 24 iron plates of 25 mm thickness interleaved

with 23 layers of scintillator strips. The MUV2 strips have the transverse dimensions 1300� 119 mm2,

with 4:5 mm depth and the layers alternately aligned as for the MUV1. With the strip length spanning

half the detector size, the central strips have their ends shaped to allow for the passage of the beam

pipe. Strips of the same transverse orientation are optically coupled through Plexiglas wave-guides to

a PM. With the geometry constraining the readout to one end of the strips and roughly double the

strip width of MUV1, the MUV2 has 88 readout channels.

The total system, as presented from simulation in Figure 3.11, has a thickness of 7:8X 0. Careful

calibration of both parts of the hadronic calorimeter allows to achieve the energy resolution of

� E

E
= 0 :115�

0:38
p

E
�

1:37
E

; (3.2.7)

where energy has the units of GeV, as measured on 2015 NA62 data [62]. Combination of MUV1,

MUV2 and LKr energy deposits enables a signi�cant improvement in this metric.
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Figure 3.11: Left: Simulated geometry of the MUV1 and MUV2 detectors, left to right. [82] Right:
Geometry of the MUV3 detector, with simulated per-tile rate at nominal NA62 beam intensity in
MHz. [62]

3.2.10 Fast muon veto - MUV3

The MUV3 detector was designed to provide fast information on the presence of muons in the down-

stream detector, mainly for triggering purposes in case of theK + ! � + � �� analysis. It is positioned

immediately downstream of a 800 mm thick iron wall, placed just downstream of MUV2. While pions,

electrons and positrons originating from beam kaon decays will be absorbed in the NA62 calorimeters

and the iron wall, muons can traverse those systems being minimum ionising particles (MIPs). Muon

identi�cation, allowing for veto or positive decision at trigger level as well as at the analysis stage, is

hence performed by checking for hits in the MUV3 detector.

MUV3 is e�ectively a charged particle hodoscope, of 2640� 2640 mm2 transverse dimensions and

50 mm tile thickness. The detector geometry, shown in the right panel of Figure 3.11, was chosen to

allow association with STRAW spectrometer tracks at analysis level and satisfy the timing requirement

of the trigger system, while maintaining sensible per-tile illumination. Majority of the MUV3 tiles

(referred to as \outer") have the transverse dimension of a square with a 220 mm side, leading to

a 12 � 12 matrix. In the central region spanning 440� 440 mm2 around the beam direction, the

beam pipe is accommodated by a 8 smaller tiles (referred to as \inner"), with their edges shaped to

tightly enclose the vacuum pipe. Each tile is wrapped in Mylar on its upstream end and sides, to

ensure no cross-talk, with the back enclosed in a light-tight box. At the end of each box rest two

2-inch-diameter PMs, with signal from them passed on to CFDs [74] to reduce the time jitter. Muons

traversing the PM front window can generate Cherenkov light, with a probability of � 8%, leading

to a signal arriving 2:5 ns before the scintillation light. The potential time bias from this e�ect is

partially mitigated by using two PMs per tile. As visible from the right panel of Figure 3.11, the

MUV3 has a few hot tiles adjacent to the beam hole, which often motivates the use of only outer tiles

both for trigger and analysis purposes to avoid the impact of accidental hits. The e�ciency of the

MUV3 for > 15 GeV=cmuons was measured as> 99:5% on 2015 data, with a single-tile time resolution

of � 0:5 ns [62].
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3.2.11 MUV0 and HASC

Two additional veto detectors are employed to measure the low momentum� � and high momentum

� + originating from K + ! � + � + � � (K 3� ) decays which fall beyond the geometric acceptance of the

downstream spectrometer. Decays with kinematics involving both such particles, if undetected, give

a signature consistent with the target K + ! � + � �� mode.

The MUV0 is a lateral veto positioned to the positive-x side of the downstream RICH 
ange and

covering an area of 1:4 � 1:4 m2 with two layers of scintillator tiles. The tiles are grouped into nine

super-cells and read out with PMs. K 3� decays can produce< 10 GeV=c negative pions receiving a

magnetic de
ection in the downstream spectrometer opposite to that of the beam, leading to them

escaping the STRAW acceptance. The MUV0 was positioned to intercept such pions.

