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Abstract

A sensitivity study on a new dark fermion, the Heavy Neutral Lepton (HNL),
decaying to pion-muon final states at the NA62 experiment at CERN is discussed
in this thesis, within a theoretical framework called the Neutrino Minimal Standard
Model. A full Monte Carlo simulation that has been developed to quantify the
expected sensitivity of the NA62 experiment to HNL decays is detailed in this work.

A data-driven background evaluation has been performed on a data set collected
for HNL decay searches during the 2016-2018 data taking by the NA62 experiment.
Results on the expected number of background events to N — mu decays are presen-
ted in this thesis.
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Introduction and motivation

The Standard Model (SM) of particle physics has become, over the last 50 years,
one of the most complete theories in the history of science, requiring precise scru-
tiny and, nonetheless, leaving several open questions. Tensions between the SM
predictions and the experimental observations are yet to be understood, such as
neutrino oscillations and masses, matter-antimatter asymmetry and the presence of
dark matter and dark energy [1].

Since their discovery, it was believed that neutrinos were massless particles. In
1957, Bruno Pontecorvo predicted that neutrinos have non-zero masses, and that
each flavour species can oscillate to another one with a probability that is propor-
tional to the squared mass differences between mass states [2,3]. Several observations
of neutrino oscillations have been performed throughout the years, confirming that
neutrinos are massive. The first one occurred in the late 1960s, when a flux of elec-
tron neutrinos emitted from the solar core was observed, which was roughly a third
of the SM expectation [4]. This tension between the experimental observation and
the theoretical prediction require the SM to be extended to include neutrino masses
and oscillations.

Another tension that arises from experimental observations is the matter-
antimatter asymmetry, also known as Baryon Asymmetry of the Universe (BAU),
one of the greatest unresolved mysteries of modern particle physics and cosmology.
During the Big Bang, equal amounts of matter and antimatter were produced, but
all antimatter has disappeared from the universe as we observe it, due to unknown
reasons [5].

The presence of dark matter and dark energy is not accounted for either in
the SM, although several pieces of experimental evidence have been observed. For
example, the Hubble Space Telescope has found that the rate of expansion of the
universe is increasing with respect to how it was in the past. This could be explained
by adding a new property of spacetime, the dark energy, which would account for
roughly 70% of the observable universe.

Evidence for dark matter, which would constitute about 25% of the universe,

has been collected, including galactic rotational curves and Cosmic Microwave Back-



ground (CMB) structures [6]. All of these suggest that the observed patterns cannot
be explained without fitting the presence of dark matter into the theoretical models.

These, several other experimental tensions and the fact that gravity and the three
other fundamental forces cannot be described yet by a unified theoretical model are
attempted to be explained by proposing new, broader theoretical models that include
the SM, within a new branch of particle physics called Physics Beyond the Standard
Model (PBSM) or New Physics (NP). Some of these models suggest the existence of
new particles whose presence would provide explanation for experimental tensions.
Two classes of PBSM particles are currently searched for at particle experiments,
with two different approaches: Weakly Interacting Massive Particles (WIMPs) on
one side and “Hidden-Sector” Mediators (HSMs) and “Dark Fermions” (DFs) on
the other. The two approaches are complementary and fundamental to precisely
test the validity of the SM.

WIMPs are hypothetical new elementary particles, with a mass of the order of 1
TeV /c? [7], which may only interact via gravity and weak force and constitute, there-
fore, a candidate for dark matter. Experimental efforts to detect WIMPs include
indirect searches, through observation of their annihilation or decay far away from
Earth, in the centers of galaxies and galaxy clusters; and direct searches, which refer
to the observation of a WIMP-nucleus collision as the dark matter passes through
a detector in a particle physics experiment [8].

HSMs and DFs are proposed to have masses in the MeV/c2-GeV/c? range and
they feebly interact with SM particles. These new particles may decay to SM final
states via charged or neutral current interactions and be detected by several particle
laboratories. This is why numerous experiments are currently focusing on meas-
uring large statistics of rare decays, in the hope of observing deviations from SM
predictions, which could be explained in terms of HSM and DF exchanges.

This PhD thesis focuses on a SM extension that operates through a dark fermion
called Heavy Neutral Lepton, whose decay products are searched for at the NA62
experiment at CERN. This fixed-target experiment at the CERN Super Proton
Synchrotron (SPS) has been designed to measure the rate of the rare decay K+ —
ntvp, by collecting roughly 100 SM events [9].

The high flux of protons delivered to the NA62 experiment (~ 10'? protons/s) is
also exploited to perform a broad programme of rare and forbidden kaon decays and
HSM and DF searches, including HNL ones. Several features of the experimental
apparatus make NA62 suitable for searches of long-lived, feebly-interacting HSM
particles and DFs. NA62 collects 10*® Protons on Target (POT) per data-taking
year, which allows the observation of particles that would be produced in SM decays

with low mixing. The energy beam and the length of the NA62 detector are such



that these long-lived mediators could travel up to the experiment fiducial decay
region and decay in it. Moreover, several NA62 detectors can be used to detect
possible decay products of HSMs and DFs. Their high resolutions and efficiencies
can be exploited to perform data-driven studies on the background sources to HSM
and DF searches.

This thesis details the NA62 sensitivity to HNL decays to pion-muon final states.
The HNL production and decay is studied within a theoretical framework called the
Neutrino Minimal Standard Model (vMSM), which is presented in the first Chapter.
The second Chapter describes the NA62 physics programme and its experimental
setup. The third Chapter focuses on the full Monte Carlo simulation for HNL pro-
duction and decay at NA62 within the YMSM framework, while the fourth Chapter
introduces the expected sensitivity and the data analysis strategy for HNL decays to
pion-muon final states. In the fifth Chapter, background studies performed on a data
sample collected between 2016 and 2018 for HNL searches are discussed. Finally,
the sixth Chapter draws the conclusions, outlook and future possible applications of

this work.



Chapter 1
Theoretical framework

Despite being the most complete theory of particle physics phenomenology, the
Standard Model (SM) does not account for several experimental observations, such
as neutrino masses and oscillations, Baryon Asymmetry of the Universe (BAU),
dark matter and dark energy. The Neutrino Minimal Standard Model (vMSM)
is a SM extension that explains these experimental observations by introducing
three singlet fermions with masses smaller than the electroweak scale, the so-called
Heavy Neutral Leptons (HNLs) [10,11]. This model suggests an explanation for the
phenomena that cannot fit into the SM, by introducing the smallest possible number
of new particles without adding any new physical principles, such as supersymmetry
or extra dimensions, or new energy scales, like the Grand Unified scale. Within
the ¥MSM, the leptonic sector has the same structure as the quark sector, which
means every left-handed fermion has its right-handed counterpart. This model is
consistent with the data on neutrino oscillations, provides a candidate for a dark
matter particle, which is the lightest of the newly introduced singlet fermions, and
can explain the BAU [11]. A crucial feature of the ¥vMSM is the relatively small
mass scale of the new neutral leptonic states considered, which allows for possible
direct searches of these particles. In this Chapter, the Neutrino Minimal Standard
Model is introduced, based on the work detailed in [12].

1.1 Key features of the Neutrino Minimal Stand-
ard Model

The vMSM contains 18 new parameters with respect to the SM:

e 3 Majorana masses for singlet fermions;

e 3 Dirac masses associated with the mixing between left-handed and right-

handed neutrinos;



e 6 mixing angles;
e 6 CP-violating phases.

These 18 parameters can describe any pattern (and in particular the observed
one) of masses and mixings of active neutrinos, which is characterised by 9 para-
meters only (3 active neutrino masses, 3 mixing angles and 3 CP-violating phases)
[10,11,13]. The choice of a small mass scale for singlet fermions leads to small values
of the Yukawa coupling constants, at the level of (1075, 10712) [10, 14, 15].

Although the ¥MSM does not present any extra stable particle in comparison
with the SM, the lightest singlet fermion, N;, may have a lifetime 7y, greatly ex-
ceeding the age of the Universe, playing a role as a dark matter candidate and likely
having a mass in the O(10) keV/c? region [16-19]. No upper limit on the mass
of sterile neutrinos exists, as they could be produced in interactions beyond the
vMSM [20-22]. An astrophysical lower bound on their mass is 0.3 keV/c?, following
from the analysis of the rotational curves of dwarf spheroidal galaxies [23].

In 1967, Andrei Sakharov proposed a set of three necessary conditions that a

mechanism must satisfy to produce matter and antimatter at different rates, causing
the BAU. These are [24]:

e baryon number violation;
e C-symmetry and CP-symmetry violation;
e interactions out of thermal equilibrium.

The baryon number B and the lepton number L are not conserved in the vMSM.
L is violated by the Majorana neutrino masses, while B 4+ L is broken by the elec-
troweak anomaly, which ensures that the first Sakharov condition is fulfilled. In
the vMSM, the CP-violating phase of the quark sector alone would not be enough
to fulfill the second Sakharov condition, which is achieved by adding the 6 extra
phases of the lepton sector. Moreover, the vYMSM contains extra degrees of freedom,
the sterile neutrinos, which may be out of thermal equilibrium, since their Yukawa
couplings to ordinary fermions are very small. This ensures the validity of the third
Sakharov condition as well.

The BAU could be generated through CP-violating sterile neutrino oscillations,
provided that the sterile neutrino masses are sufficiently small. In fact, for small
Majorana masses, the total lepton number of the system, defined as the lepton num-
ber of active neutrinos plus the total helicity of sterile neutrinos, is conserved and

equal to zero during the evolution of the universe. However, because of oscillations,
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the lepton number of active neutrinos becomes different from zero and gets trans-
ferred to the baryon number. For sterile neutrino masses exceeding 20 GeV/c?, the
mechanism does not work as the sterile neutrinos equilibrate [25].

The phenomenological success of the ¥MSM requires several fine tunings: one
of the singlet fermion masses should be in the O(10) keV/c? region, to provide a
candidate for dark matter, while two other masses would have to be much larger
but almost degenerate, to enhance the CP-violating effects in the sterile neutrino
oscillation sector, leading to the BAU [10-12,25]. Moreover, the Yukawa coupling of
the dark matter sterile neutrino should be much smaller than the Yukawa couplings
of the heavier singlet fermions, to satisfy cosmological and astrophysical constraints
(10, 14].

Within the ¥vMSM, not all 18 new parameters are fixed: the allowed region in
parameter space is large and yields a variety of signatures to be tested with differ-
ent experiments and methods. Moreover, two hierarchies can be defined: normal

hierarchy means m; < mo < mg, while inverted hierarchy means msz < m; < msy.

1.2 The vMSM Lagrangian

The electroweak Lagrangian that describes the vMSM is [12,26]

Lunsar = Lsat + iNi0, 4" N — FogLoNi® — FoyLoy* (1 — 35) Ny W,
(1.1)

= =~ AMZ =~
_FaiNa’yHZuNi — MN§N3 — 5 JNZ'CN]‘ + h.C.,

where Lgys is the SM Lagrangian, N; are the right-handed singlet leptons, ® and
L, (o = e, u, ) are the Higgs and lepton doublets, respectively, and F' is a matrix
of Yukawa coupling constants; v* (1 = 0,1,2,3) and 75 are the Dirac matrices, W,
and Z, are the W and Z boson fields, respectively, and M is the common mass of
two heavy neutral fermions; AM;; are the mass differences between each degenerate
state and the lightest sterile neutrino, Ny, and produce the small mass splitting of
Ny and N3 (AM;; < M).

The mass eigenstates N, 3 are related to NQ’g by the unitary transformation
N = UgN, (1.2)

where the 2 x 2 matrix Ug has the form

eZCbO ezd)l ez¢2
UR ~ \/5 _6*1@52 6*2'(1)1 . (13)
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Here, the phases ¢, (k = 0,1,2) can be expressed through the elements of AM;;,
the explicit form of which is irrelevant for the ¥MSM.

The interaction of the mass eigenstates Ny and N3 has this form:

Ly ~ —%Fmia(Ng + N3)® — %N;NQ - %Ngzvg + h.c. (1.4)
The masses My and M3 must be almost equal (this is a baryogenesis constraint).
The baryon asymmetry generation occurs most effectively if AM? ~ (2 keV/c?)?
[11,12,25,26].

The fact that two heavy fermions are almost degenerate in mass may be im-
portant for analysis of the experimental constraints. A coherent combination of
(N3 + N3) would be created, whereas, in a detector of size [ located at a distance L

from the production point, an admixture of the (N, — N3) state would occur. This

. e . 2 . _ AM?2L
admixture would have an appearance probability of P ~ sin¢®, with ¢ = ==, £
being the HNL energy. For % > 1, coherence effects are not essential and the de-

scription of the process in terms of only Ny and N3 is adequate. On the other hand,
if % ~ 1, the coherence effects are not negligible, and higher order terms describing
the interactions of (Ny — N3) with the SM particles must be included. For example,
at NA62, if AM? ~ (2keV/c?)?, [ ~ 300 m = 1.51-10'® GeV!, E ~ 100 GeV, then
% ~ 1.5-10* > 1, which implies that N, <> N3 oscillations can be safely neglected.

The coupling constants F,; can be expressed through the elements of the active

neutrino mass matrix M, [3,26,27], where
M, = V* - diag(my, mee®™  mse?2) . VT, (1.5)

and V = R(y3) - diag(1, e 1) R(63) R(62) is the active neutrino mixing matrix.
The coupling F' is given by [26]

math

F? ~g 5
2v%¢

(1.6)

where v = 174 GeV is the Vacuum Expectation Value (VEV) of the Higgs field,
€ < 1, k >~ 1(2) for the case of normal (inverted) hierarchy and M is the mass of
the two degenerate states Ny and N3 (considered as unique because of the small
difference AMy3).

In most of the works, the strength of the coupling of a neutral lepton X to charged
or neutral currents of flavour « is characterised by U,x and V,x. Since two of the
HNLs have almost identical couplings, |Usi| = |Vai| = |Ua2| = |Vaz| = |Ual. The

12



overall strength of the coupling is given by

F?y?
2 __ 21
U —%]UOA = S (17)

where, for successful baryogenesis, F' has to be small enough, namely F' < 1.2-107°
[11,12,25,26]. This leads to the upper bound

(1.8)

U? < 21078 (GGV)Q.

Mc?
It is the smallness of the required coupling strength which makes the search for

HNLs a very challenging task, especially for large masses. In the framework of the

vMSM, a lower bound on U? can also be derived:

GeV
2 —11

Some freedom between Yukawa couplings to different leptonic flavours is allowed,
since the Majorana CP-violating phases in the active neutrino mass matrix are not
known.

The work presented in this thesis focuses on HNL production from D mesons at
the NA62 experiment and its decay to pion-muon final states. The whole chain is
proportional to two flavour-specific couplings: one that governs the HNL production,
according to the lepton generated together with it, and one that governs the HNL
decay (U, 3 in this case). From this, it follows that the sensitivity of this decay search

depends on:

S(Y U= Y CouUlUL (1.10)

a=e T a=e T
where C,, , are functions of the couplings themselves and of the HNL mass, and
include the effects of acceptance, trigger and selection efficiencies at the NA62 ex-
periment.

Two benchmark models have been chosen for this study. The first one, called

“generic”, is described by the following ratios:
Uz:U:U2=1:1:1 (1.11)

and it allows to study the vMSM with a generic approach, in which all three flavour-
specific couplings are considered to have the same strength.

A second scenario, called “tau dominant”, has also been chosen:
2.772.772 (. 1.
Ug:U, U =0:1:Fk, (1.12)
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where k£ > 1 can vary to allow for studying the sensitivity in a two-flavour scenario,
where one coupling is dominant with respect to the other and the third is kept
negligible with respect to both.

The scenario in which U? is dominant compared to U7, while U is zero, has been
chosen since it is the model where NA62 could set more restrictive limits for HNL
decay searches, with the data set collected in 2016-2018, in the mass region between
the kaon and D meson masses. This region has been explored by fewer experiments,
with respect to the one below the kaon mass.

The NA62 proton beam is particularly suitable to produce D mesons, which can
decay into 7 leptons via D, Dg — Tv,, with the 7 decaying itself to an HNL via two-
or three-body processes (as detailed in Section 1.3.1). Since BR(D — Tv,) = 9.91 -
10~* [28], the HNL production chain originating from this decay gives a negligible
contribution with respect to the one from Dg, being BR(Dg — Tv,) = 5.55 - 1072
[28]. As it can be seen in Fig. 1.7, in the UZ-enhanced scenario with HNL masses
below 1 GeV /c?, the sum of all production BRs from 7 leptons amounts to about 0.6,
giving a total contribution of about 2- 1072 when multiplying it for BR(Ds — Tv;).
All BRs of direct production modes from D meson species contribute in a comparable
way in that mass region. This shows that NA62 is particularly sensitive to scenarios
where the HNL coupling to 7 leptons is enhanced, the production chain originates
from Dg — Tv,, and the HNL mass is below 1 GeV/c?.

Information on other relevant theoretical scenarios can be found in Appendix C.

1.3 Heavy Neutral Lepton phenomenology

The semi-leptonic channel N — 7w has been chosen to perform the decay search
discussed in this work. In fact, this is a fully-reconstructible mode that gives the
greatest contribution in the mass range below the D meson mass, and it is therefore
particularly interesting for the NA62 case. This channel opens at a mass of ~
0.25 GeV/c? (the sum of m, and m,). Therefore, this thesis focuses on the HNL
production from D mesons and its subsequent decay to pion-muon final states, in
the mass range 0.25 GeV/c?> <my < 1.9 GeV/c?.