The HASC detector is a hadronic sampling calorimeter positioned downstream of the last BEND

magnet of the K12 beam line and shifted into the negative x-values, see Figure` 3.2. It is composed of 9

reused modules of a prototype Projectile Spectator Detector [83] developed for the NA61 experiment,

with each module having 60 layers of alternating 16 mm lead and 4 mm scintillator plates. The modules

are arranged into a 3� 3 matrix, covering a 300� 300 mm2 area, and read out by 360 SiPMs. A� +

of momentum > 50 GeV=c from a K 3� decay can escape through the central holes of STRAW stations

and receive a de
ection by a di�erent angle than the K12 beam from the last BEND magnet. The

HASC was designed to indicate the presence of such pions.

3.2.12 Detector development

The NA62 detector is subject constant development based on the recorded data. Two examples of such

changes during Run1 are the introduction of the additional veto detectors described in Section 3.2.11

in 2016 and the improved TCX collimator installed in 2018.

Prior to the start of Run2, two further systems were introduced [84], the VetoCounter and the

ANTI-0. The former is a scintillator-tile detector made of two station placed upstream of and one

downstream of the �nal collimator. It was designed to mitigate the \upstream background" of the

K + ! � + � �� analysis due toK + decays between GTK2 and the �nal collimator. The latter, ANTI-0,

is described in detail in Chapter 4. A new FELIX-based [85] readout system was successfully commis-

sioned for the VetoCounter in 2022 [86]. Changes to detector con�guration for Run2 also included the

addition of a fourth GTK station, GTK0, neighbouring GTK1, and a second stations of the HASC,

placed on the opposite side of the K12 beam line.

A new bespoke hydrogen-�lled CEDAR detector, the CEDAR-H [65], was constructed and tested

at CERN in 2022 and successfully commissioned as part of the NA62 detector in 2023. The use of

hydrogen as a radiator medium reduces the amount of material in the path of the beam due to the

KTAG by � 81% as compared to the nitrogen-�lled variant, signi�cantly decreasing the amount of

beam scattering. The new bespoke optics allow for a an improved single kaon identi�cation e�ciency

of 99:7% with a time resolution of 66 ps [65], both improving over the nitrogen-�lled CEDAR.
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3.3 Trigger and Data Acquisition System

The high intensity nature of the NA62 experiment necessitates the use of a fast and e�cient data

acquisition system. The elusive nature and extremely low branching ratio of the targetK + ! � + � ��

mode (see Equation 2.3.3) requires a highly selective yet e�cient main trigger line, as well as compli-

mentary data sets for control and calibration of the individual detectors. To meet all the requirements,

a CERN-developed Timing, Trigger and Control (TTC) system [87] , delivering a centralised uniform

clock signal of � 40 MHz frequency from a high-precision low-jitter clock was employed. The clock is

decoupled from that of the accelerator complex, as the active data-taking phases of the experiment

are de�ned by the spill duration of the SPS of � 3 s, with variable breaks in between of at least� 12 s.

The signal generated in the NA62 detector due to particles generated from a single SPS spill is a

standard unit of NA62 data, a \burst", including events selected by all the applied trigger streams.

Synchronisation between detector readout electronics is ensured by sending a common start-of-burst

signal to all sub-systems, followed by an end-of-burst one a �xed number of clock cycles away, ensuring

uniform timing during particle delivery. Outside of a burst, the systems can independently perform

clean-up tasks. A �xed number of no more than 1500 bursts due to consecutive SPS spills constitutes

a single \run" (unrelated to the the Run1 and Run2 data-collection periods), a larger unit NA62 data

providing su�cient statistics to assess per-system detector performance. Runs are further grouped

into \samples", representing sets of data collected under similar conditions pertaining to detector and

beam setup or data quality.

The output data rate of O(10 MHz) makes operating a completely trigger-less approach unfeasi-

ble, hence the experiment adopted a two-level approach, comprising a L0 hardware and L1 software

triggers (the latter often referred to as HLT for High Level Trigger). The L0 system [88] relies on fast

information from a subset of detectors, see a schematic of the NA62 TDAQ system in Figure 3.12. The

RICH, NA48-CHOD, CHOD, LKr and MUV3 each generate a set of L0 primitives, i.e. binary 
ags

containing a decision on some predetermined conditions, such as whether a predetermined number or

combination of signals were generated in the system. The L0 primitives are delivered from the detec-

tors to the L0 trigger processor (L0TP) [89], which evaluates if any from a set of pre-de�ned trigger

conditions (masks) are satis�ed. In the event of a positive decision, a request is propagated to all

detectors used at L1 stage (KTAG, STRAW, LAV) to send data to the PC farm together with the L0

ones, forming a L1 event. If a set of L1 algorithms chosen for a given L0 mask gives a positive decision,

data from the remaining detectors (hadronic calorimeters and the GTK) is sent to merger computers,

which group it together with the L1 event and save to disk. Each trigger line, comprising a L0 mask

and the associated L1 algorithms, can be run at an integer downscaling,D , where only one in every

D positive decisions at L0TP level results in sending the L1 request. This approach enables e�cient

use of the available bandwidth of the NA62 TDAQ system, allowing for collection of K + ! � + � ��

data, as well as sets for calibration, performance studies and a variety of other pursuits in the kaon

sector: precision measurements, exotics and BSM searches. Each trigger stage reduces the data rate

by a factor of � 10, leading to a � 100 kHz �nal output rate. The existing infrastructure allows for

parallel operation of multiple L0 masks, with possible extensions in terms of additional detectors or

multi-detector algorithms at L1. A detailed overview and performance of the NA62 trigger system as

operated in 2018 can be found in [90].

Given similar time resolutions of a majority of the L0 detectors, as well as the requested setup


exibility, a common readout board based on the LHCb TELL1 [91], called TEL62 [92] was developed
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Figure 3.12: Schematic drawing showing the data 
ow and rates from a subset of NA62 detectors. [62]

for NA62, providing improved storage, computing power and inter-communication capabilities. Each

TEL62 houses four custom built TDCB modules [93], providing time-to-digital conversion for up to

128 channels at� 100 ps precision. The list of systems read out by TEL62 boards comprises KTAG,

CHANTI, LAV, RICH, NA48-CHOD, CHOD and MUV3. For the GTK, the on-detector readout

approach necessitates the use of custom chips, called TDCpix [68], as visible in Figure 3.5. Data

from each of the 10 sensors for each GTK station is handled by a single chip. The STRAW detector,

while sharing the e�ciency requirement with TEL62 detectors, has a worse time resolution by design,

hence an alternative solution was deemed appropriate on cost grounds. At the front-end, groups of 8

tubes are read out through a single CARIOCA chip [94], designed by the LHCb Collaboration. Data

from 32 such chips is then propagated to a bespoke STRAW Readout Board (SRB), with 8 of these

serving a single STRAW station. A custom board, Calorimeter Readout MOdule (CREAM) [95], was

developed for the LKr calorimeter. Within NA62, the CREAM system is used to process signal from

the IRC, LKr, MUV1, MUV2 and SAC calorimeters.

3.4 Software framework

The NA62 software framework (na62fw) [96], is a complete software toolkit for the reconstruction,

simulation and analysis of data collected by the NA62 experiment, written mostly in the C++ pro-

gramming language. The framework has a modular layout and incorporates scripts allowing automated

processing of real and simulated data, with the individual elements described below.