It must be noted that, in the benchmark models studied, the HNL is considered
to be a Majorana particle. The only effect of this assumption is that rates and BRs

are twice what they would be if the HNL were a Dirac particle.
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1.3.1 Heavy Neutral Lepton production modes

HNLs are produced through the decays of all SM particles that can generate a
light neutrino, where the small mixing between the sterile neutrinos and the SM
leptons must be accounted for when computing the BRs of each production mode.
In the YMSM framework, sterile neutrinos are produced mostly via virtual W bosons
(charged current).

Fig. 1.1 and Fig. 1.2 show the Feynman diagrams of two HNL production modes.

N

*
\
®

[ ]

Figure 1.1: Feynman diagram for
the Dt — e™ N production mode. Figure 1.2: Feynman diagram for
the D° — K—et N production mode.

For this study, it is considered that an HNL could be produced via any of the

dominant decay modes of D, Dg and D° mesons, detailed in the following:

D — NI, l=e,pu; (1.13)

Ds — NI; l=e,u,T; (1.14)

D — H'Nl; H' =7 K° K%(895), [=e,u; (1.15)
D° — H'Nl; H' =m K, K*(891), [=e,u; (1.16)
Ds —T1v,, 77— NH; H=mnK,p; (1.17)
Ds — 1v., 7— Nly; l=eu; (1.18)
Ds — 1v,, 7— Nlv,; l=e,pu. (1.19)

The formulae for computing each BR from [12] are detailed in Appendix A. It
must be noted that the form factors considered in the formulae of the three-body
production modes neglect the kinematic dependence. Nonetheless, the approxima-
tion is negligible within this simulation.

To compute the BRs of any three-body production mode, the differential BR

formulae detailed in [12] must be numerically integrated in two variables, Ey and
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¢*. The former quantity is the energy of the HNL in the mother rest frame, while
the latter (also called m%;) is the squared invariant mass of the leptonic pair Ni. For
a fixed value of Ey, the minimum and maximum values of ¢* change. The squared
invariant mass of the hadron-lepton pair HI, m%,, is a function of Ey, as seen in
eq. 1.22. This means that the maximum and minimum values of ¢* = m3; change
for a fixed value of m%,, according to the Dalitz plot of the chosen mode, as seen in
Fig. 1.3 and Fig. 1.4. It is therefore necessary to compute these values analytically,

before numerically integrating the formula detailed in [12].

D - K%N, model Il D° - K uN, model Il

_—a

10°

m?, [GeV/c?]
m?, [GeV/c’]
°
©

107

10

PRI B Pl Y S AR i SR TN AVEEVI BRI W
16 18 11 12 13 14 15 16 17 1.4

7, [GeVeicY) ", (Govre’
Figure 1.3: Dalitz plot of the three- Figure 1.4: Dalitz plot of the three-
body production mode D — KN, for body production mode D° — K*uN, for
my = 0.5 GeV/c?, for normal hierarchy my = 0.5 GeV/c?, for normal hierarchy
of the active neutrino masses, generic of the active neutrino masses, generic
model (UZ : U2 : U2 =1:1:1) and U? = model (UZ : U2 : U2 =1:1:1) and U? =
1. 1.

To perform this computation, the chosen three-body decay is considered as a
sequential two-body decay, where the mother m (either a D meson or a 7 lepton)
decays to an HNL, N, and a hadron-lepton pair, H[, and then H[ decays to a hadron,
H, and a lepton, [.

First, a scan on Ey is performed between its absolute minimum and maximum

values in the mother rest frame. These are given by

2 2 maz 2
and .
Ejfr{/}ax _ (m% — m%ﬁnm + m?\f) ‘ (121)

2m,
Here, m,, is the mother mass, m%7** = (m,, — my)? is the maximum squared
invariant mass of the H/ pair, corresponding to the case where H and [ are produced
back to back and N is generated at rest (in the mother rest frame); m2/"" =
(my +my)? is the minimum invariant mass of the HI pair, corresponding to the case

where HI is produced back to back with respect to N (in the mother rest frame);
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my is the HNL mass, mpy is the hadron mass and m; is the lepton mass.

For a fixed value of Ey, several quantities are computed:

myy; =m2 — 2m, Ex +m3,, (1.22)

(m¥y; — m%{,l + ml2H>

Eg= , (1.23)

2mHl

and

|PN,m| = \/Ezzvm — M3 s (1.24)

where m g is the invariant mass of the H{ pair, F; i are the energies of the lepton
and hadron respectively, in the H{ rest frame, and |p'ny g ;| are the momentum moduli,
respectively, of the HNL (in the mother rest frame) and of the hadron and lepton
(in the HI rest frame).

To compute the minimum and maximum values of ¢ = m3%, for a fixed Ey, the
quantities related to the hadron and lepton must be boosted from the HI rest frame
to the mother rest frame. In the latter frame, the HI pair has equal and opposite

momentum with respect to the HNL:

|7 m| = PN (1.25)
Em = \/|[Pm|* +mip, (1.26)

= 2z
— 1.27
] = 2221, (127)

and
1

(1.28)

where |§ 1| is the modulus of the g velocity and ~yg; is the Lorentz factor of the Hl
pair in the mother rest frame.

The minimum value of the invariant mass of the NI pair, ¢2,,, is obtained in
the configuration where the lepton momentum (in the HI rest frame) and the HNL
momentum (in the mother rest frame) are parallel, whereas the maximum value of
the invariant mass of the NI pair, ¢2,,, is obtained in the configuration where [
and N momenta are anti-parallel (in the rest frames mentioned above). Therefore,
for these two extreme cases, the lepton momentum and energy in the mother rest
frame, p’ 2 and El', and p 2/ and El”, respectively, are computed by boosting p; and E
(in the HI rest frame) to the mother rest frame, considering that p; = (|p3],0,0),
2, = (|7,],0,0) and p; = (|p;],0,0), since H and [ lic on a plane in the HI rest frame

and the transverse components of all momenta are conserved in a Lorentz boost.
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51 = vm(1p1 — 1B ml B, (1.29)

E; = ym(E — |Bmlll), (1.30)
11 = veu(=151] — Bl By), (1.31)
E, = ym(E + |BmllF), (1.32)

where |p;| and E, are, respectively, the momentum modulus and the energy of
the lepton in the mother rest frame, in the case where the N momentum (in the
mother rest frame) and the [ momentum (in the HI rest frame) are anti-parallel,
while |p;| and E; indicate the same quantities when the HNL and lepton momenta
are parallel (in the rest frames mentioned above).

The minimum and maximum values of the invariant mass of the NI pair can

then be computed:
Gnin = (Ex + E})° = (Fn + ), (1.33)

and
Crae = (Ex + E))? = (Fn +1))% (1.34)

The differential BR of the chosen three-body production mode can now be in-
tegrated between ¢2, and ¢2,,, for a fixed value of Fy and then multiplied by the
size of the Ex step used for the scan. This procedure (from eq. 1.22 to eq. 1.34) is
repeated scanning on Ey and summing the resulting integrals, to compute the BR
of the chosen mode.

Fig. 1.6 and Fig. 1.7 show the BRs of all listed production modes, as a function of
the HNL mass (for masses up to mp,), according to the models described in Section
1.2. Here, the choice of setting U? = 1 is arbitrary and it is only used when plotting
the BRs, while a range suitable to the ¥MSM framework is used in the following
Chapters when computing the NA62 sensitivity to N — wu decays. Moreover, if
the overall HNL coupling to SM leptons had a large enough value (U? ~ 1), it
would affect the D meson lifetime, which would be smaller than the predicted one.
Therefore, U? values must be small enough to be consistent with such experimental
measurements.

Several considerations can be made for the production modes plotted in Fig. 1.6,
where the chosen scenario is U? : U7 : U2 =1:1: 1.

The Dg — N7 channel is the process with the lowest kinematic endpoint, due
to the mass difference mp, — m-.

When a production mode reaches its kinematic endpoint, its BR starts to de-

crease, due to the shrinking of the available phasespace.
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The two-body leptonic decays D — Ne and Dg — Ne are not helicity-suppressed
compared to D — Ny and Dg — NI (I = p,7) respectively, as it happens to the
analogous modes involving a SM neutrino. This is due to the fact that HNLs are
massive particles and their helicity can, therefore, be left or right.

Moreover, when the HNL mass approaches the SM neutrino mass and becomes
negligible, all BRs approach the values of the analogous modes involving SM neut-
rinos.

To have all production modes plotted on the same scale in Fig. 1.6, the 7 lepton
modes have not been multiplied by BR(D, Dg — Tv,).

In the mass range exploited for this study, namely (m, + m,) < my < mp,,
two modes, Dg — Ne and Dg — Npu, give the greatest contributions, since their
phasespaces are the largest of all considered production modes.

Analogous considerations can be made for the modes shown in Fig. 1.7, where
the chosen scenario is U? : U7 : U? = 0 : 1 : 10. By neglecting the UZ coupling,
all production modes involving electrons are switched off, while the ones where 7
leptons are involved are enhanced (compared to Fig. 1.6), due to the value taken by
U2. Production modes that include muons are still present, due to U 5 =1

A more detailed understanding of the BRs shown in Fig. 1.6 and Fig. 1.7 can
be achieved by comparing three relevant mass points between the two plots: my =
0.3 GeV/c?, 1 GeV/c? and 1.8 GeV/c2.

At my = 0.3 GeV/c?, in the generic scenario of Fig. 1.6, three-body production
modes are dominant with respect to the two-body ones. This is true also in the
tau-dominant scenario (Fig. 1.7), where all production modes involving an electron
are suppressed and the ones from 7 leptons are enhanced.

For HNLs of a 1 GeV /c? mass, in the generic scenario, the three-body production
modes are subdominant with respect to the Dg — Ne and Dg — Npu ones. In the
tau-dominant case, the Dg — Ne mode is removed, while the Dg — Ny channel
gives comparable contribution to the three-body production modes from 7 leptons,
which are enhanced.

At my = 1.8 GeV/c?, only the two-body channels D, Dg — Ne and D, Dg —
Ny are still open, with the Dg ones being dominant. In the case shown in Fig. 1.7,
the D, Dg — Ne channels are removed, while the D — Ny one is subdominant with
respect to Dg — Npu.

Information on the HNL production modes within other relevant theoretical scen-

arios can be found in Appendix C.
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1.3.2 Heavy Neutral Lepton decay modes

Several quantities need to be studied as a function of the coupling U?, to perform
this decay search. The HNL lifetime depends on its total decay width, which is the
sum of all possible HNL partial decay widths scaled by their specific-flavour coupling.
For this reason, all main HNL decay modes, for masses up to 1.9 GeV/c?, have been
considered.

Semi-leptonic and leptonic HNL decay channels to SM particles are open,
while decay modes to a sterile neutrino of a different leptonic species, such as
N — NoNsNg (o = e, pu, 7 and 8 = e, 1, 7) are strongly suppressed. All the decays
are proportional to the mixing between HNLs and SM leptons they decay into, and
lepton number and lepton-family number are conserved.

Fig. 1.5 shows the Feynman diagram of the N — mu decay mode chosen for the

searches presented in this thesis.

Figure 1.5: Feynman diagram for the chosen N — mu decay mode.

Several dominant HNL decay modes are listed in [12] and in the following:

N = Hy; H=7°p"n1n, l=epnr; (1.35)
N —HIl;, H=xn,K,p, Il=eu,r; (1.36)
N = vavpvg, a=ep 17, [B=ep,T; (1.37)
N = llgvg; a=eu1, B=c¢u,r; (1.38)
N = lolovs; a=e,u,7, B=epu,t (1.39)

All other decay modes have been excluded from this study. Nonetheless, the
validity of this work in this respect holds and is explained in Chapter 3.

The formulae for computing each partial decay width and BR are detailed in
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Appendix B.

In Fig. 1.8 and Fig. 1.9, the partial decay widths of all mentioned decay modes
are shown. Fig. 1.10 to Fig. 1.11 display the BRs of all the decay modes (which
are the partial decay widths normalised to the total decay width), according to the
models described in Section 1.2. Here, the choice of setting U? = 1 is arbitrary
and it is only used when plotting the BRs, while a range suitable to the ¥MSM
framework (1071% < U? < 107!) is used in the following Chapters when computing
the NA62 sensitivity to N — mu decays.

Several observations can be made about the BRs shown in Fig. 1.10. All BRs
have a kinematic startpoint that depends on the sum of masses of the HNL decay
products. The N — vvv startpoint is close to zero, due to the negligible masses of
SM neutrinos, while the N — eev channel opens at my = 2m, + m, ~ 1 MeV/c?.

The N — etv, N = purv and N — 77 decay modes give negligible contributions
to this study, since they open at my > 1.8 GeV/c?, which is close to the Dg mass
that marks the kinematic endpoint for HNLs to be produced from D mesons.

For my < 0.5 GeV/c?, the trend of several decay modes is non trivial, due to
different channels opening almost simultaneously. Analogous considerations apply
to the partial decay widths plotted in Fig. 1.8.

Concerning the decay modes shown in Fig. 1.11, similar observations to the
ones in Fig. 1.10 can be made, considering that modes involving electrons, such as
N — me, N = Ke and N — pe, are switched off due to U? being neglected.

BRs of modes involving muons are present (U 3 = 1), while 7 modes are enhanced,
due to the choice U? = 10.

The three-body decays N — elv (I = e, u, ) are present because the flavour-
specific coupling by which they are scaled depends on the species of the SM neutrino
produced. For example, a process such as N — eev, is proportional to U? and is
therefore neglected in this scenario, while N — eev,, (a = pu, 7) is still present.

The N — me and N — mu decays are the modes that give the largest contribu-
tions in the explored mass range of (m, +m,) < my < mp,, considering that only
two-body decays are fully reconstructible at NA62. The choice of studying N — mpu
decays for this thesis is motivated by the fact that at NA62 a trigger for wu final
states is simpler than one for we.

Analogous considerations apply to the partial decay widths plotted in Fig. 1.9.

A more detailed understanding of the BRs shown in Fig. 1.10 and Fig. 1.11 can
be achieved by comparing three relevant mass points between the two plots: my =
0.3 GeV/c? 1 GeV/c? and 1.8 GeV /2.

For an HNL of a 0.3 GeV /c? mass, in the generic scenario, the N — 7%, N — e
and N — mu decay modes are dominant, the N — vvv, N — eev, N — euv and
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N — ppv channels are negligible, and all other modes are not kinematically open.
In the tau-dominant case, only the N — 7% and N — 7u modes are dominant,
while the N — me one is suppressed, and N — vvv, N — eev, N — euv and
N — ppv are negligible.

At my =1 GeV/c?, all kinematically-open decay modes give comparable contri-
bution in both the generic and tau-dominant scenarios, but in the latter all modes
involving third (first) generation leptons and neutrinos are enhanced (suppressed).

For HNLs of a 1.8 GeV/c? mass, in the generic scenario the N — 7%, N — 7e
and N — mu processes are subdominant, while the others are comparable to the
case where my = 1 GeV/c?. This is also true in the tau-dominant case, considering
that several modes are enhanced (suppressed) because they are proportional to U?
(U2).

Information on the HNL decay modes within other relevant theoretical scenarios

can be found in Appendix C.
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N production modes vs N mass (1:1:1)

N mass [GeV/d]

Figure 1.6: BRs for HNL production modes as a function of the HNL mass, for normal
hierarchy of the active neutrino masses and for the generic model (U? =1 and U2 : Ui :
U2 =1:1:1).

N production modes vs N mass (0:1:10)

N mass [GeV/c]

Figure 1.7: BRs for HNL production modes as a function of the HNL mass, for normal
hierarchy of the active neutrino masses and for the tau-dominant model (U?> = 1 and
U2:U2: U2 =0:1:10).
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N partial decay widths vs N mass, model | (1:1:1)
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Figure 1.8: HNL partial decay widths as a function of the HNL mass, for the generic
model (U?> =1 and U? : Uﬁ : U2 = 1:1:1) and normal hierarchy of the active neutrino

masses.

N partial decay widths vs N mass, model 11l (0:1:10)

|
2 2.5 3
N mass [GeV/d]

Figure 1.9: HNL partial decay widths as a function of the HNL mass, for the tau-
dominant model (U? =1 and U? : Ug : U2 = 0:1:10) and normal hierarchy of the active

neutrino masses.
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N decay modes vs N mass (1:1:1)

BR
[EE

1073
107
107
107°

IIII|'|T|'! IIII|'|'|T! IIII|'|'|T| IIIII|T|'| IIIIHTT. TTTT

innnninnnlllinn;n

1077

o

0.5 1 15 2

N mass [GeV/d]

Figure 1.10: BRs for HNL decay modes as a function of the HNL mass, for the generic
model (U? : Ui : U2 = 1:1:1), normal hierarchy of the active neutrino masses and U% = 1.

N decay modes vs N mass (0:1:10)
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Figure 1.11: BRs for HNL decay modes as a function of the HNL mass, for the tau-
dominant model (U2 : Uﬁ : U2 = 0:1:10), normal hierarchy of the active neutrino masses

and U? = 1.
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1.4 Status of Heavy Neutral Lepton searches

1.4.1 Techniques and general current status

Two classes of experimental techniques have been exploited so far to search for
HNLs. These are decay searches, in which the final states of a specific decay mode
are reconstructed; and production searches, in which the emission of an HNL is
deduced from the study of the missing mass distribution (defined as the squared
difference between the four-momenta of the initial and visible final states).

The decay search technique looks for specific HNL decay products and is used in
the so-called “beam-dump” experiments. A high-intensity proton beam is delivered
to a fixed target for meson production (mainly kaons, D and B mesons). Their decay
products, together with the beam remnants, are completely absorbed by a shield,
so that only feebly interacting particles can survive, passing through the shield. If
those particles are long-lived enough, they can reach the fiducial volume and decay
to SM final states via charged or neutral current interactions.

The bounds obtained from searches for HNL decays into visible particles are in
general less robust than the ones coming from production searches. In fact, these
searches are model dependent and the bounds obtained with HNL visible decays
would be weakened if the HNLs had dominant decay modes into invisible particles.

Searches have been performed for HNL decays to selected final states, below the
D meson mass. The N — euv, decay has been explored by PS191 [29], whereas
N —sefeve, N=>putp v, N—etp v, and N = e ptv, processes have been
studied by CHARM [30]. BEBC focused on N — me [31], while NuTeV studied
N — ptp v, decays [32]. The T2K experiment performed decay searches of N — I
and N — lylgv (o, B = e, p) [33].

The only experiment able to exclude a region allowed by BAU was PS191, for
masses below 350 MeV /c? [29].

Production searches have been performed in K, — lv; decays (where [ = e, ).
2

If an HNL exists, the distribution of the missing mass m? ;.. = (px —p;)? is expected
to have a peak at the HNL mass. No peak has been observed so far, allowing upper
limits to be set on the coupling of HNLs to SM leptons as a function of the HNL
mass. The bounds set in these searches are more robust than the decay serach ones
because they only assume that an HNL exists and mixes with a SM neutrino and
are, therefore, less model dependent.

The production search technique has been exploited in several general-purpose
experiments, to look for HNL production below the kaon mass. The PiENu experi-
ment searched for 77 — e™ N and 77 — pt N decays [34], whereas KEK, NA62 and

E949 studied Kt — ptN and K+ — e™ N processes [35], [36], [37], [38]. Limits on
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the HNL mixing to electrons have also improved by testing lepton universality and

re-analyzing data for the measurements of Rf, = %, Réﬁ and RDs [39].
n w

1.4.2 Status of searches and future prospects for the tau-

dominant scenario

A status of decay searches with HNLs coupling only to third generation leptons is
discussed in the following, to allow for comparison with results presented in this work.
Further details can be found in the Beyond the Standard Model (BSM) working
group of the Physics Beyond Collider (PBC) report [40]. This is an exploratory study
aimed at exploiting the full scientific potential of the CERN accelerator complex
and scientific infrastructures through projects complementary to the LHC and other
possible future colliders.

Two experiments have set limits on U? as a function of the HNL mass, so far,
as seen in Fig. 1.12. CHARM set bounds on the mixing in the mass range 10-290
MeV/c?, by re-interpreting the null result of a search for events produced by the
decay of neutral particles with electrons in the final state, using the neutrino flux
produced by 400 GeV /c protons on a solid copper target [41]. DELPHI studied HNL
decays to two-body final states at the LEP (Large Electron Positron) collider [42].

According to the PBC studies, several experiments will be able to set more
restrictive limits on HNL coupling to 7 leptons, below the B meson mass, in a 10-15
year time scale. This is shown in Fig. 1.12, where shorter timescale projections
(2021-2023) for NAG62 are plotted as well. A brief description of each experiment
considered in Fig. 1.12 follows.

NAG62 will perform a second phase of data-taking at the restart of SPS operations,
after the CERN long shutdown ending in 2021. This phase foresees a data-taking
period dedicated to HSM and DF searches and the opportunity of collecting 10!
POT. Construction of a new scintillator hodoscope is ongoing, which will be commis-
sioned by 2021 and installed at the beginning of the NA62 decay region, to improve
background rejection for HSM and DF searches.

FASER, a new approved experiment to be built downstream of the ATLAS
interaction point at the LHC, will look for a plethora of light, feebly-interacting
HSMs [43].

SHiP is a new experiment to be installed at the SPS, specifically designed to
search for a wide range of HSMs with the so-called “beam dump” technique, where
a high-intensity beam impinges on a thick, dense material to potentially produce
feebly interacting particles [44].

MATHUSLA?200, a dedicated large-volume displaced vertex detector for the high-

27



luminosity upgrade of LHC, will be installed on the surface above ATLAS or CMS,
to look for neutral, long-lived particles [45].

CODEX-b is a new proposed detector element at the LHCb experiment, designed
to search for displaced decays of BSM long-lived particles [46].

Finally, FCC-ee, the Future Circular Collider with high-luminosity ete™ beams
that could be built as an expansion of the LHC, could search for decays of HNLs
produced in Z boson decays [40]. This is a long-term project expected to be com-
missioned in 30-40 years.

In Fig. 1.12, Big Bang Nucleosynthesis (BBN) and see-saw constraints are visible.
An HNL with parameters to the left of the BBN line would live sufficiently long in
the early universe to result in an overproduction of primordial Helium-4 [40, 47].
Below the see-saw limit, the mixing of the HNL with active neutrinos becomes too
weak to produce the observed pattern of neutrino flavour oscillations [40].

Experiments such as NA62, SHiP, FASER, MATHUSLA200 and CODEX-b will
be able to exploit a wider range of HNL decay searches and to explore broader
regions of the HNL mixing to electrons, U2, and to muons, UZ, as a function of the

HNL mass. More details on this can be found in Appendix D.

Tau coupling dominance: Ui:U'i:L'E =0:0:1
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Figure 1.12: Sensitivity at 90% Confidence Level (CL) to HNLs with coupling to the
T lepton generation only, for a scenario in which U? : Ug : U2 = 0:0:1. Current bounds
(filled areas), 2021-2023 projections for NAG2, and 10-15 years prospects (solid and dotted
curves) for PBC projects (SHiP, MATHUSLA200, CODEX-b and FASER). Projections
from FCC-ee are also shown. BBN and see-saw model constraints are visible [40].
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Chapter 2

The NA62 experiment at CERN

2.1 The NAG62 physics programme

The main goal

NAG62 is a fixed-target experiment located in the CERN North Area. Its main
goal is to measure the BR of the rare decay Kt — w7 v to a 10% precision, by
collecting 100 SM events [9].

Kaons have always played a pivotal role in experimental flavour physics. Their
study led to the postulation of the strangeness quantum number, while the neutral
kaon sector provided the first evidence of both direct and indirect CP violation
[48,49].

The K — 77 v decay is rare due to the GIM mechanism, which forbids Flavour-
Changing Neutral Current (FCNC) processes at tree level, and it proceeds via a top-
quark loop. Therefore, its BR is proportional to |V4|?, the second smallest element
of the CKM matrix. The SM prediction of BR(K™ — 7tv) has a precision of 10%,
so an experimental measurement of the same precision would allow for deepening
knowledge on the CKM matrix element and would be sensitive to PBSM [50].

By analyzing the data sample collected in 2016, NA62 has put an upper limit on
BR(K* — 7fvw) < 14- 1071 at 95% confidence level (CL) [51].

Other searches

Beside the K™ — 7tvp measurement, NAG2 performs a broad programme of
rare and forbidden decays and HSM and DF searches, by exploiting the high flux of
protons delivered to the experiment (~ 10 protons/s).

Limits have been set on Lepton-Number Violating (LNV) kaon decays recently,
namely K* — 7 etet and KT — 7 pu"pt. Lepton-Flavour Violating (LFV)
processes, such as K — mwue, are currently studied at NA62 as well [52].
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HNLs can be studied by exploiting both the production search technique (as
mentioned in Section 1.4) [36,37] and the decay search technique (this thesis). An
HSM that is looked for at NA62 is the Dark Photon (DP), by performing production
searches in 7 decays to a SM photon and a DP [53]. Decays of Axion-Like Particles
(ALPs) to two SM photons are also studied at the NA62 experiment.

2.2 The kaon operation mode

Besides dedicated data-taking periods in different conditions, NA62 runs in kaon
mode for the majority of the time. During each 3 s long beam-delivery period (called
“spill” or “burst”), the 400 GeV/c proton beam extracted from the SPS impinges
on the T10 target, with a nominal beam intensity of ~ 3 -10'2 POT per burst.
During the 2016-2018 data taking, the beam intensity varied from 30% to 90% of
the nominal one. This was due to SPS beam instability and large instantaneous beam
intensity fluctuations that the NA62 data acquisition system could not sustain. As
a consequence, the beam intensity was kept lower than the nominal one in order
to improve the data acquisition efficiency. In stable conditions, the instantaneous
beam intensity fluctuations throughout a single spill, was observed to have variations
amounting to less than 10%.

The secondary, positive K12 beam is extracted with an average momentum of 75
GeV/c, a 6% content of kaons (the remaining is ~ 70% pions, ~ 23% protons and
~ 1% muons) and an instantaneous rate of 750 MHz, at nominal beam intensity [54].
This intensity can be decreased by either pulling closer the set of copper beam
collimators (called TAXes) or by regulating the intensity of the primary proton
beam delivered by the SPS.

The majority of the NA62 programme is studied in kaon mode, namely: the
K™ — 7wtvw process, LFV and LNV kaon decays, and processes involving HSMs
such as DPs and DFs such as HNLs. These mediators can be produced in K, D and
B meson decays generated via interaction of the beam protons with the beryllium
target itself.

Data for HSM and DF searches can be collected in this operation mode during
the whole data-taking period, without the need of dedicated runs, by allocating
a fraction of the available bandwidth to the so-called “exotic” triggers. However,
decays of kaons, pions and muons in the beamline constitute background sources for
these studies and must be proved to be kept under control or eliminated.

The data sample analyzed for the HNL decay search discussed in this thesis has
been collected in kaon mode during the data-taking period of 2016-2018, at various

beam intensities, using the “muon exotic” trigger described in Section 2.5.4. The
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full data set collected with this trigger during 2016-2018 corresponds to 2.4 - 1017
POT, whereas only a subset reconstructed with the NA62 offline framework and
corresponding to 1-10*” POT has been analysed for the work detailed in this thesis.

2.3 The beam-dump operation mode

A different operation mode from the kaon one is the beam-dump mode. In this
data-taking setup, the beryllium target is pulled up and the TAXes are completely
closed, so that they act as a dump for the SPS proton beam. The protons inter-
act with the dump, potentially generating HSMs (direct production) or K, D and
B mesons which decay to produce long-lived, feebly-interacting particles (indirect
production). Extra intermediate mesons can be produced in the hadronic showers
generated by the SPS proton beam, since the TAXes correspond to 22 interaction
lengths. This potentially yields enhanced production of HSMs and DFs through
secondary interactions [55].

Data samples have been collected in dedicated beam-dump runs during the 2017
data taking, for a total of 2 - 10! POT.

Collecting data in beam-dump mode means that the only background sources
still present come from muon- and neutrino-induced processes, via their inelastic
interaction with the material of the NA62 upstream detectors [55]. Moreover, no
beam-intensity restrictions are present, and there is only need for a minimum-bias
trigger on charged tracks. On the other hand, this operation mode requires dedicated
data-taking runs, which means that a significantly smaller sample (compared to the
one in kaon mode) has been collected between 2016 and 2018.

After the current CERN long shutdown, when NA62 resumes data-taking oper-
ations, a longer period will be dedicated to the beam-dump mode, with the goal of
collecting a sample for HSM and DF studies that corresponds to 10*® POT. This will
make NA62 competitive to several experiments described in Section 1.4 and able to
set more restrictive limits on HSM and DF couplings to SM particles for different

searches and theoretical models.

2.4 Experimental strategy for Heavy Neutral

Lepton decay searches

At NA62, all the HSM and DF searches performed require the proton beam
coming from the SPS to impact either on the beryllium target or on the TAXes, to

produce strange, charm and beauty mesons that might decay into HSM particles or
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DFs, such as the HNLs. If these mediators are long-lived enough, they can travel to
the Fiducial decay Volume (FV) and decay into SM particles.

A typical N — mpu signature includes a two opposite-charge track vertex dis-
placed from the beam axis, in the FV, and no signal upstream of the fiducial decay
region.

In the following, a description of the NA62 apparatus is provided, with special
focus on the detectors that are crucial to the HNL searches detailed in this thesis.
All the NA62 systems that are not used for the detection of the HNL signal, but
are fundamental for the background rejection studies detailed in Chapter 5 and
performed on a data set collected in kaon operation mode, have been described as

well.

2.5 The NA62 experimental apparatus

The information about the NA62 detectors and subsystems provided here; in-
cluding schematic layouts and pictures, can be found in [54], together with additional

details on construction and performances.

2.5.1 The beam line

The NA62 experiment is located in the CERN North Area. The primary 400
GeV /c proton beam is delivered by the SPS onto T10, a beryllium rod that is 400 mm
long and has a 4 mm radius, whose centre marks the origin of the NA62 reference
frame. The high-intensity secondary hadron beam, K12, is derived from T10 at
a central momentum of roughly 75 GeV/c. Since all downstream detectors have
a central beam hole, the great majority of the secondary beam particles continue
along the beam axis without being detected downstream.

Before the start of the decay volume, a series of magnets and collimators (in-
cluding the TAXes) is used to shape, focus and steer the K12 beam.

The decay region is contained in the first 65 m of a large 117 m long tank,
starting at Z = 102.4 m downstream of the target. The pressure in the tank is kept
at ~ 107% mbar by several cryo-pumps.

Downstream of the last NA62 detector, the beam is finally absorbed in a beam
dump composed of iron surrounded by concrete.

The K12 beam is not used for the HNL decay searches detailed in this thesis. In
fact, HNLs are produced from charmed meson decays generated in the interactions
of the SPS proton beam with either the target or the TAXes.
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2.5.2 The NA62 detectors

A schematic layout of the NA62 experiment is displayed in Fig. 2.1.
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Figure 2.1: Schematic layout of the full NA62 experimental setup, with all detectors
visible [54].

As K12 is a high-momentum beam, the detector has been designed to be hermetic
for particles emitted up to 50 mrad with respect to the Z axis.

A summary of the sub-detector systems is provided in Table 2.1. A description
of each subsystem and its purpose for the studies detailed in this thesis is provided

as well.

The tracking system

The GigaTracker The GigaTracker (GTK) is designed to provide precision meas-
urements of the momentum, time and position of all the particles in the K12 beam
(750 MHz rate). It is located upstream of the fiducial decay volume and consists
of three hybrid silicon micro-pixel stations, installed around four dipole magnets
arranged as an achromat.

The GTK is not used for HNL decay searches, where no upstream signal is
present. In fact, HNLs do not belong to the beam and they would not be detected
by the GTK regardless, since they are electrically neutral particles.

The Straw spectrometer The Straw spectrometer is used to measure the mo-
mentum and trajectory of the decay products downstream of the fiducial decay
volume.

The spectrometer consists of four straw chambers, operated in the vacuum of
the decay tank, and the MNP33 large-aperture dipole magnet, located between the

second and third chamber. This magnet provides a vertical field integral of about
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System Detector General purpose Purpose for HNL
searches
Tracking GigaTracker | Momentum, time and | Not used
position measurement of
all beam particles
STRAW Reconstruction of | Reconstruction of fi-
charged downstream | nal state tracks (charged
tracks pions and muons)
Particle ID | KTAG Identification and time | Rejection of kaons in
measurement  of up- | time with downstream
stream KT tracks
RICH Downstream track | Trigger
identification (m/n/e
separation)
MUV1  and | Downstream track | Not used
MUV2 identification (m/ 1
separation)
Hodoscopes | CHOD  and | Time measurement of | Trigger; time measure-
NewCHOD downstream charged | ment of downstream
tracks charged tracks
Photon veto | LAV Rejection of photons | Rejection of extra activ-
emitted at 8.5 mrad | ity
< 6 < 50 mrad from the
beamline
LKr Rejection of photons | Rejection of  extra
emitted at 1.5 mrad | activity
< f < 8.5 mrad from the
beamline
SAV Rejection of photons | Rejection of  extra
emitted at < 1.5 mrad | activity
from the beamline
Muon veto | MUV3 Muon identification Trigger; muon identifica-
tion
Others CHANTI Rejection of inelastic | Rejection of extra activ-
beam interactions in the | ity
GTK stations
MUVO Rejection of large-angle | Not used
downstream 7
HASC Rejection of  high- | Not used

momentum 7w at low
angles from the beamline

Table 2.1: Summary of the NA62 detector systems, their general purposes and their
purposes for the HNL searches detailed in this thesis.
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the four layers of straw tubes that
Figure 2.2: Schematic layout of the guarantee at least two hits per view
four views within a Straw chamber for each track [54].

[54].

0.9 Tm towards the positive Y axis (equivalent to a 270 MeV /c kick towards the
negative X axis for positively-charged particles).

The chambers contain four views: the (X,Y’) views are placed at (0°, 90°) with
respect to the vertical axis, whereas the (U, V') views are rotated with respect to
the first two, so that they are at (—45°, 45°) from the Y axis. Each view consists
of 448 straw tubes, divided into four layers and staggered to guarantee at least two
hits per view. Fig. 2.2 contains a schematic layout of the module orientation in the
chambers, while Fig. 2.3 shows the staggering of the straw tubes within a chamber.