3.4.1 NA62MC

The NA62MC is a module of the na62fw responsible for the simulation of particle decays within

the NA62 setup and the associated detector response using Monte-Carlo methods. The NA62 beam

and particle interactions with the beam line elements up to the KTAG detector are handled using

the TURTLE [97] or BDSim [98] packages. The resultant beam characteristics are then passed on

to a Geant4-simulated [99] version of the NA62 detector. The Geant4 toolkit is highly con�gurable,

35



allowing the usage of various packages for simulation of the whole range of relevant physical processes,

as well as for detailed geometric and physical-property de�nitions of the used materials. In case of

NA62MC, custom K + decay generators based on most up-to-date theoretical calculations are employed

to guarantee the accuracy of emulated processes. The physics of particle interactions within individ-

ual detector systems can be speci�ed independently, to maximise computational e�ciency given the

required precision and limited resources. For example, for the charged particle hodoscopes of NA62,

photon-by-photon light propagation within scintillator tiles is abandoned in favour of the total energy

deposit per tile as generated by the passage of a single charged particle. The geometry simulation

of the NA62 detector involves not only the active detector regions but also magnets, collimators and

relevant support structures, with details of all vessels, to account for the possible e�ects of particle in-

teractions with those volumes. The NA62MC was recently updated to allow 
exibility in terms of the

subset of detectors simulated, as well as their position and orientation. The run-time implementation

of this mechanism allows for simulating data corresponding to detector setup for di�erent data-taking

periods. The Geant4 functionality allows to not only record the detector response due to passage of

simulated particles but also track the true simulated positions and interactions, in which the emulated

particles were involved.

NA62 data is simulated within NA62MC in samples made up of one type of kaon decay, with

the beam kaon forced to decay in a particular z-position range by undergoing a speci�c process, for

instance the K + ! � + � �� . The relative probability of particle decay within the requested range is

driven by the kinematics, with the most often used range spanning (102:5 to 180) m, corresponding

to the detector FV. Such an approach allows for resource-e�cient combination of relevant decays for

analysis purposes. For simulated data, theK + decay de�nes the reference time for an event, contrary

to real data, where trigger time is used, as provided by a chosen reference detector, in most cases the

RICH.

3.4.2 NA62Reconstruction

The NA62Reconstruction module is responsible for converting raw data coming from individual de-

tector systems, and their multiple stations where relevant, into candidates, i.e. objects representing

physical attributes of the particle generating the signal. To facilitate the use of real and simulated

data at analysis stage, NA62Reconstruction processes both to give the same output format. Real raw

data, given prior signal manipulation by the front-end electronics and by de�nition subject to real

resolution e�ects, is decoded and the read-out channel, i.e. link propagating the data throughout the

physical part of the TDAQ system, is converted to geometric channels ID, often chosen to enable the

quick identi�cation of position within the system. In the case of simulated data (referred to as MC),

the information must be \digitised" to allow for processing by the same chain as the real one. MC

digitisation involves inverse conversion from geometric to readout channel ID, as well as emulating the

e�ects of front-end electronics and physical signal propagation. To take the CHOD as an example,

simulation of the CFDs present in the readout chain is performed by rejecting energy deposits below

a certain threshold, dead-time is accounted for by rejecting hits closely following another and the hit

time receives as randomised contributions from a zero-centered Gaussian with the width de�ned by

the measured resolution. Once the two streams (real and MC data) are brought to the same state,

data reconstruction begins. This process involves combining hits from individual channels in space

and time to form candidates, with the complexity and information provided varying signi�cantly be-

tween detectors, each running a separate algorithm. Looking at the CHOD again, hits from the two
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readout channels of a single tile within a con�gurable time window can be combined into a candi-

date, giving the classi�cation of loose (one hit) and tight (two hit) candidates, with time of the latter

de�ned as the average between hits. For systems boasting several thousand channels and non-trivial

geometry, such as the magnetic spectrometers, the LKr or the RICH, complex algorithms, involving

software level data-driven corrections, are implemented. The per-system reconstruction algorithms

within NA62Reconstruction also �ll a range of low-level monitoring histograms, such as channel il-

lumination or timing relative to a �xed reference. These are used for online validation of correct

operation of detectors during NA62 data-taking.

Given the high intensity of the NA62 kaon beam, MC-simulated data involving decays of a single

kaon per event does not accurately represent the experimental conditions. To account for the presence

of additional detector activity due to both beam halo particles and other in-time decays, an overlay

system was developed. Instantaneous beam intensity values are sampled for each simulated event

from a distribution obtained from a reference run and based on them, a suitable number of \overlay"

events is injected uniformly into the � 200 ns time window around the reference time. The type of

each individual event is selected randomly from a set representing the NA62 hadron beam, most often

giving non-decaying beam particles, like pions, protons or kaons, and the beam halo, mostly comprised

of muons generated in upstream decays or interactions with the K12 beam line elements. In the event

that a kaon which would decay is chosen, the mode is randomly selected from the six main ones with

relative probability driven by the branching ratios. The position of the overlaid decay is sampled

from the distribution de�ned by the kaon lifetime and beam momentum. All these steps are taken

for simulated data only before applying the reconstruction methods, allowing to accurately model the

high-intensity environment of the NA62 experiment.

3.4.3 NA62Analysis

The NA62Analysis module is a ROOT-based [100] software framework, written and maintained as part

of the na62fw, simplifying the access to NA62 data-propagation classes. It was intended for users and

contains central methods automatically providing requested detector information and opportunities

to execute target code at levels compatible with the structure of NA62 data, together with simple

handles for extracting modi�ed data from the framework. NA62Analysis also houses a number of

analytical tools, such as a vertex �tter for STRAW tracks optionally including a kaon track from

the GTK or the builder of \downstream tracks" - objects composed of STRAW tracks geometrically

associated with information from other downstream systems obtained from independently optimised

methods. The components further include a set of single-detector and universal calibration analyzers,

allowing for software-level corrections positively impacting detector performance, such as timing and

energy scaling. Methods to evaluate the performance of an individual system on a chosen subset of

events, including the above corrections, are also provided to allow for veri�cation of e�ciency and

timing performance of both the detector system as a whole and individual channels. Finally, the

NA62Analysis hosts a set of standard event selections for important decay modes such asK 3� and

K + ! � + � 0, which are critical benchmarks of total experiment performance given their relevance to

the target K + ! � + � �� analysis. The uniform structural design of all the tools outlined above enables

automatic execution as part of the NA62 data-processing chain, giving prompt and easy user-level

access to key performance metrics of the experiment.
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3.4.4 NA62Tools

The NA62Tools part of the na62fw contains code allowing communication between the other three

modules of the framework and some standard con�guration for the other modules. In particular, the

de�nitions of classes for data propagation between NA62MC, NA62Reconstruction and NA62Analysis

are housed within NA62Tools. With the large volume of data generated by the experiment and

substantial amount of simulated data required to carry out analyses, the reconstruction-level data is

saved in '`slim" format, with any redundant variables removed. NA62Tools contains the methods for

conversion between full and slim data formats, as well as central classes allowing access to geometry

of a number of detectors, for example the MUV3, where tile positions can easily be deduced from

geometric tile ID.

3.5 K + ! � + � �� Analysis

A 10% precision measurement of theK + ! � + � �� decay is the main goal of the NA62 Experiment.

This section summarises the analysis approach and result for Run1 data only, fully described in Ref-

erence [1].

The experimental signature of the K + ! � + � �� process is an upstreamK + and a downstream

� + , characterised by four momentaPK and P� respectively. The key kinematic quantity enabling

di�erentiation of this decay from others under the experimental constraints is the squared missing

mass,

m2
miss (K � � ) = ( PK � P� )2; (3.5.1)

which is expected to peak at zero given the observed limits on neutrino masses are below the kinematic

resolution of NA62. Given the presence of two neutrinos in the �nal state, the signal spectrum in

m2
miss (K � � ) is not a narrow peak. The simplicity of the experimental signature, i.e. a single

positively charged track identi�ed as pion, can be mimicked by all kaon decays with a� + in the

�nal state should the other �nal state particles escape detection or a by single-track decay, such as