The chamber active area is a circle of 2.1 m outer diameter centred on the
longitudinal Z axis. A 12 cm wide gap is present at the centre of each view such
that, after overlaying the four views, an octagon-shaped hole of 6 cm apothem
is created to allow for passage of the beam particles. The straw tubes are filled
with a combination of 70% argon and 30% CO, at atmospheric pressure. They are
coated with a layer of copper, 50 nm thick, and they contain a tensioned gold-plated
tungsten anode wire with a diameter of 30 pm.

The track momentum resolution is %’ = 0.3% @ 0.005% - GeLV/C,
angular resolution is oy = 60 prad, for tracks of momentum p = 10 GeV/c, and oy
= 20 prad at p = 50 GeV/c [56].

The Straw spectrometer is a crucial detector for HNL decay searches to pion-

whereas the

muon final states, since both decay products are electrically charged.

The particle identification system
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Figure 2.4: Schematic view of the KTAG tank. The tracing of the K+ Cherenkov light
is visible [54).

The KTAG The Kaon Tagger (KTAG) is the first detector placed downstream
of the T10 target. The KTAG is a Cherenkov detector which identifies the 6% K™
content of the K12 hadron beam and consists of a nitrogen-filled tank and several
photomultiplier (PMT) clusters, called light boxes or sectors. By controlling the
pressure in the tank and setting it at 1.7 bar, the opening angle of the Cherenkov
light cone can be controlled in such a way that only the rings generated by positive
kaons are selected through a diaphragm, after being reflected by a set of spherical
mirrors. The light then reaches the KTAG sectors, eight clusters of 48 PMTs each,
located in an insulated, cooled Faraday enclosure flushed with nitrogen gas. Fig.
2.4 shows a schematic layout of the KTAG, including the path of Cherenkov light
emitted by a positive kaon.

The KTAG is tuned with a pressure and alignment scan to maximise the kaon
detection efficiency. The coincidence of signals from multiple sectors is used to
timestamp each kaon of the K12 beam [57]. The KTAG time resolution for the
individual PMT signals is measured from the difference between the hit time in a
PMT and the average time of all signals produced by a beam particle. The time
resolution in a single channel is 300 ps while, with 20 PMT signals detected on
average per beam kaon (with the average rate of 2.3 MHz/channel at the nominal
45 MHz kaon rate), a kaon time resolution of 70 ps is achieved.

The KTAG is used as a veto for the N — 7u search, by requiring that the signals
sent by five or more KTAG sectors are not in coincidence with the downstream

tracks.
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The RICH The Ring Imaging Cherenkov (RICH) detector is used for particle
identification of the downstream decay products. It is located just downstream of
the vacuum tank, and it is used primarily to separate pions, muons and positrons
in the momentum range between 15 GeV/c and 35 GeV/c.

The RICH tags downstream particles with a 70 ps time resolution and it can
be used in combination with the Straw spectrometer, so that the identification of a
track can be inferred from the Cherenkov radius, computed through the momentum

measurement provided by the spectrometer.
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Figure 2.5: Cherenkov ring radius as a function of particle momentum for electrons,
muons, charged pions and scattered beam kaons. Particles with momentum higher than 75
GeV/c are due to muons in the beam halo [54].

Above 35 GeV/c, the RICH identification efficiency decreases, since the radii
of Cherenkov rings produced by different particles start to become more and more
similar, as seen in Fig. 2.5. The RICH cannot, therefore, be used for particle
identification in HNL decay searches. In fact, the majority of HNL decay products
have momenta between 30 GeV/c and 400 GeV/c, a range in which the RICH
starts to be less and less efficient. Moreover, one of the two decay products of
these DF's is negatively charged, with the RICH not being optimised for detecting
these tracks. This is due to the fact that the NA62 apparatus is designed to detect
positive particles with the highest possible efficiency (since its main studied decay
is Kt — ntwp). This is achieved by slightly tilting the RICH vessel towards the
negative X axis, where positive tracks are deflected by the MNP33 magnet, leaving
the positive X axis partially uncovered by this detector.

For these reasons, the particle identification for HNL decay searches is performed

by other detectors, described in the following paragraphs.
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Figure 2.6: Schematic view of the Figure 2.7: Schematic layout of the
CHOD. The wvertical and horizontal NewCHOD [5).
slabs of the two planes are visible [54).

The MUV1 and MUV2 The MUV1 and MUV2 are two hadronic calorimeters
located downstream of the RICH. Their purpose is to provide energy-based separa-
tion for pions and muons. Pions deposit some of their energy in the electromagnetic
calorimeter upstream of the hadronic calorimeters, then they deposit the remaining
energy in the MUV1 and MUV2. Muons, on the contrary, release less energy in all
three calorimeters (about 200 MeV), so that they reach the muon detector, further
downstream.

The hadronic calorimeter system is not used for the searches detailed in this
thesis. The particle identification for HNL decay searches is performed by other
detectors, described in the following, namely the LKr and the MUV3, although the
MUV1-MUV2 would have been an equally efficient tool for the particle identification
required in this study.

The hodoscopes

The CHOD The Charged Hodoscope (CHOD) is a detector used to obtain a fast
response to the charged products of K decays. It is located between the RICH
and the hadronic calorimeters, and it consists of two consecutive octagonal planes
with 64 vertical and 64 horizontal plastic scintillator slabs, as shown in Fig. 2.6.
Slab lengths vary from 1.21 m (inner counters) to 0.6 m (outer counters), forming
an octagon. The slab thicknesses are 65 mm in the central region close to the beam,
where the particle flux is higher, and 99 mm in the outer region [58]. The slabs are
read-out at one end by fast PMTs. A central hole is present to allow for the passage
of beam particles.

A charged particle traversing the detector produces signals in a single pair of
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ers wvisible [54]. verse the depth of the detector [54].

slabs from the two planes, from which two time measurements are performed. The
time resolution of the CHOD is o; = 200 ps, providing a suitable source for fast
minimum-bias triggers.

Since both decay products of HNLs are electrically charged, the CHOD is used

to provide precise time measurement for both tracks.

The NewCHOD The NewCHOD is a hodoscope located just upstream of the
CHOD, made of a matrix of 152 plastic scintillator tiles, each 30 mm thick (Fig. 2.7).
Subdivision of the acceptance surface into tiles leads to an optimised distribution of
hit rates, with inner tiles being smaller than outer ones. The beamline runs through
the centre of the NewCHOD. The scintillation light from each tile is collected by
wavelength-shifting (WLS) fibres and detected by a pair of Silicon PMTs (SiPM).
The detector time resolution is o; = 1 ns. The NewCHOD is used to provide
geometrically-based information to be used in the low-level trigger, by defining four
quadrants of equal area. These quadrants are used to trigger for decays containing

either single or multiple charged tracks.

The photon vetoes

The Large-Angle Veto The Large Angle Veto (LAV) is a system of twelve inde-
pendent ring-shaped detectors or stations, placed at longitudinal positions between
the start of the decay volume and upstream of the CHOD. The LAV covers the
angular region of 8.5 mrad < # < 50 mrad with respect to the Z axis, and it is
designed to detect photons emitted at wide angles.

Fig. 2.8 displays a single LAV station, containing five layers of lead-glass crystal
blocks. High-energy photons interacting with the lead-glass blocks generate electro-

magnetic showers, which produce Cherenkov light in the material.
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The LAV achieves a detection inefficiency of 10~ for photons with energy
between 200 MeV and 1 GeV, and it has a time resolution of about 1 ns for photons
with energy of about 1 GeV. For these photons, an energy resolution of at least 10%
is reached [59].

This subsystem is used as a veto for HNL decay searches.

The Liquid Krypton Calorimeter The Liquid Krypton calorimeter (LKr) is an
electromagnetic, quasi-homogeneous calorimeter filled with liquid krypton, kept in
a cryostat at a temperature of 120 K. The LKr is located upstream of the hadronic
calorimeters, and its main purpose is to veto photons emitted at intermediate angles,
1 mrad < 6 < 8.5 mrad, with respect to the Z axis. The sensitive volume of the
LKr, corresponding to 27 radiation lengths in depth, is divided into quadrants of
cells, formed by electrodes aligned along the longitudinal axis of the experiment
(Fig. 2.9). In total, 13248 cells cover the transverse face of the detector, allowing for
the beam particle passage, with each cell spanning the calorimeter full depth. The
signal produced by a particle crossing the LKr is collected by preamplifiers inside
the cryostat, directly attached to the calorimeter cells.

The LKr energy resolution is % = 1.4% at an energy deposit of 25 GeV, while
the spatial and time resolutions are 1 mm and 1 ns.

The LKr is one of the crucial detectors for particle identification in the N — 7pu
search detailed in this thesis. In fact, the pion/muon separation is achieved through
the study of %, where F is the deposited energy measured in the LKr and p is the

momentum measurement provided by the Straw spectrometer.

The Small-Angle Veto The Small Angle Veto (SAV) consists of two systems,
the Intermediate Ring Calorimeter (IRC) and the Small Angle Calorimeter (SAC).
The IRC is located just upstream the LKr and wraps directly around the beam
pipe, whereas the SAC is the most downstream detector of NA62, installed inside
the beam vacuum towards the end of the beam pipe, just upstream of the beam
dump. Both are used to detect photons which are emitted almost parallel to the
beam, with angles below 1.5 mrad. The detectors are shown in Fig. 2.10 and Fig.
2.11. They are both Shashlik calorimeters that use plastic scintillators as active
volume and lead as an absorber.

The inefficiency detection of the SAV system for a single photon has been meas-
ured at 7 - 10~*, for photons with £ > 200 MeV.

The SAV is used as a veto for HNL decay searches.

The muon detector
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Figure 2.10: Picture of the IRC, Figure 2.11: Picture of the SAC,
wrapped around the beamline [54]. directly inserted into the beamline

[54]-
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Figure 2.12: Schematic view of the hadronic calorimeters (striped grey and blue). The
iron wall (red) and the muon detector (grey) are also visible [54].

The MUV3 The MUV3 detector is a muon detector, located downstream of the
MUV1-2 system, behind an 80 cm thick iron wall, used to stop any surviving had-
rons (Fig. 2.12), and it provides fast identification for muons traversing the whole
calorimeter system (LKr, MUV1,2 and the iron wall), which has a total thickness of
about 14 interaction lengths. The MUV3 is a square-faced detector with transverse
size of 2.64 x 2.64 m?2. Like the NewCHOD, the MUV3 consists of plastic scintillator
tiles, 8 of which have a smaller area and are placed around the beampipe, where
the instantaneous beam rate is higher (Fig. 2.13). Two PMTs are placed directly
behind each scintillator and are used to read out each tile.

The time resolution of the individual MUV3 channels is 0; = 600 ps. The MUV3
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muon identification efficiency exceeds 99.5% for momenta above 15 GeV/c. This
makes the MUV3 suitable to provide particle identification for N — mu searches,
where the majority of tracks have momenta above 30 GeV/c. In these decays, one
of the two tracks leaves a signal in the muon detector, while the other one does
not. This, together with the % measured by the LKr and the Straw spectrometer,
constitutes all the information used for particle identification for the work detailed

in this thesis.
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Figure 2.13: The MUVS tile rate
i nominal beam conditions. A single
mner “hot tile” is present due to the
decay of beam pions to muons [54].

Figure 2.14: A CHANTI station,
with the hole for the passage of the
beam particles [5]].

Other detectors

The CHANTI The Charged particle Anticounter (CHANTI) detector provides
rejection for inelastic interactions of the beam with the most downstream GTK
station, GTK3, with a 99% efficiency. The CHANTT is composed of six square
scintillator hodoscope stations (Fig. 2.14), with a hole in the centre to allow for the
beam particles to pass.

The single hit time resolution was measured at 1 ns.

The CHANTTI detector is used as a veto for N — 7u decay searches.

The MUV0O The MUVO detector is a scintillator hodoscope designed to detect

negative pions with momenta below 10 GeV/c, deflected towards positive X by the

spectrometer magnet, MNP33, and leaving the lateral acceptance near the RICH.
The information provided by the MUVO is not used for HNL decay searches.

The HASC The Hadronic Sampling Calorimeter (HASC) is located downstream

of the MUV3 and is used for the detection of positive pions with momentum above
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50 GeV/c and propagating through the beam holes in the centres of the Straw
chambers.
The HASC is not used for the search detailed in this thesis.

2.5.3 Summary of detector purposes for Heavy Neutral

Lepton decay searches

Several subsystems are exploited to detect the N — 7 signal for the HNL decay
searches described in this work.

The two-track, high-momentum final state that constitutes the signature of
N — 7p decays is detected by the downstream Straw spectrometer, whereas the time
measurement of the two tracks is provided by the CHOD detector. Identification of
pions and muons in the final state is performed by studying the energy-momentum
ratio of the two tracks, combining the information provided by the Straw spectro-
meter with the one provided by the electromagnetic calorimeter, the LKr. The muon
detector, the MUV3, is used to provide muon identification for one of the two final
state tracks.

Several detectors are used as veto systems to reject background sources to the
pion-muon final states.

The KTAG provides information on whether a kaon signal is found in coincidence
with the downstream tracks. The photon veto systems (LAV, SAV and LKr) are
exploited to reject any extra activity with final state photons emitted with an angle
between 0 mrad and 50 mrad from the beamline, while extra upstream activity is

vetoed by the CHANTT.

2.5.4 The trigger and data-acquisition system

The Trigger and Data Acquisition (TDAQ) system collects the data and records
it to disk for further analysis. In this Section, an overview of the NA62 TDAQ is

provided. Further information can be found in [60].

The trigger levels

The NA62 experiment adopts a multi-level trigger strategy to reduce the down-
stream particle flux, 10 MHz, to a rate limited by the available bandwidth for storing
the data to disk, 100 kHz. A description of the trigger levels follows.

e LO: a hardware-based trigger, evaluating sub-detector digitised signals, the
so-called “primitives”, before passing the decision to the Level 0 Trigger Pro-

cessor (LOTP). Each trigger primitive can then be used to build a trigger, to
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select events with specific features based on the timing coincidence of multiple
primitives. The maximum L0 trigger rate is 1 MHz. Six detectors contribute
to the LO trigger, which was in operation during the full 2016-2018 data-taking

period;

e LL1: a software trigger, requiring loose selection criteria for specific sub-
detectors, based on the signal decay of interest. Each algorithm is applied
sequentially, aiming to reduce the trigger rate to about 100 kHz. None of the
calorimeters (LKr, MUV1, MUV2, IRC and SAC) or the GTK are read at L0,
because of their amount of channels. The information they collect is read at
L1, which performed during the full 2016-2018 data-taking.

The LO primitives

Each sub-detector participating in the LO trigger generates primitives, which are
time-stamped data packets containing information on whether specific criteria were
met according to the trigger firmware for each sub-detector. To build a LO trigger,
the LOTP identifies which primitives were simultaneously true within a 6.25 ns time
window. If any of the primitive coincidences match with any of the user-requested
triggers, the LO trigger is issued and the event is passed to the L1 software stage.

For the work presented in this thesis, two triggers are relevant:

e Control: CHOD, used for normalization purposes and for counting the num-
ber of POT;

e Muon exotics: RICH-Q2-M(O)1, used to collect N — 7w events. During
the 2016-2018 data taking, this mask was downscaled of different factors, from
a minimum of 1 to a maximum of 20, due to the limited bandwidth for data
acquisition. For example, a downscaling of 10 means that only one triggered
event out of 10 has been written on disk. The data collected with this mask
amounted to not more than 1% of the available LO bandwidth throughout the
data-taking period.

These are defined by the combination of different primitives:

e CHOD: primitives for any charged track, based on hit multiplicity;

e RICH: primitives for any charged track above Cherenkov threshold, based on
hit multiplicity;

e Q2: primitives for two CHOD quadrants containing hits within a 10 ns time

window;
e M(O)1: primitives for at least one (outer) MUV3 tile containing hits.
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The L1 algorithms

After an event has passed the L0 stage, the L1 software trigger is run on the PC
farm, a cluster of 32 computers. Three relevant algorithms are applied at the L1
stage, for the “muon exotics” trigger used for HNL decay searches, which reduce of

a factor of about 20 the amount of data that pass through the L1 decision:

e notKTAG: rejects events with at least five out of eight KTAG sectors being
in time with each others and within 5 ns of the L0 trigger time. This algorithm
identifies a beam kaon candidate consistent with the event time and rejects it

to reduce the background to N — 7 signals;

e notLAV: used as a veto, the algorithm searches all twelve LAV stations for
at least two hits. The time of the hit must be within 10 ns of the LO trigger
time. This suppresses any possible background involving final-state photons

emitted at large angles;

e StrawExo: this algorithm performs a track reconstruction and searches for

one negative track with a momentum between 3 GeV/c and 100 GeV/c.

2.5.5 The NA62 framework

The NA62 Framework (NAG62FW) is a software framework developed for the
NAG62 experiment. The framework is comprised of three independent packages, all
based on the ROOT software [61]:

e NA62MC: the NA62 Monte Carlo (MC) framework is a simulation based on
the Geant4 (G4) package [62]. It is used to produce large simulated event
samples of the individual kaon modes, together with several HSM and DF
processes. A full Monte Carlo simulation of the HNL production from dif-
ferent D mesons and its subsequent decay to two-body final states has been
designed, within the scope of this thesis, to study the NA62 expected sensitiv-
ity to N — mp decays. Within the MC simulation, the G4 package tracks the
decay products through the full geometry of the detector. This includes the
simulation of electromagnetic and hadronic interactions, multiple scattering

and the effect of magnetic fields.

e NA62Reconstruction: the reconstruction package is modularised to recon-
struct events and candidates from either raw data or MC simulations, for each
sub-detector system. NAG62Reconstruction is also used to create an online
monitor for data acquisition, and is particularly useful during the run to spot

systematic issues with any of the sub-detectors;
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e NA62Analysis: the analysis package contains a series of libraries and tools to

perform data analysis, reading events provided by the reconstruction software.

In this thesis, significant contributions to both the NA62MC and the
NAG62Analysis frameworks have been made. For the analysis described in the fol-

lowing Chapters, all three packages were extensively used. The full documentation
about the NA62 framework can be found in [63].
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Chapter 3

Full Monte Carlo simulation for
Heavy Neutral Lepton production

and decay

In this Chapter, the full MC simulation for HNL production and decay at NA62
is detailed, in the case of kaon-beam operation mode.

Protons from the SPS beam interact with either the Be target or the Cu-Fe
TAXes to produce D mesons, which may decay to an HNL via the modes listed in
Section 1.3.2. In the Fiducial Volume (FV), the HNL decays to two-body final states,
which are propagated through the NA62 detector via the Geant4 software [62].

Several factors must be taken into account when computing the probability of
generating HNL two-body decays with both decay products in the NA62 geometric

acceptance:
e the probability of a D meson to be generated from proton interactions;

e the BRs of HNL production modes from D mesons;

the probability for the HNL to reach the F'V and decay in it;

the BR of the chosen two-body HNL decay channel,

the probability of the HNL decay products to be in the NA62 geometric ac-

ceptance.

For example, for U? = 1075 my = 1 GeV, |py| = 10 GeV/c and a =~ 100 m long
fiducial region, the probability for an HNL to reach the F'V and decay in it is about
1072, For this reason, the probability of generating a signal event with final states
in the NA62 geometric acceptance is boosted, in the MC simulation, by neglecting

some of the probabilities listed above and by manually forcing some processes, so
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that less time and computing power are needed to generate good signal events; this
ensures that the efficiency of the MC simulation is much higher than otherwise. The
boosting procedures used within the MC simulation are described in detail in the
following and are corrected for at a further stage (the analysis).

The MC simulation detailed in this thesis is the first full one to simulate a DF
production through multiple modes, its propagation up to the experimental FV and
its decay to selected two-body final states at the NA62 experiment. No software was
available that could already simulate the whole chain through the NA62 detector.
Moreover, at the MC stage, the boosting techniques that neglect the probabilities
listed above are necessary to ensure that the probability to generate a signal event
with decay products in the NA62 geometric acceptance is several orders of magnitude
higher than the one without the use of any boosting technique. These are the reasons
why this full MC simulation has been coded by hand, without the use of external
tools and libraries, except for the Pythia software [64], when producing the D meson
momentum distributions from proton interactions, and the Geant4 package, [62]
when tracking the HNL decay products through the NA62 apparatus.

The MC simulation is kept coupling-independent, to allow for studying different
scenarios, according to the value of U? and the relative ratios of U?, U} and U? that
can be set at the analysis stage. This means that the following assumption is made
at the MC stage:

Uz:U:U2=1:1:1; U>=3. (3.1)

Even though this U? value is unphysical, it can be used within the simulation because
it is replaced by proper physical values (between 1071% and 10~!) during the analysis.
Within this simulation, the HNL can decay to several two-body, fully-

reconstructible final states:
o TteT,
o T,
o pret,

o prut.

It must be noted that the p particle would decay within the NA62 fiducial volume,
so that the last two listed modes would have effectively more than two particles in
the final state.

Choosing a decay mode of a specific sign also produces the opposite-sign mode
half of the times; for example, if the 754 mode is set, half of the final states are

77~ and half are 7~ pu™.
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Moreover, the HNL mass is a parameter that can be changed within this sim-
ulation, so that HNLs of different masses can be generated and studied. All the
distributions and results presented in this thesis have been produced on a sample of
about 5 - 10% generated MC events, starting at a mass of 250 MeV/c? and ending at
a mass of 1960 MeV /c?.

3.1 D meson production

As the event simulation begins, the D meson species is chosen, according to the
relative production yields provided within the NA62 collaboration via the Pythia

software, used to simulate interactions between 400 GeV/c protons and Be target

protons [65]:
e DT = 0.140,
e D} =0.042,
e D™ =0.175,
o Dg = 0.050,
o D" = 0.264,
e D% =0.329.

Both proton-proton (p-p) and proton-neutron (p-n) interactions occur when the
proton beam interacts with the target. The difference between the resulting mo-
mentum distributions is negligible, so that kinematic distributions originated from
p-p interactions can be used also in the p-n case. Moreover, these kinematic dis-
tributions are generated simulating hard interactions between partons. Therefore,
the distributions do not change if the protons interact with different materials. The
type of material is taken into account later, at the analysis stage, when the total p-X
cross section (X being either Be or Cu, in this case) is computed. For this reason,
the momenta distributions of the D mesons produced using Pythia can be used for
both target and TAX interactions.

Additional D mesons can be produced in cascades generated by secondary inter-
actions between the target or TAXes and the hadrons produced from proton-Be or
proton-Cu interactions. This secondary production is dominant in the TAX case,
due to Cu having a higher mass number compared to Be, but it was not accounted
for in this full MC simulation, due to time constraints. This aspect is nonetheless

worth further investigation and study.
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In case the HNL is too massive to be produced in any decay of a certain DD meson,
that species cannot be sampled for that particular event generation.

The proton interacts with the target with a probability of €, =1 — e_*lip = 0.61,
where [ = 40 cm is the target length and A, is the proton nuclear interaction length
(42.1 cm in the target case). The protons that do not interact with the target (39%
of the total) have an interaction with the TAXes, with a probability of €, = 0.99999
(I =323 cm, A\, = 15.3 c¢m for the TAX case).

The Z coordinate of the D meson production point, 2y, is computed, using the
centre of the target as origin of the reference frame. The beam intercepts the target
at X =Y = 0 mm, whereas it intercepts the TAXes at X = 0 mm and Y = —22
mm, because of two dipole magnets that divert the beam downwards and then steer

it back horizontally. The Z coordinate of the D meson production point is:
20 = -\ In(l — ¢,R) + L, (3.2)

where R is a random number uniformly generated in the [0,1) range and L ensures
that zy is computed with respect to the origin of the reference frame, in the target
centre (L = —20 cm for target production and L = 23.07 m in the TAX case).

The D meson production point is shown in Fig. 3.1 for target production and in
Fig. 3.2 in the TAX production case. In this simulation, it is assumed that a beam
proton interacting in the target/TAXes always produces a D meson. This is the
first technique used to boost the the probability of generating a signal event with
final states in the NA62 geometric acceptance, but needs to be corrected for at a
later stage, to account for the D meson production cross-section in Be/Cu, together
with the fact that several other processes can occur, when a proton interacts with
the target/TAXes.

Then, the transverse and longitudinal momenta of the D meson, p; and p,, are
generated, randomly extracted from the Pythia kinematic distributions provided
within the collaboration; in what follows, the specific D meson species is denoted as
D.

The D meson kinematics is worked out in the laboratory rest frame. The azi-
muthal angle, ¢p, is randomly, uniformly generated in the [0,27) range. The polar
angle is

0p = arctan (&) (3.3)
P

and its distribution is shown in Fig. 3.3.

The modulus of the D meson three-momentum (Fig. 3.4) is computed as

Dol =/} + 2, (3.4)
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Figure 3.1: D meson production point,
for all D meson species produced in the
target, for my = 1 GeV/c?, U? =3 and
U2: Uﬁ (U2 =1:1:1.
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Figure 3.3: Polar angle of the D meson
at production, in the laboratory frame, for
all D meson species, for my =1 GeV/c?,
U?=3and U2 : U, : U2 =1:1:1.
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Figure 3.2: D meson production point,
for all D meson species produced in the
TAXes, for my =1 GeV/c?, U? =3 and
U2:U2: U2 =1:1:1.
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Figure 3.4: Momentum of the D meson
at production, in the laboratory frame, for
all D meson species, for my =1 GeV/c?,
U?=3and U2 : UL : U2 =1:1:1.

[P°p| = 1P'p|sin p cos ¢p (3.5)

and

|ﬁlll) = |ﬁD| sin QD sin ng. (36)

It must be taken into account that the 400 GeV /¢ proton beam, which is narrowly
focused when impinging on the T10 target (and it is therefore called “pencil” beam),
is more spread at the TAX impact plane, as it is shown in Fig. 3.5. Moreover, the
momenta of the protons are not parallel to the Z axis, as it can be seen in Fig. 3.6
and Fig. 3.7, where the angles the proton momenta form with the X and Y axes
are plotted versus the X and Y spread, respectively.

As a result, when the D meson is produced in the TAXes, its production point
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Figure 8.5: X — Y spread of the beam
protons at the TAX impact plane. The
Y coordinate of the impact point has been
shifted from -22 mm to 0 mm in this dis-
tribution. This plot has been provided by
the beam experts within the collaboration.

e | h2YYP
b= b= -
E [ Entries 04T
E - Meanx  0.003211
= 08
> o Meany 0.535e-05
06 $1d Dev x 32
o S 0evy 0108
04f
02
o .
or
F .
02
I .
-04f-
06
-0
Y o IR EPUNPH IPRNIINS LR B
§

T 0 5 0 1
¥ (mum)

i

Figure 3.7: Y component of the proton
direction with respect to the Z axis as a
function of the Y coordinate at the TAX
impact plane. The'Y coordinate of the im-
pact point has been shifted from -22 mm to
0 mm in this distribution. The slope is dif-
ferent from the one shown in Fig. 3.6 due
to the presence of quadrupoles along the
beamline. This plot has been provided by
the beam experts within the collaboration.
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does not have X, Y = (0, —22) mm coordinates, but its X, Y production coordinates
(called g and yp) are randomly extracted from two Gaussian distributions, the first
one with mean g = 0 mm and standard deviation ¢ = 4.7 mm, and the second one
with g = —22 mm and o = 3.2 mm.

The D meson momentum, with its components (p; and p, ) extracted from Pythia,
must be rotated to take into account the parent-proton non-zero components in X
and Y: according to the distributions shown in Fig. 3.6 and Fig. 3.7, the X and Y

components of the proton direction with respect to the Z axis are

d
d—‘z — 0.05- 10 3 mm~" - z, (3.7)

d
d—y —0.03- 103 mm ™" - yp — 0.03- 1072, (3.8)
V4

where the slopes in X and Y are different due to the presence of quadrupoles along
the beamline.

Therefore, the rotation angles around the Y and X axis, respectively, are:

dx

7, = arctan (d—), (3.9)
z
and J
Y
0¥, = arct ). 3.10
7, = arc an(dz) ( )
The rotated D meson momentum is:
pp=B-A-pp, (3.11)

where pp is the momentum to be rotated, and B and A are rotation matrices

around the Y and X axis, respectively:

costf, 0 sinff
B = 0 1 0 (3.12)
—sinf7, 0 cosbf

and
1 0 0

A= 10 cost), —sinb¥| . (3.13)

3 Y Y
0 sin6], cosfy,

After performing the rotation, the new rotated angles are computed:

1 = arctan (J(p/xD)Q i (p’%)2> (3.14)

24
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and
/Y

¢, = arctan (2%) (3.15)

D
From now on, for simplicity, all the D meson quantities after the rotation drop

x?y7z x7y7z

the prime notation: pj, = pp, 5" = p5"”", 0 = 0p, ¢, = ¢p, while zy, yo and
2o are still the coordinates of the D meson production point (in both target and
TAX cases) in the reference frame where the origin is placed in the centre of the

T10 target.

3.2 D meson propagation and decay

All production BRs listed in Section 1.3.1 are computed, and the HNL production
mode is randomly chosen accordingly. One should keep in mind that, even though
all formulae detailed in Appendix B include the coupling, in this simulation it is
assumed that U? = 1 and, therefore, U? = 3, to keep the whole procedure coupling-
independent; the coupling is properly considered only at the analysis stage.

It also needs to be noted that, for HNL production from D, Dg — 7v,; 7 —
NX, only BR(t — NX) is considered. As an arbitrary choice, the MC simulation
does not account for the fact that HNL production modes from 7 leptons are sub-
dominant with respect to direct production modes from D mesons, since they are
scaled by an extra factor, the BR of 7 lepton production from D, Dg meson decays.
This extra factor is accounted for at the analysis stage.

The D meson mean path length and the modulus of the § velocity are computed:

Ap = dPolTD (3.16)

mp

and 7
|Fp| = ——=22 (3.17)

Vmd + >
where ¢ is the speed of light, 7p is the D meson lifetime and mp is the D meson
mass.

The distance between the D meson production point and its decay point is then

computed:
79| = _\pIn(1 — R), (3.18)

where R is a random number uniformly generated in the [0, 1) range.

The coordinates of the D meson decay point, with respect to the origin of the
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system, chosen to be in the centre of the target, are:

(z,y, 2)%6“”“’ = (0 + |F%ecay! sin(fp) cos(ép), Yo + \Fj:l)eca” sin(0p) sin(¢p),

—deca,

3.19)
2o + |75 Y| cos(6p)). (

The distribution of the Z coordinate of the D meson decay point is plotted in
Fig. 3.9 for D produced in the target and in Fig. 3.10 for D generated in the TAXes.
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Figure 3.9: D meson decay point, for all Figure 3.10: D meson decay point,
D meson species produced in the target, for for all D meson species produced in the
U? =3 and U? : UEL : U2 =1:1:1. The tail TAXes, for U?> =8 and U? : Uﬁ
above 0.2 m s due to D mesons produced U2 =1:1:1.

right before the end of the target.

The D meson decay point is also the HNL production point, for all production
modes in which the HNL is directly generated through D decays. Otherwise, the D
decay point is the 7 lepton production point.

In the latter case, the 7 lepton kinematics is worked out. The cosine of the
polar angle in the D meson rest frame, cosf,, is randomly, uniformly generated in
the [0,1) range, since the D is a pseudo-scalar meson and, therefore, the angular
distribution of two-body decay products is isotropic. The azimuthal angle, ¢, is
randomly, uniformly extracted in the [0, 27) range. The modulus of the 7 lepton

three-momentum in the D meson rest frame is defined as:

1 1 1 _ 972,02 902 00 _ 500
Vmh +md +mt —2mZm2 — 2mim2 — 2m2m2

7| = , 2
7 o (320)

where the SM neutrino mass, m,,, can be neglected and m, is the 7 lepton mass.
The components of the three-momentum along the axes are then computed in

the D meson rest frame, together with the energy:
pe = |p;|sin(0,) cos(¢.), (3.21)

P = |F,|sin(6,) sin(6,). (3.22)
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p; = |p’7| cos(0-), (3.23)
E, =[5, 2+ m2. (3.24)

The 7 lepton is then boosted into the laboratory frame: the 3 velocity of the D
meson is calculated and used to compute the 7 lepton three-momentum components

and energy in the new reference frame:

BP = (|P|sin(0p) cos(¢p). |67 sin(0p) sin(¢p), |37 cos(p)), (3.25)
E' = p(=BYps — B py — BYp: + E), (3.26)
Py =vp(=BYE + Blpy + Bp. + pa), (3.27)
P, =vp(=BYE+ Blp. + BCp. + py), (3.28)
P, =p(=BYE + Blpe + B py + p2), (3.29)

_ /IPp2+m3,
= "

Pz, Dy, P> and E are the 7 lepton kinematic components before the boost, and

where vp is the D meson Lorentz factor in the laboratory frame,
Py Py, P and E' are its components after the boost.
The 7 lepton is let decay in the laboratory rest frame. The mean path length

and the modulus of the 3 velocity are

A, = clp-lmr (3.30)
mr
and 7
o Dr

87| = ———= (3.31)

Vm? + 1P

where 7, is the 7 lepton lifetime and [p;| is the modulus of the 7 lepton three-
momentum.

The probability for the 7 lepton to decay before the TAXes (in the target pro-
duction case) or the beginning of the FV (in case of TAX production) is assumed to
be 1, and it is used to calculate the distance between the 7 lepton production point
and its decay point:

|[Fdeea| = — X\ In(1 — %W R), (3.32)

where €% = 1.

The coordinates of the 7 lepton decay point, with respect to the origin of the

system, are:
pdecsy — gfect o |Fdecad| gin(6,.) cos(py); (3.33)
gecay — y;l)ecay + ’Fgecay| Sin<0‘r> sin((bT); (334)
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zgecay — ZCLl)GCGy + ’Fgeca” COS(@T)- (335)

3.3 Heavy Neutral Lepton production

At this point, the HNL is produced, either directly from the D meson or from the
7 lepton. One further distinction must be made: if the HNL is produced through
two-body decays, the kinematics can be worked out straightforwardly. In the case
of production via three-body decays, the so-called “hit-and-miss” procedure must
be performed, as described in the following.

The ROOT TGenPhaseSpace class is used to randomly extract two invariant
masses in the mother particle rest frame (where the mother is either a D meson or a
7 lepton), within the boundaries of the Dalitz plot of the chosen production mode.
The two variables are m?%;, and m?%,, the squared invariant masses of the Hl and NI
pairs, respectively.