K + ! � + � � (K � 2) or K + ! e+ � e, in case of misidenti�cation. Another potential background involves

both misidenti�cation of a positive track and lack of reconstruction of the remaining daughters. Signal

regions for the analysis are de�ned in a two-dimensional space ofm2
miss and p� , the pion momentum,

based on the shapes generated by three key background modes, which are the three main decay modes

of the K + : K � 2, K + ! � + � 0 (K 2� ) and K + ! � + � + � � (K 3� ). The shapes generated by the three

key background modes and the analysis signal regions are shown in Figure 3.13. Region 1 spans

m2
miss (1) 2 [0; 0:010] GeV2=c4;

p� (1) 2 [15; 35] GeV=c;
(3.5.2)

with the upper m2
miss limit driven by the K 2� peak, while the lowerm2

miss one and the highest allowed

pion momentum are de�ned by the K � 2 band. Region 2 is limited only along m2
miss dimension, by

the K 2� peak and theK 3� distribution tails from below and above respectively, so that

m2
miss (2) 2 [0:026; 0:068] GeV2=c4;

p� (2) 2 [15; 45] GeV=c;
(3.5.3)

exploiting the whole kinematic range of pion momenta. Data collected in 2016, 2017 and the �rst
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Figure 3.13: Reconstructed spectrum ofm2
miss versusp� obtained without the application of � + PID

and photon rejection from for minimum-bias events. Charged kaon and pion masses are assumed
for the upstream and downstream particles respectively. Shaded contours shown are signal regions
1 and 2 (hatched areas). Thick-black lines delineate background regions for three most prominent
decay modes:K � 2, K 2� and K 3� , marked as�� , � + � 0 and 3� respectively. All of the control regions
separating the signal and background ones are also labelled. [1]

� 20% of 2018 (before installation of the TCX collimator) is integrated over the momentum range,

giving three separate categories. The remainder of 2018 data is split by momentum range with bins

spanning 5 GeV=c, resulting in additional six categories. The selection is optimised independently for

each of the nine categories to maximise signal sensitivity, while keeping the signal region blinded.

The analysis relies on extracting the target branching ratio based on two key quantities: the single

event sensitivity (SES) and the expected numbers of background events per signal category. The SES

is de�ned as

SES =
1

NK + � A �� �� � � RV � � �� ��
trig

=
B (K + ! � + � 0) � A ��

N �� � D � A �� �� � � RV � � �� ��
trig

; (3.5.4)

where NK + is the observed number of kaon decays in the FV computed fromK 2� decays,A �� �� is

the acceptance of the signal mode computed from simulated data with form factors extracted from

the K + ! � 0e+ � process, 1� � RV is the total signal ine�ciency arising from the use of multiple

detectors in veto mode, measured onK � 2 data, and � �� ��
trig is the e�ciency of the trigger stream used to

collect signal mode data. The number of kaon decays in the FV is taken from data collected with a

minimum-bias trigger of downscaling D , where N �� and A �� are the number of observedK 2� events

and the acceptance of this mode computed from simulation.

The signal and normalisation selections share a similar signature, leading to the adoption of a

similar set of requirements to minimise systematic e�ects. For both modes, a single downstream

particle is requested, falling withing the acceptance and having space-time compatible associations

from the RICH, NA48-CHOD, CHOD and LKr. The track is identi�ed as a pion based on the lack

of in-time MUV3 associations, a boosted decision tree (BDT) verdict made on a set of calorimetric

variables and either a species PID probability or particle mass �t from associated RICH data. The

upstream kaon is identi�ed from information provided by the GTK and KTAG, taking into account
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the timing compatibility between both the two and the downstream RICH time, the closest distance

of approach (CDA) to the downstream STRAW track, as well as additional activity in the GTK. For

a matched kaon - pion candidate pair one employs either another BDT or a set of cuts based on the

position of the reconstructed decay vertex and directions of the upstream and downstream particles,

followed by a request of no in-time CHANTI activity to suppress interactions in GTK3 and upstream

decays. The normalisation events are chosen from the phase-space region of

m2
miss (Norm ) 2 [0:010; 0:026] GeV2=c4;

p� (Norm ) 2 [15; 45] GeV=c;
(3.5.5)

where the �rst dimension covers� 8-times the variable resolution. The signal selection requests an in-

time photon and charged particle veto, based on information from both the electromagnetic calorime-

ters, downstream spectrometer, charged particle hodoscopes, RICH and additional veto detectors.