Then, two other variables are defined, that are needed for the formulae detailed

in Appendix A:

¢* =miy, (3.36)
and
2 2 2
By = m = Min My (3.37)
2My,

where Fy is the HNL energy in the mother rest frame, m,, is the mother mass and
my 18 the HNL mass.

The chosen production-mode function detailed in Appendix A, f(¢?, Ey), is then
computed for the generated values of ¢> and Ey. A random number R is then
uniformly extracted in the [0,1) range. The procedure starting with the call to
TGenPhaseSpace is performed as many times as needed for this condition to be

satisfied: 2
R< f(q ; N)

= 7,55
fmam

where f,,q, is computed with the software Minuit and is the maximum value the

(3.38)

function can take within the absolute maximum and minimum values of Ey and ¢?,

defined as:

n_ (ma, — mEP +mi)
B = m 3.39
N 2mm Y ( )

(mi, — mi"™" + my)
BT = m 3.40
& i (3.40)

and

qgun = (mN + ml)Qa (341)
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q?nax = (mm - mH)Q' (342)
Here, m%7* = (m,, — my)? is the maximum squared invariant mass of the HI

pair, corresponding to the case where H and [ are produced back to back and N is
generated at rest (in the mother rest frame); m%7" = (my + my)? is the minimum
invariant mass of the HI pair, corresponding to the case where HI is produced back
to back with respect to N (in the mother rest frame).

At this point of the MC simulation, the HNL kinematics can be worked out, in
the mother rest frame, for both two- and three-body production modes.

The azimuthal angle, ¢y, is randomly, uniformly extracted in the [0,27) range.
The cosine of the polar angle, cosfy, is randomly, uniformly generated in the [0,1)
range. This assumption is correct if the HNL is produced through two-body D
decays, since the D is a pseudo-scalar meson and, therefore, the angular distribution
of its two decay products is isotropic. In case the HNL is generated in three-body D
meson decays or from 7 leptons (which have non-zero spin), this is not correct; this
dependence has been neglected in this work, due to time constraints, but it would
need to be included in case this simulation were to be further developed, since it is
supposed to lower the expected sensitivity.

The distribution of the HNL polar angle in the laboratory frame is shown in Fig.
3.11.

In case of two-body production, both from D mesons and 7 leptons, the modulus

of the HNL three-momentum in the mother rest frame is defined as:

4 1 1 902,02 902 02 9,02 02
Vmd A+ mi +mi — 2m2m3 — 2m2,m2 — 2m3m?,

Pv| = , (3.43)

2m,

where V' denotes both leptons and mesons the HNL is produced in pair with.
In case of three-body production, both from D mesons and 7 leptons, the mod-

ulus of the HNL three-momentum in the mother rest frame is worked out from:

x| = \/E% —m2,. (3.44)

At this point, the components of the three-momentum along the axes are com-

puted:
Py = [Pn|sin(0n) cos(on), (3.45)
Py = [P'n]sin(0n) sin(¢n), (3.46)
Py = |P'n|cos(On). (3.47)

Then, the procedure from this moment on is unified, both for two- and three-

body decays, and for production from D mesons and 7 leptons. The HNL is boosted
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into the laboratory frame: the [ velocity of the mother particle is calculated and
used to compute the three-momentum components and the energy of the HNL in

the new reference frame:
B = (18| $in(0m) cos(m), [ sin(0rm) sin (b)), |6 cOS(6n)). (3.48)

The energy and momentum components after the boost are:

E' =y (=B"pe — By — BI'p. + E), (3.49)
Py = V(=B E + B,'py + BI'p2 + Da), (3.50)
Py = Ym (=B E + B'px + B1'p: + 1y), (3.51)
. = Ym( =B E + By'ps + By'py + p2), (3.52)

where v,, = —W is the mother-particle Lorentz factor in the laboratory frame,
Pz, Py, P- and E are the HNL kinematic components before the boost, and pi, pj,, p’
and £’ are its components after the boost.

The modulus of the HNL three-momentum, in the laboratory frame, is plotted
in Fig. 3.12.
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Figure 3.11: Polar angle of the HNL Figure 3.12: Momentum modulus of
at production, in the laboratory frame, for the HNL at production, in the laboratory
my =1 GeV/c?, U? =3 and U? : Uﬁ : frame, for my = 1 GeV/c?, U? =3 and
UZ2=1:1:1. Uz :U2: U2 =1:1:1.

3.4 Heavy Neutral Lepton decay

At this point, to further boost the probability of generating a signal event with
final states in the NA62 geometric acceptance, and to keep the simulation coupling-
independent, the HNL lifetime is ignored and the HNL is manually propagated up
to the beginning of the FV, and forced to decay within it, according to a flat Z
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distribution. The HNL decay point in the lab frame is
FUY = R(Far — Fon) + Foms (3.53)

where R is randomly and uniformly generated in the [0,1) range, and 7, and 7y,
are, respectively, the positions of the HNL at z/'V = 102.4 m and 2} = 180.0 m

(the Z coordinates of the FV boundaries). Their components are defined as:

X
Frar = T+ B (o — ), (3.54)
N
P
Tt = Y + 2 (s — 2 ), (3.55)
N
T = Zmods (3.56)
where gdecay  ydecay and zdecay are. respectively, the X, Y and Z coordinates of the

HNL production point ( which is also the D meson decay point). The Z coordinate
of the HNL decay point is shown in Fig. 3.13.

After forcing the HNL to decay in the FV, its two charged decay products are
generated. In the following, mu final states are considered. Their kinematics are
computed in the HNL rest frame. The azimuthal angles, ¢, ,, are randomly, uni-

formly generated in the [0,27) range and the cosines of the polar angles, cosf, ,, are

o
randomly, uniformly extracted in the [0,1) range.

Even though the HNL does not have an isotropic angular decay distribution,
since its spin is sy = %, this dependence is here neglected and an isotropic angular
distribution is considered for its decay products, due to time constraints. However,
this aspect deserves further investigation, as including it is supposed to lower the
expected sensitivity.

The kinematics of the decay products are then computed in the HNL rest frame:

2

4 4 4 _ 92 002 902 02 9002
\/mN—ka—f—mH 2mymg — 2mym;, — 2mimg,

Dl = , 3.57

Pl ST (3.57)
where m, is the pion mass and m, is the muon mass. Then,

p:fr,,u = |ﬁ7r,,u| Sin(ew,u> COS<¢7I’,,LL)7 (358)

pgr,u - |ﬁ7r7u| Sin(ew,u) Sin(¢7r,u)7 (359)

Piy = Dl co8(0r ), (3.60)

E7r,,u =1/ |ﬁ7T7’LL’2 + mgr,,u' (361)
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Moreover,
ﬁuﬂr = _ﬁﬂ,u (362)

Eyw =\ 1Dl +m2 . (3.63)

Then, each decay product is boosted in the laboratory frame. The HNL 3 velocity

and

is calculated:

BN = (18| sin(6x) cos(w), || sin(0w) sin(¢), |37] cos(On))- (3.64)

The energy and momentum components of each HNL decay product after the

boost are:

E' = n(=BYpe — By py — BYp- + E), (3.65)
Py = (=BYE+ 8)py + BYp. + pa), (3.66)
Py = In(=BYE + B pe + BY D2 + py), (3.67)
P, = n(=BYE + BYpe + By py + p2), (3.68)

where vy = % is the HNL Lorentz factor in the laboratory frame, p,,py, p. and F
are the decay-product kinematic components before the boost, and p/, p,, p’, and E’
are its components after the boost.

In Fig. 3.14 and Fig. 3.15, the distributions of the pion and muon three-
momentum moduli are shown, only for the final states in the NA62 geometric ac-

ceptance (as described in the next paragraph).

3.5 Acceptance for Heavy Neutral Lepton decay

products

The probability of producing a signal event with final decay products in the
NAG62 geometric acceptance is further boosted by manually propagating both HNL
decay products up to the CHOD plane (zcgop = 239.009 m), to check whether they
are in the CHOD geometric acceptance. If not, the event will not pass the analysis
selection, so a procedure is designed to treat these cases.

The minimum and maximum radii of the CHOD used for the check are different
from the ones used in the standard NA62 tool for computing detector geometric
acceptances. This is due to the fact that the MNP33 magnet kick is approximated

to a constant in the MC simulation, while the bluetube field and the multiple scat-
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Figure 3.13: Z coordinate of the HNL
decay point, generated from a flat distri-
bution, for my = 1 GeV/c?, U? =3 and
U?: U2 U2 =1:1:1.
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Figure 3.15: Muon momentum, in the
laboratory frame, for final states in the
NAG62 geometric acceptance, for my = 1
GeV/c?, U? =8 and UZ : U} : U2 =1:1:1.
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Figure 3.14: Pion momentum, in the
laboratory frame, for final states in the
NA62 geometric acceptance, for my = 1
GeV/c?, U* =3 and U? : U2 U2 =1:1:1.

tering of the decay products in the detectors are not taken into account at all. To

compensate for these approximations, the CHOD geometric acceptance is bigger:

CHOD _
Thin ~ =0 cm and r

cm and r$HOP = 110 cm [54].

maxr

CHOD __
mazx

= 130 cm, whereas the standard values are r

CHOD __
min - 13

To check for the decay products to be in the CHOD geometric acceptance, the

Straw spectrometer magnet (MNP33) kick must be included.

First of all, the decay products are propagated to the MNP33 plane (zp/np33 =
196.345 m). The components of the path they travel between the HNL decay point

and the MNP33 plane are:

eca p T[T eca

7"[]\7{,];:]]1333 jlwc N il (ZMNP33 — Tﬁlv ), (3.69)
ECa; p ) ) ECQ’

R e ridy (ZMNP33 — ey, (3.70)



7“[]\7{]\61233 ZM N P33- (371)

Then, the magnet kick is included: pyi = —270.0 MeV /c for positively charged
particles (¢ = 1). The decay products are propagated to the CHOD plane. The
components of the path they travel between the MNP33 plane and the CHOD plane
are:

CHOD _  MNP33 Dhick ( MNP33) +p[7r,u],

MNP33
Trpla = Trgde T 4mpi=1 7 “CHOD — Tim ), Dl 2

(ZCHOD —T[W ),z ) (372)

oD = ey Pl (o, iove), (3.7
Dir, ],
PP = zenop, (3.74)

where ¢, , is the electric charge of the considered decay product and |pr,| is its
three-momentum modulus.

Then, the distance from the Z axis at the CHOD plane is calculated for both
decay products:

CHOD CHOD CHOD2
pSHOP = | J(rGHOPY 4+ (rCHODY. (3.75)

CHOD

If either distance is greater than r

, a regeneration process happens, in order
to boost the probability of generating a signal event with final states in the NA62
geometric acceptance. Every quantity is recomputed, starting from the D meson
species, as described from Section 3.1 onwards. The regeneration loop occurs as
many times as needed to have both HNL decay products in the CHOD geomet-
ric acceptance (about 1000 times for my = 1 GeV/c?), which are then passed to
the Geant4 package to be tracked through the NA62 detector with high precision,
including several effects that have been neglected or approximated at the manual
propagation stage, namely the MNP33 magnetic field map, the bluetube field and
the multiple scattering effects. If these effects were to be included in the manual
propagation, their contribution would account for about 1% on the final acceptance.
This has been studied by comparing the difference in the number of accepted events
in case of manual or Geant4 propagation. Since this difference was found to be neg-
ligible, the choice of manually propagating the HNL decay products to check their
acceptance at the CHOD plane, before passing the event to G4, has been considered
preferable for the purposes of this simulation, as it allows optimising the overall
computing time by orders of magnitude.

To summarise, the regeneration procedure has been introduced to boost the prob-
ability of generating an in-acceptance signal event, while keeping the computing time
of the event generation as low as possible, and considering that the approximations

that are included in the procedure only account for about 1% on the final signal
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acceptance.
Each time the HNL is regenerated from scratch, it is stored as an entry of the
output file produced by the MC simulation. This is needed at the analysis stage, to

take into account all HNLs, also the ones that were discarded.

3.6 Monte Carlo simulation summary

A brief summary of the procedure detailed so far is given in the following.

To simulate the HNL production and decay to two-body final states that can be
fully reconstructed, the D meson species is generated either in the Be target or in
the Cu TAXes.

The HNL production mode is then chosen: if the D meson decays to an HNL,
the HNL production point is computed; otherwise, the 7 lepton is produced and let
decay to an HNL.

Then, in both cases, the HNL kinematics are computed (either straightforwardly,
in case of two-body production modes, or through the hit-and-miss procedure, when
three-body production modes occur) and the HNL is boosted in the laboratory
frame.

The HNL is then manually propagated to the beginning of the F'V volume and
forced to decay in it according to a flat distribution in Z, to keep the simulation
lifetime- (and thus coupling-) independent.

At this point, the HNL decays to two-body final states, and its decay products
are manually propagated to the CHOD plane, to check whether they are both in
its geometric acceptance. If not, a regeneration procedure occurs, recomputing the
whole simulation from scratch, until both decay products are in the CHOD geometric
acceptance. During this regeneration procedure, every quantity is extracted again,
starting from the D meson species onwards.

When the two HNL decay products are within the CHOD acceptance, they are
then passed to Geant4 to be tracked, and the generation of the following MC event
starts.

To summarise, each MC event contains:

e all the simulated HNLs (the many that have their decay products outside the
CHOD acceptance and the one whose decay products are within the CHOD
acceptance); each HNL is stored with its production and decay points, initial

and final momenta and energies;

e two HNL decay products, both in the CHOD acceptance, stored and tracked
by Geant4 and associated with their HNL parent.
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3.7 Reconstruction of Monte Carlo events

Before being analysed, the MC events are reconstructed using the
NAG62Reconstruction framework.

The standard Straw spectrometer reconstruction only considers tracks with mo-
mentum between 5 GeV/c and 90 GeV/c and at an angle from the Z axis smaller
than 0.02 mrad.

Since a non-negligible number of final-state pions and muons, generated with
the MC simulation described in this Chapter, are high-momentum particles (as seen
in Fig. 3.14 and Fig. 3.15), a customised spectrometer reconstruction is used.
The momentum range has been extended between 5 GeV /c and 400 GeV /c, and the

emission angle has been enlarged up to 0.05 rad, which is the maximum opening angle

for tracks to be in the acceptance of all four Spectrometer chambers: D}f: = 0.05,
where R; ~ 1 m is the fourth chamber radius and D;_4 ~ 20 m is the distance
between the first and the fourth chamber.

As can be seen in Fig. 3.16 and Fig. 3.17, the customised spectrometer re-
construction allows to reconstruct 15% more two-track MC HNL decays than the
standard one. For this reason, the 5 million MC event sample that has been used

to produce the results presented in this thesis has been reconstructed with this

configuration.

Spectrometer.fNCandidates Spectrometer.fNCandidates
Figure 3.16: Number of reconstructed Figure 3.17: Number of reconstruc-
tracks per event, for a MC sample recon- ted tracks per event, for a different MC
structed with the standard configuration (5 sample reconstructed with the customised
GeV/c® < p < 90 GeV/c? and 0 < 0.02 configuration (5 GeV/c® < p < 400
mrad). GeV/c? and 0 < 0.05 mrad).

3.8 Weight computation

At the MC simulation stage, the properties of all HNLs, also the ones with
their decay products outside the CHOD acceptance, are stored in the output file.
This is because the regeneration process is one of the techniques used to boost

the probability of generating a signal event with final decay products in the NA62
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geometric acceptance. At the analysis stage, all the discarded HNLs have to be
taken into account.

Therefore, a weight must be associated with each HNL, representing the total
probability of a two-body, fully-reconstructed HNL decay to occur with specific HNL
properties, such as mass, coupling, lifetime, momentum, etc. Two libraries have been
coded within the NA62 analysis framework, to compute the weight associated with
each HNL in the MC output tree, so that the user can study the NA62 sensitivity
to such decays as a function of the HNL coupling to SM leptons and its mass.

The weight depends on U2, UZ, U2 and UZ, where @ = e, p1, 7 is the flavour of the
lepton produced in pair with the HNL. The weight corrects for all the techniques

and approximations performed at the MC simulation stage. It is defined as follows:
L@f([]2 l]2 l]2 [[3) prod I@ﬂﬂd l]2 reachFW/ ?;cayFW/ }?Z lqkmay([237(]57(13)' (3.76)

Each component of the weight is described in the following paragraphs. All plots
are produced for the general model (U? : Ui U2 = 1:1:1).

3.8.1 D meson weight components

At the MC stage, the probability for a proton to interact in the target/TAXes
and produce a D meson has been assumed to be 1, so the weight must correct for
this. The probability that a proton interacts with the Be target and a D meson is

generated is
prod

errod=Pe — (TD__y . — 0.00348, (3.77)

Oiot

pro

where 0%7°? is the D meson production cross section and o

is the total proton

cross section, in the Be case (target). The ratio (= mtd) Be has been provided within
the NA62 collaboration using the Pythia software [64]

The production of D mesons by protons interacting in a material is a hard process
and it depends linearly on the number of partons in the atoms of the material, A.
The total interaction cross section of a proton is a soft process and a function of
the nucleus area, A, Therefore, the ratio between the D meson production cross

section and the total proton cross section can be computed, in the Cu case (TAXes):

prod

prod—Cu Ung U%Wd (Q}t)Cu
€D = ( tot )CU - ( tot )Be : SProd =
g, () °p
(%) se (3.78)
prod
Op f4(7u i
("B e ()% = 000665,
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where Ag, = 63 and Ag. = 9 are the mass numbers of Cu and Be.