The backgrounds to the K + ! � + � �� process can come from two distinct categories, either other

K + decays occurring in the FV with some kaon daughters not reconstructed, or from upstream events,

where the observed pion track is due to an upstream decay of a beam kaon or interaction of a beam

pion with the upstream material. The former category is quanti�ed from a combination of data-driven

and simulation-based methods, where the expected contamination of the signal or control regions is

computed from the contributions to the phase-space regions dominated by background decays in

question and the kinematic fraction of events falling into the signal region. The four most prominent

modes evaluated with this method areK 2� , K � 2, K 3� and K + ! � + � � e+ � . Due to limited data

statistics in the relevant trigger stream, the preferred purely data-driven methodology is applied only

to the �rst two processes. For the third, a mixture of data and simulation are used and the last

one is evaluated by simulation only. The upstream background event contribution is modeled with a

completely data-driven approach. An upstream sample in bins of time di�erence between GTK and

KTAG, � T, is constructed by reversing the CDA condition, requesting failed kaon-pion matching and

taking events falling into the two signal regions. The probability of such events to be mistagged is

computed from generated events in the (CDA; � T) plane per � T bin. The sum over all bins provides

the total upstream estimate.

Prior to unblinding the signal regions, the background estimation procedure is veri�ed on the

control regions as de�ned in Figure 3.13. The numerical estimates together with the associated errors

were found to be fully compatible with data in those regions of the phase-space, yielding a total

expected background contamination of [1]

N exp
background = 7 :03+1 :05

� 0:82 (3.5.6)

for the sum of the two signal regions over all 2016-2018 data, with the uncertainty dominated by the

statistical power of the upstream estimate. Upon unblinding, 17 signal candidates were observed in

2018, presented in Figure 3.14, adding up to 20 total with the inclusion in 2016 and 2017. The single

event sensitivity corresponding to the whole period is [1]

SES = (0 :839� 0:053Syst ) � 10� 11; (3.5.7)

with a negligible statistical uncertainty. The systematic uncertainty receives sizeable contributions

from correlation of L0 and L1 trigger e�ciency measurements, the uncertainty in measuring the L1
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Figure 3.14: Distribution of K + ! � + � �� candidate events as obtained from 2018 NA62 data on the
(m2

miss ; p� ) plane. Signal regions are delimited by red rectangles, with the gray shading showing the
predicted variation in SM acceptance. Points outside the red rectangles demonstrate the amount of
data collected in control and background regions. [1]

e�ciency and the random veto e�ciency measurement.

The target branching ratio is quanti�ed by performing a binned maximum log-likelihood �t given

the observed number of data candidates in each of the nine categories. The target parameter is the

global K + ! � + � �� branching ratio, with the nuisance parameters of total expected background count

and single event sensitivity with associated uncertainties, evaluated independently for each category.

The numerical value of [1]

B (K + ! � + � �� ) = (10 :6+4 :0
� 3:4jStat � 0:9Syst ) � 10� 11; (3.5.8)

is obtained, with the �rst uncertainty term due to the Poisson statistics of the number of expected

background and observed signal events, and the second due to the systematic uncertainties in esti-

mating both quantities. The result is the most precise to date, with the observation of signal having a

3:4 standard deviation signi�cance. The NA62 Run2 started in 2021 promises a signi�cant reduction

in the dominant statistical uncertainty.
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Chapter 4

The ANTI-0 Detector

The ANTI-0 detector [101] was introduced to the NA62 Experiment prior to the Run2 data-taking

campaign. The ANTI-0 is positioned between the CHANTI detector and the large vacuum tank hous-

ing the FV, as shown in Figure 4.1 depicting an early prototype. This chapter covers the motivation

for ANTI-0 introduction, detector and readout design, as well as the software package developed by

the author for simulation and reconstruction of data from the system. The software is complemented

by analysis-level tools used for correlating signals from the ANTI-0 detector and those from other

systems, and online validation of detector performance. The chapter concludes with a description of

ANTI-0 data quality in the 2021-2023 data-taking periods.