The first component of eq. 3.76, € is either equal to €2°*5¢ or to 27"
according to the material where the D meson is produced.

The second component in eq. 3.76, Fj.q, is related to the fact that the HNL can
be produced not only straightforward from a D meson decay, but also through the
decay chain D, Dg — 7v,; 7 — NX. Since the MC simulation does not take into
account BR(D, Dg — 7v,) (as explained in Section 3.2), but only BR(T — NX),
this must be corrected for. BR(Dg — 1v,;) = 5.55- 1072 and BR(D — Tv,) =
9.91 - 10~* [28] must be included in the weight. Therefore, for production modes
from 7 leptons,

Fyproa = BR(D, Dg — 71,), (3.79)

while, for any other production mode, Fj,,q = 1.

Finally, when computing the total BRs to choose the HNL production mode
at the MC stage, it has been assumed that U2 = 1 and U? = 3. Therefore, the
third factor in eq. 3.76, U2, needs to be considered in the weight computation, and
it must be equal to the flavour-specific coupling indicated in the production BR

formula detailed in Appendix A.

3.8.2 Heavy Neutral Lepton weight components

During the MC generation, the HNLs are propagated to the beginning of the FV,
to boost the probability of generating a signal event with final states in the NA62
geometric acceptance once more. The probability for the HNL to reach the fiducial
volume without decaying is a function of the HNL lifetime and, hence, it depends
on the value of the coupling U?. Moreover, at the MC stage, the HNL is forced to
decay in the FV according to a flat distribution; this also must be corrected for.

The product of the probabilities for the HNL to reach the FV and decay in it
(fourth and fifth components in eq. 3.76) is:

L L
decayFV __ —Z2EV ~ By
reachBV. | decayFV _ o “heen (1 — ¢ Prew ), (3.80)

€

where Lypy is the distance between the HNL production point and the FV starting
point (at Z = 102.4 m), Lpy = 77.6 m is the length of the FV (from 102.4 m to 180
m), 8, v and 7y are the HNL [ velocity, Lorentz factor and lifetime, where the last

quantity is defined as
h

= Totot”
'y

(3.81)

™N

Here, T%" is the sum of all the HNL partial decay widths detailed in Appendix B,

where also the anti-HNL partial widths are taken into account, since the HNL is
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Probability of N reaching and decaying in the FV vs coupling
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Figure 3.18: MC event distribution in
terms of product of the two probabilities
for the HNL to reach the F'V and decay in
it and of the coupling, formy = 1 GeV/c?
and for the general model (U? : Ui (U2 =
1:1:1).

Mean probability of N reaching and decaying in the FV vs coupling
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Figure 3.20: Mean product of the two
probabilities for the HNL to reach the FV
and decay in it, as a function of the coup-
ling, for my = 1 GeV/c? and for the gen-
eral model (U2 : U} : U? = 1:1:1).

Probability of N reaching and decaying in the FV vs N mass
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Figure 3.19: MC event distribution in
terms of product of the two probabilities
for the HNL to reach the F'V and decay in
it and of the HNL mass, for U? = 1076
and for the general model (U2 : Uﬁ U2 =
1:1:1).

Mean probability of N reaching and decaying in the FV vs N mass
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Figure 3.21: Mean product of the two
probabilities for the HNL to reach the FV
and decay in it, as a function of the HNL
mass, for U?> = 1075 and for the general
model (U2 : U2 : UZ = 1:1:1).

a Majorana particle in the considered theoretical scenarios. For this reason, the
HNL total decay width is twice what it would be if the HNLs were Dirac particles.
Each partial decay width has been multiplied by the corresponding flavour-specific

coupling, so that

n m l
TWU2, U U2) = Ti(U2) + Y T,(U2) + Y Tw(U?), (3.82)
=1

j=1 k=1

where n, m, [ are the number of decay modes proportional to U2, U, 3, U? respectively.

. »
All these quantities (eheachFV = edecovtV

dependent. The MC simulation forces the HNL to reach the FV and decay in it,

, T and T\ (UZ,U2,U?)) are coupling-
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because introducing any coupling-dependent quantity would prevent the user from
studying different scenarios according to the chosen coupling value. At the analysis
stage, this is accounted for by introducing the needed coupling dependence.

In Fig. 3.18 and Fig. 3.19, the distribution of MC events in terms of product of
the probabilities for the HNL to reach the FV and decay into it and of coupling and
HNL mass, respectively, is shown.

If the mass is fixed, the larger the coupling, the shorter the lifetime and, thus,
the smaller the probability to reach the FV without decaying. But the smaller the
coupling, the longer the lifetime and, then, the smaller the probability to decay in
the FV. Values of epgechVdecastV - therefore, tend to zero both for small and large
couplings.

On the other hand, if the coupling is fixed, the smaller the mass, the fewer the
decay modes the HNL can undergo and, then, the greater the probability to reach
the FV. But the larger the mass, the greater the probability to decay in the FV.
However, the product of the two probabilities is still greater for larger masses.

The mean product of the two probabilities of the whole MC sample is shown in
Fig. 3.20 as a function of the coupling, for a fixed HNL mass, and in Fig. 3.21 as a
function of the HNL mass, for a fixed coupling.

Another factor that must be computed at the analysis stage is Fz, which accounts
for the fact that the Z coordinate of the HNL decay point is generated flat in the

MC simulation, which is not correct. Therefore,
_Zp-Liry

e Bryetn

Fy=

(3.83)

_Zypyv—LiFpv ?
1—e = Bron
where Zp is the Z coordinate of the HNL decay point, L;ry = 102.4 m is the Z
coordinate of the beginning of the FV and Z;py = 180 m is the Z coordinate of
the end of the FV. The numerator of eq. 3.83 accounts for the fact that the Z
coordinate of the HNL decay point should be an exponential function of Z, while
the denominator ensures that a factor F; > 1 (Fz < 1) is assigned to HNLs that
decay at low (high) Z.

The distribution of Zp as a function of the HNL momentum, weighted for the
probability defined in eq. 3.83, is shown in Fig. 3.22 for a fixed coupling and HNL
mass, and as a function of the coupling, for a fixed HNL mass, in Fig. 3.23.

The HNL total decay width, as defined in eq. 3.82, and the HNL lifetime (eq.
3.81) are also interesting to study as a function of the HNL coupling and its mass.
For a fixed mass, the larger the coupling, the shorter the lifetime and the larger the
total decay width. The same occurs for a fixed coupling and larger masses. These

behaviours are shown in Fig. 3.24 to Fig. 3.27.
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N decay vertex vs N momentum

Z of N decay vertex [m]
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Figure 3.22: Distribution of MC events
in terms of Z coordinate of the HNL decay
point and momentum, weighted for Fy (as
defined in eq. 3.83), for my =1 GeV/c?,
U? =107° and for the general model (U? :
Uz U2 = 1:1:1).

N total decay width vs coupling
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Figure 3.24: HNL total decay width (as
defined in eq. 3.82), as a function of the
coupling, for my =1 GeV/c? and for the
general model (U2 : Uﬁ (U2 = 1:1:1).
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N decay vertex vs coupling
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Figure 3.23: Distribution of MC events
in terms of Z coordinate of the HNL decay
point and momentum, weighted for Fy (as
defined in eq. 3.83), for my =1 GeV/c?
and for the general model (U? Uﬁ (U2 =
1:1:1).

N total decay width vs N mass
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Figure 3.25: HNL total decay width (as
defined in eq. 3.82), as a function of the
HNL mass, for U?> = 1075 and for the
general model (U2 : Uﬁ U2 = 1:1:1).



N mean lifetime vs coupling
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Figure 3.26: HNL lifetime (as defined in
eq. 3.81), as a function of the coupling,
for my = 1 GeV/c? and for the general
model (U2 : Ui U2 = 1:1:1).
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Figure 3.28: Distribution of MC events
in terms of HNL weight (eq. 3.76) and
coupling, for my =1 GeV/c? and for the
general model (U7 : U3 - UZ = 1:1:1).
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Figure 3.27: HNL lifetime (as defined in
eq. 8.81), as a function of the HNL mass,
for U? =107% and for the general model
(U2:U2:U2%= 1:1:1).
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Figure 3.29: Distribution of MC events
in terms of HNL weight (eq. 3.76) and
HNL mass, for U> =1075 and for the gen-
eral model (U7 : U7 : U? = 1:1:1).



In the MC simulation, the HNL has been assumed to decay to mu states only (or
any two-body decay chosen to be simulated). It is therefore necessary to include in
the weight a factor taking into account all the possible HNL decay modes:

ry-u?

Feeay(U2, U2, UZ) = 3.84
d y( e~ T) ]_—\g\oft(UeQ’Ug’Ug)7 ( )

where all the partial decay widths have been defined in Appendix B and the coupling
is taken into account.

It is worth noting that I'%" does not include subdominant HNL decay modes and
it is not, therefore, the HNL total decay width. For the same reason, 7y is not the
HNL lifetime. These two quantities are referred to as total decay width and lifetime
throughout the Chapter for convenience. The number of modes not accounted for in
the simulation is unknown and, therefore, so is the underestimation (overestimation)
of the HNL total decay width (lifetime). Nonetheless, the whole procedure detailed
in this thesis holds.

In fact, the number Ny of HNLs decayed at a time ¢ is proportional to 1 — e .
If Ny is expanded into a Taylor series,

Nyml—o(-tiby_t_© (3.85)

TN 7']%7 TN 7'2.

If the HNL lifetime is sufficiently large, the second term in eq. 3.85 is negligible
and
Ny ~ i (3.86)
TN
One can consider the case where only one decay mode is searched for and taken
into account for computing the HNL total decay width and lifetime, and Ny is
calculated according to eq. 3.86.
In the case where only one decay mode is searched for but two of them are

considered, the HNL total decay width doubles, the lifetime halves and Ny doubles
3
since only half of the decayed HNLs now go into the channel searched for:

as a consequence. Nonetheless, an extra factor, a = =, must be taken into account,

t t
Nym—a=2.—

DO | —

= Ny. (3.87)

This proves that, when the HNL lifetime is large enough, the number of decay
modes considered to compute 7y is irrelevant.
If the HNL lifetime is sufficiently small, on the contrary, the second term in eq.

3.85 is not negligible anymore. Therefore, in case two decay channels are considered
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to compute 7y,

t 12 2t 42 1
Nz’v“(—/——/z)ﬂZ(—,——/z)E%NN- (3.88)
™ TN ™ TN

In case the HNL lifetime is small enough, the number of decay modes considered
to compute 7y becomes relevant. Nonetheless, NA62 is not sensitive to short-lived
HNLs, since they decay upstream of the fiducial volume. Therefore, the number
of HNL decay modes considered in this simulation is irrelevant. They have been
included in the MC simulation only for completeness.

This means that the results achieved with this simulation hold, despite not ac-
counting for all possible HNL decay modes, since the weight does not depend on the
HNL lifetime, if this is sufficiently large.

In the next Sections, two weights will be used to study the NA62 sensitivity to
N — 7p decays. One is the weight detailed in eq. 3.76, the other is the same weight
but without the F; factor:

W'(UZ, U2, U2, U?) = 0 Froq - U2 - hgaehEV . QecsstV p oy (U2, U2, U?). (3.89)

The reason behind this double definition of the weight is explained in Chapter

3.8.3 Weight computation summary

A brief summary of the detailed weight procedure is given in the following.

At the analysis stage, all HNLs are retrieved from the output file, and a weight
(depending on the fourth power of the coupling) is computed for each of them,
representing the total probability of a two-body, fully-reconstructed HNL decay to
occur with certain HNL properties.

Fig. 3.28 and Fig. 3.29 show the weight distribution (as written in eq. 3.76),

respectively, as a function of the coupling and the HNL mass.
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Chapter 4

Evaluation of expected sensitivity

4.1 Event selection

By analysing the MC events generated with the simulation and reconstructed
using the NA62 framework, the NA62 expected sensitivity to N — mu signals can
be computed.

In order to do so, a private analyser is run on the HNL MC events. This analyser
contains a selection optimised to maximise the signal acceptance and eliminate as
much as possible all background sources from the data sample collected for HNL
decay searches, in order to achieve the zero-background hypothesis under which
expected sensitivity curves are produced, by running the same event selection on
the HNL MC sample. To achieve the double goal of signal maximisation and zero-
background hypothesis, the event selection is designed to only pick in-time two-track

events with:

e zero total charge;
e one track associated to a muon signal and the other one not;
e different ranges of % values for each track for pion/muon identification;

e a vertex distant enough from the beamline and no signal in time from the kaon
tagger, to reject as much as possible all background sources coming from kaon

decays.

The selection is kept independent of any coupling hypothesis. All the figures in
this Section are related to the pion-muon pair associated with the good HNLs only,
and are produced for HNL with my < 0.5 GeV/c? and my > 1.5 GeV/c?, to allow
for comparison of distributions at different mass values.

Several cuts are applied: in order, track cuts, energy cuts, veto cuts and geo-

metrical cuts. It has to be noted that events surviving a certain set of cuts have
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also survived the cuts listed before those (for example, events passing the veto cuts

have also survived the track and energy cuts). All cuts related to the decay-product

track times are only effective when the event selection is run on data sets. In fact,

the decay products are time aligned in the MC simulation and, therefore, always

survive timing cuts.

The same consideration applies to cuts related to the trigger conditions, since
MC events do not need to be triggered by either the LOTP or the L1 software.

4.1.1 Track cuts

Number of tracks
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Figure 4.1: Number of tracks for all re-
constructed MC' events with my < 0.5
GeV/c.

Trigger time - reference time
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Figure 4.3: Difference between the
LOTP time and each track time, given by
the CHOD, for all two-track reconstruc-
ted data events (the MC events are time
aligned).  The distribution is fitted with
a Gaussian function whose RMS is used
to compute the window of the related time
cut.
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Figure 4.2: Number of tracks for all re-
constructed MC events with my > 1.5
GeV/c.

The first cut that is applied is related to the LO trigger. It is required that the
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Two-track reconstructed events at CH1
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Figure 4.4: X,Y distribution of two-
track reconstructed MC events at the

Straw spectrometer chamber 1, with my <
0.5 GeV/c?.

Two-track reconstructed events at CHOD

Y [m]

Figure 4.6: X,Y distribution of two-
track reconstructed MC events at the
CHOD, with my < 0.5 GeV/c?. The halo
at distances greater than 1.8 m from the
center (the value for the CHOD radius at
the MC' stage, used to check whether the
decay products are in its geometric accept-
ance) is due to final-state pions decaying
i flight.
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Two-track reconstructed events at CH1
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Figure 4.5: XY distribution of two-
track reconstructed MC events at the
Straw spectrometer chamber 1, with mpy >

1.5 GeV/c.
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Figure 4.7: X,Y distribution of two-
track reconstructed MC events at the
CHOD, with my > 1.5 GeV/c®. The halo
at distances greater than 1.8 m from the
center (the value for the CHOD radius at
the MC' stage, used to check whether the
decay products are in its geometric accept-
ance) is due to final-state pions decaying
i flight.



event has been triggered by the “muon exotic” primitive, namely RICH-Q2-M(O)1.
Then, it is asked that also the L1 requirement of notKTAG-notLAV-StrawExo is
fulfilled.

Afterwards, events with two tracks reconstructed in the Spectrometer are selected
(Fig. 4.1 and Fig. 4.2). It is required that the times of both tracks (as measured by
the CHOD) are in a + 6 ns window from the event time provided by the LOTP. By
studying the distribution of the difference between the LOTP time and the CHOD
track times (Fig. 4.3), a time window of +50 has been chosen, where o is the
RMS of this distribution, fitted between [-10, 10] ns. The same procedure has been
followed to compute all the time windows used in the timing cuts described in the
event selection.

If the CHOD track times meet the above requirement, the LOTP time is con-
sidered as the track reference time for all following timing cuts.

No in-time KTAG signals must be found in more than four KTAG sectors and
in a time window of £+ 5 ns from the LOTP time. This is done to remove as much
as possible all background sources originating from beam-kaon decays.

Then, both tracks need to meet several quality requirements.

Each track has to have y? < 20 and the total charge of the two tracks must be
Zero.

Several standard tools provided by the NA62 framework are used to check that
both tracks are in the geometric acceptance of all four Spectrometer chambers (Fig.
4.4 and Fig. 4.5), CHOD (Fig. 4.6 and Fig. 4.7), NewCHOD, LKr, and MUV3 and
outside the LAV12 geometric acceptance (all acceptance checks are performed using
the standard conditions).

Each downstream track must be associated with at least one signal in the CHOD
and the NewCHOD, but the two tracks must not be associated with the same
CHOD/NewCHOD signal, and the distance between two signals at the CHOD plane
must be greater than 20 cm. Moreover, at least one NewCHOD signal associated
with each track must be within a time window of + 9 ns from the LOTP time.

One of the two tracks is required to be associated with one and only one MUV 3
signal, which has to lie in a + 8 ns time window from the LOTP time. The other
track must not be associated with the MUV3 at all, while it has to be associated
with at least one signal in the LKr (time window of £ 10 ns from LOTP).