4.1 Motivation and requirements

The ANTI-0 was designed to tag, i.e. indicate the presence of, particles originating from upstream of

the evacuated decay vessel with trajectories inconsistent with the K12 beam. A STRAW track pro-

duced by an upstream particle falling within the acceptance of downstream PID detectors gives the

same experimental signature as a product of a K12 beam particle decay. The presence of such tracks

is a potential source of background for physics analyses as well as a contribution to the bandwidth

used by trigger lines targeting multi-track decays, which are implemented with a downscaling> 1.

Figure 4.1: Schematic view from the top of the position of ANTI-0. The detector and support
structure shown correspond to early prototypes, consistent with the �nal design in terms of placement
and geometry. [102]
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Upstream particles entering the decay vessel outside of the design beam acceptance can originate

from beam particle decays upstream of the FV, interactions with the material of the beam line or from

a combination of the two processes. The K12 beam composition (see Table 3.2) together with the

dominant decay modes of� + and K + into a � + � � pair give a substantial upstream muon component.

A study of experimental scalers with the T10 target in and out and the TAX collimators open and

closed [103] shows that nearly half of the muon rate seen by the MUV3 detector under nominal beam

intensity is due to upstream muons [102].

The NA62 experiment can be operated in \dump mode", with the T10 target removed and TAX

collimators closed to fully absorb the proton beam, in search for exotic long-lived particles [104]. For

such particles decaying into a variety of �nal states the ANTI-0 is crucial for identi�cation of upstream

background, as signatures of non-muonic �nal states can arise from inelastic interactions of upstream

muons with the vessel or downstream systems. The NA62 experiment aims to collect \dump mode"

data for about at least a week in every year of operation, with the set obtained in 2021 already inves-

tigated for the presence of a Dark Photon [105] [106].

With the ANTI-0 position determined by its desired function, four other key requirements were

considered during detector design: high e�ciency, complete coverage of the sensitive area, time reso-

lution of � 300 ps and radiation hardness. The �rst two ensure no upstream particles enter the decay

vessel undetected, the third allows for in-time veto with resolution comparable to that of downstream

detectors, and the last is required to withstand the expected high irradiation given the detectors po-

sition. To allow for potential implementation into the NA62 trigger system, the detector should be

fast, TEL62-compatible and o�er suitable granularity in the transverse plane to mitigate the impact

of accidental activity.

4.2 Detector and readout design

This section contains the description of the ANTI-0 detector, contextualising the work done to sim-

ulate the detector and evaluate the quality of data collected by the system, with details of detector

design available in Reference [101].

To satisfy the requirements outlined in the previous section, a segmented charged particle ho-

doscope was constructed, covering the radial range up to 1080 mm in the (x,y) plane and with a

central hole allowing for the beam pipe. The ANTI-0 consists of 280 identical counter tiles, positioned

on opposite sides of a 5 mm thick central support sheet made from aluminum. The detector is split

into two parts, top and bottom as shown in Figure 4.2, to enable installation around the �xed beam

pipe. Additional aluminum sheets covering the transverse span of the detector are placed on the open

faces of the support frame to ensure the system is light-tight.

To satisfy the hermiticity requirement, the counters are arranged in a chessboard pattern, with

vertical and horizontal neighbours placed on opposite sides of the support sheet and overlapping by

4 mm, as shown in the left panel of Figure 4.3. The active area of a counter is a 124� 124 mm2

rectangle with the corners removed, giving the separation between centers of neighbouring tiles of

120 mm. Individual tiles are 10 mm thick scintillation plates made of polystyrene doped with 2% PTP

and 0.02% POPOP, see Reference [108] for material properties.
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