Fig. 4.8, Fig. 4.9, Fig. 4.10 and Fig. 4.11 show the distribution of the HNL

decay products after this set of track cuts.
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X,Y of pion daughter at CH1, after track-quality cuts
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Figure 4.8: X,Y distribution of pion
decay products at the Straw spectrometer
chamber 1 after track cuts, with my < 0.5
GeV/c.
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Figure 4.10: X,Y distribution of muon
decay products at the Straw spectrometer

chamber 1 after track cuts, with my < 0.5
GeV/c?.
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Figure 4.9: X,Y distribution of pion
decay products at the Straw spectrometer
chamber 1 after track cuts, with my > 1.5
GeV/c?.
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E/p in LKr
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Figure 4.12: The ratio % for each track
passing the track cuts, with my < 0.5
GeV/c?.

Muon E/p vs pion E/p in LKr

12 14

Pion E/p

Figure 4.14: Muon % vs pion % for two-
track reconstructed MC' events passing the
track cuts, with my < 0.5 GeV/c*. The
peak at low % is due to pions decaying to
MUONS.
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Figure 4.16: A typical % distribution of
data events at NA62: the muon (blue),
pion (red) and electron (green) peaks are
visible. The red peak at low % 18 due to
pions decaying to muons.
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Figure 4.13: The ratio % for each track
passing the track cuts, with my > 1.5
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track reconstructed MC' events passing the
track cuts, with my > 1.5 GeV/c*. The
peak at low % s due to pions decaying to
MUONS.



4.1.2 Energy and veto cuts

The ratio % between the reconstructed track energy and the modulus of its
three-momentum is then considered. To further reject two track events in which a
muon-pion pair is not present, the track associated to the MUV3 (the muon) must
have % < 0.2, while the other track (the pion) needs to have % < 0.8 (Fig. 4.12,
Fig. 4.13, Fig. 4.14 and Fig. 4.15). A typical % distribution at NA62 is shown in
Fig. 4.16, where the peaks generated by muons, pions and electrons are visible.

Veto cuts are then applied to events surviving up to this stage. There must be
no LAV and SAV activity associated with the event (in a time window of £ 10 ns).
The event time, in this case, is taken as the average of the two track times provided
by the CHOD.

It is also required that no activity is detected in the CHANTI in a + 13 ns
window from the LOTP time.

4.1.3 Geometrical cuts

The last set of cuts applied to the reconstructed events is related to several geo-
metrical quantities, to reject events coming from beam kaon decays, whose products
may mimic a signal-like pion-muon pair. The difference between these background
events and the signal events is that vertices of pion-muon pairs coming from HNL
decays are more displaced with respect to the beam axis than pairs coming from the
bulk of kaon decays.

For these cuts, the Closest Distance of Approach (CDA) algorithm is used
(provided within the NA62 framework), which computes the distance between two
lines. Several geometrical cuts are then applied. The CDA between the two tracks
must be less than 1 ecm. The distance between the two tracks at the first Spec-
trometer chamber, in the (X,Y’) plane, must be greater than 2 cm. The distance
between the reconstructed two-track vertex and the beam axis must be greater than
10 cm, and the Z coordinate of the vertex has to be in the FV, defined as 120 m
- 180 m (the range between 102.4 m and 120 m has been reserved for data-driven
background studies). Within NAG62, fits on track vertices are not carried out yet,
since an algorithm to perform them is currently under development. This could be
used to further improve the quality of the two-track vertices searched for with this
event selection.

Fig. 4.17 and Fig. 4.18 show the distribution of the distance between the two-
track vertex and the beam axis as a function of the Z coordinate of the two-track
vertex, before any cut and for the two HNL mass ranges of my < 0.5 GeV/c? and
mpy > 1.5 GeV/c?, whereas Fig. 4.19 and Fig. 4.20 display the same distribution
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Two-track vertex, before any cut
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Figure 4.17: Distance of the two-track
vertex from the beam axis vs Z coordin-
ate of the two-track vertex, before any
cuts. This plot is produced for two-track
reconstructed MC events with my < 0.5
GeV/c?, U? =1075 and for the general
model (U7 : U2 : U? = 1:1:1).

Two-track vertex, after veto cuts
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Figure 4.19: Distance of the two-track
vertex from the beam axis vs Z coordin-
ate of the two-track vertex, for two-track
reconstructed MC events with my <
0.5 GeV/c?® and surviving track, energy
and veto cuts, the cut on the track-to-
track CDA and the cut on the distance
between the two tracks at the first Spec-
trometer chamber. This plot is produced
for U? =107° and for the general model
(U2:U2:U2 = 1:1:1).
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Figure 4.18: Distance of the two-track
vertex from the beam axis vs Z coordin-
ate of the two-track vertex, before any
cuts. This plot is produced for two-track
reconstructed MC' events with my > 1.5
GeV/c?, U? =1075 and for the general
model (U7 : U2 :UZ = 1:1:1).
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Figure 4.20: Distance of the two-track
verter from the beam axis vs Z coordin-
ate of the two-track vertex, for two-track
reconstructed MC events with my >
1.5 GeV/c® and surviving track, energy
and veto cuts, the cut on the track-to-
track CDA and the cut on the distance
between the two tracks at the first Spec-
trometer chamber. This plot is produced
for U? =107° and for the general model
(U2 :U2:U2=1:1:1).
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Figure 4.21: Invariant mass for reconstructed MC' events passing the whole selection,
formy = 1 GeV/c?.

but after track, energy and veto cuts have been applied. The two-track events in
each of these plots are weighted on the Z axis with the corresponding HNL weights,

as described in Section 3.8.

4.1.4 Signal regions

The squared invariant mass is computed for all events surviving the whole selec-
tion:
m? = (B + E,)* — |Px + Dl (4.1)

As seen in Fig. 4.21, this distribution is centred, as expected, on the HNL mass
(1 GeV/c? in this case).

At this point, a signal region for N — mu events can be built. The CDA of the
HNL trajectory with respect to the proton trajectory (or proton line) is computed
which, together with its Z coordinate, are the two variables used to define the signal
region. To have a unique signal region for both event types (target-produced and
TAX-produced), the proton trajectory is defined as a straight line connecting the
average HNL production point in the target, at X = 0,Y = 0,7 = —26.5 mm, to
the one in the TAXes, at X =0,Y = —22 mm, Z = 23.23 m.

Fig. 4.22 and Fig. 4.23 show the signal region for the target-produced component
of the events, before and after all cuts, for my < 0.5 GeV/c?, while Fig. 4.24 and
Fig. 4.25 display such quantities for my > 1.5 GeV/c?. Fig. 4.26 and Fig. 4.27
show the same distributions for TAX-produced events, for my < 0.5 GeV/c?, and
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N trajectory wrt target-TAX line, before any cut
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Figure 4.22: Signal region: CDA vs Z
coordinate of the CDA of the HNL traject-
ory with respect to the proton line. This
plot refers to two-track reconstructed MC
events produced in the target, before any
cuts, with my < 0.5 GeV/c?, U? =107
and for the general model (U2 : Ug (U2 =
1:1:1).
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Figure 4.24: Signal region: CDA vs Z
coordinate of the CDA of the HNL traject-
ory with respect to the proton line. This
plot refers to two-track reconstructed MC
events produced in the target, before any
cuts, with my > 1.5 GeV/c?, U? =107F
and for the general model (U? : Uﬁ (U2 =
1:1:1).
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Figure 4.23: Signal region: CDA vs Z
coordinate of the CDA of the HNL traject-
ory with respect to the proton line. This
plot refers to two-track reconstructed MC
events produced in the target, after all
cuts, with my < 0.5 GeV/c?, U? =107°
and for the general model (U2 : Uﬁ (U2 =
1:1:1).
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Figure 4.25: Signal region: CDA vs Z
coordinate of the CDA of the HNL traject-
ory with respect to the proton line. This
plot refers to two-track reconstructed MC
events produced in the target, after all
cuts, with my > 1.5 GeV/c?, U? =107
and for the general model (U? : Uﬁ (U2 =
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Figure 4.26: Signal region: CDA vs Z
coordinate of the CDA of the HNL traject-
ory with respect to the proton line. This
plot refers to two-track reconstructed MC
events produced in the TAXes, before any
cuts, with my < 0.5 GeV/c?, U? =107
and for the general model (U2 : Ug (U2 =
1:1:1).
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Figure 4.28: Signal region: CDA vs Z
coordinate of the CDA of the HNL traject-
ory with respect to the proton line. This
plot refers to two-track reconstructed MC
events produced in the TAXes, before any
cuts, with my > 1.5 GeV/c?, U? =107F
and for the general model (U? : Uﬁ (U2 =
1:1:1).
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Figure 4.27: Signal region: CDA vs Z
coordinate of the CDA of the HNL traject-
ory with respect to the proton line. This
plot refers to two-track reconstructed MC
events produced in the TAXes, after all
cuts, with my < 0.5 GeV/c?, U? =107°
and for the general model (U2 : Uﬁ (U2 =
1:1:1).
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Figure 4.29: Signal region: CDA vs Z
coordinate of the CDA of the HNL traject-
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plot refers to two-track reconstructed MC
events produced in the TAXes, after all
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Figure 4.30: Signal region: CDA vs Z
coordinate of the CDA of the HNL tra-
jectory with respect to the proton line.
This plot refers to two-track reconstructed
MC events produced in the target, before
any cuts, generated from all HNL masses,
U? =107° and for the general model (U? :
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Figure 4.32: Signal region: CDA vs Z
coordinate of the CDA of the HNL tra-
jectory with respect to the proton line.
This plot refers to two-track reconstruc-
ted MC events produced in the TAXes,
before any cuts, generated from all HNL
masses, U2 =10"% and for the general
model (U7 : U2 : U? = 1:1:1).
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Figure 4.31: Signal region: CDA vs Z
coordinate of the CDA of the HNL tra-
jectory with respect to the proton line.
This plot refers to two-track reconstruc-
ted MC' events produced in the target, after
all cuts, generated from all HNL masses,
U% =10-° and for the general model (U? :
Uz U2 = 1:1:1).
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Figure 4.33: Signal region: CDA vs Z
coordinate of the CDA of the HNL tra-
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Figure 4.34: Signal region: CDA vs Z
coordinate of the CDA of the HNL traject-
ory with respect to the proton line. This
plot refers to two-track reconstructed MC
events produced both in the target and the
TAXes, before all cuts, with my < 0.5
GeV/c?, U? =1075 and for the general
model (U7 : U - UZ = 1:1:1).
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Figure 4.36: Signal region: CDA vs Z
coordinate of the CDA of the HNL traject-
ory with respect to the proton line. This
plot refers to two-track reconstructed MC
events produced both in the target and the
TAXes, before all cuts, with my > 1.5
GeV/c?, U? =1075 and for the general
model (U2 : Uﬁ U2 = 1:1:1).
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Figure 4.35: Signal region: CDA vs Z
coordinate of the CDA of the HNL traject-
ory with respect to the proton line. This
plot refers to two-track reconstructed MC
events produced both in the target and the
TAXes, after all cuts, with my < 0.5
GeV/c?, U? =1075 and for the general
model (U7 : U2 :U? = 1:1:1).
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Figure 4.37: Signal region: CDA vs Z
coordinate of the CDA of the HNL traject-
ory with respect to the proton line. This
plot refers to two-track reconstructed MC
events produced both in the target and the
TAXes, after all cuts, with my > 1.5
GeV/c?, U? =1075 and for the general
model (U2 : Uﬁ U2 = 1:1:1).
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Figure 4.38: Signal region: CDA vs Z Figure 4.39: Signal region: CDA vs Z
coordinate of the CDA of the HNL traject- coordinate of the CDA of the HNL traject-
ory with respect to the proton line. This ory with respect to the proton line. This
plot refers to two-track reconstructed MC plot refers to two-track reconstructed MC
events produced both in the target and the events produced both in the target and the
TAXes, before all cuts, generated from all TAXes, after all cuts, generated from all
HNL masses, U? =105 and for the gen- HNL masses, U? =105 and for the gen-
eral model (U2 : Uﬁ U2 = 1:1:1). eral model (U2 : Uz (U2 = 1:1:1).

Fig. 4.28 and Fig. 4.29 display them for my > 1.5 GeV/c?. In Fig. 4.34 and Fig.
4.35, the two components are shown in the same plot for my < 0.5 GeV /c?, whereas
the same quantities are displayed in Fig. 4.36 and Fig. 4.37 for my > 1.5 GeV/c?.
Therefore, a unique signal region can be studied for both production components.
Analogous distributions are also shown for MC events with all masses generated by
the simulation. Fig. 4.30 and Fig. 4.31 display the signal region for the target-
produced component of such events, before and after all cuts, while Fig. 4.32 and
Fig. 4.33 show the same distributions for TAX-produced events. In Fig. 4.38 and
Fig. 4.39, the two components are shown in the same plot. The events in each signal
region plot shown in this Section are weighted on the Z axis with the corresponding
HNL weights, as described in Section 3.8.

4.2 Expected yield

One can then compute the expected sensitivity to N — 7w events with the NA62
detector as a function of the HNL coupling to SM leptons and its mass, by retrieving
the weights associated with all HNLs in the MC sample, according to their mass
and the value assigned to the coupling.

The weights are used to compute the yield per POT, Ypor, as a function of the
HNL mass and coupling, which is defined as the probability, for each POT, that a

N — 7p decay occurs, is detected and passes the event selection.
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The yield per POT can be defined as the product of three acceptances, as follows:

NGES
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=
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YPOT = AFV'Aregeneration'Aselection = - ; (42)

S
;

Trmm mo

Apy is the acceptance for the HNLs to reach the FV and decay in it, defined as
the ratio between the sum of weights of all the HNLs (A) and the number of HNLs
in the whole MC sample (N). This term only considers the number of HNLs that
reach the F'V and decay in it, out of all the ones that are produced in the simulation.
For this reason, the HNL decay point is not considered to compute this term and,
therefore, the weight defined in eq. 3.89 is used.

Aqegeneration 15 the acceptance of the regeneration process at the MC stage, that is
the fraction of all the HNLs (B) with both decay products in the CHOD geometric
acceptance (G). In this case, since it is considered that all HNLs have reached the
FV and have decayed in it, the HNL decay point must be exponentially reweighted,
and the formula in eq. 3.76 is used.

Ajelection 18 the acceptance of the event selection, defined as the fraction of all
HNLs in the MC sample with both decay products in the CHOD geometric accept-
ance (G) that also pass all the cuts (5). For analogous considerations as in the case
of Aregeneration, the weight used here is the one in eq. 3.76. This corrects for the flat
distribution used to extract the Z coordinate of the HNL decay point at the MC

stage.

4.2.1 Expected yield as a function of the coupling

The three acceptances and the yield per POT as a function of the coupling, for
a fixed mass, are shown in Fig. 4.40 to Fig. 4.43.

The yields for target and TAX production are computed for each coupling bin
and then normalised to the total number of HNLs in the sample. By doing this, the
total yield shown in Fig. 4.43 (red dots) is the sum of the target- and TAX-produced
yields (blue and green dots respectively) shown in the same plot.

The total acceptances plotted in Fig. 4.40 to Fig. 4.42 (red dots) are the average
of the corresponding target- and TAX-related acceptances (blue and green dots).

The FV acceptance (Fig. 4.40) follows the trend of Fig. 3.20, according to the
fact that too small and too large couplings minimise the product of the probabilities
for the HNL to reach the FV and decay in it. At large couplings, where the HNLs
are likely to decay before reaching the FV, the target-production contribution is
negligible to the TAX one. This is due to the fact that the HNLs produced in the
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TAXes are closer to the beginning of the FV and are therefore more likely to reach
it.

The trend of the regeneration acceptance (Fig. 4.41) is due to the fact that, at
small couplings, the HNLs decay with a flat distribution along the FV. For large
couplings, despite the fact that the majority of the HNLs decay at the beginning
of the FV, those that decay close to the end of it give a larger contribution to
the trend. Since these HNLs are more boosted, their decay products have small
transverse momenta and they more easily get into the CHOD geometric acceptance.
In this plot, the trend of the target-produced sample drops at large couplings. This
is due to the fact that a boosted HNL, when produced in the target, must travel a
longer distance to get to the FV, with respect to an HNL with the same properties
but produced in the TAXes. This means that its decay vertex is more distant from
the Z axis and its decay products are less likely to be in the CHOD geometric
acceptance.

The selection acceptance (Fig. 4.42) is almost flat over the whole coupling range.
The increase around Log(U?) = —3 is due to the fact that for that coupling value
the HNLs start to be boosted enough so that their decay products hit the CHOD at
small distances from its center, ensuring no losses due to different CHOD definitions
between the MC simulation and the NA62 reconstruction (any decay product hitting
the CHOD at a distance from its center between 1.10 m and 1.3 m is marked as in
acceptance at the MC stage but is out of acceptance at the reconstruction stage).
For even larger couplings, though, the HNLs are so boosted that their decay vertex
is so close to the Z axis that they do not pass the full event selection (as described
in Section 4.1.3). The trend of the target-produced sample dominates for large
couplings, since highly boosted HNLs produced in the target are more likely to have
their decay vertices distant enough from the Z axis that more of them still pass the
full event selection, compared to the HNLs produced in the TAXes.

The yield per POT (Fig. 4.43) is the multiplication of the three previous accept-

ances, where the trend of Fig. 4.40 dominates.
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FV acceptance vs coupling
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Figure 4.40: FV acceptance (first component in eq. 4.2) as a function of the coupling,
for my = 1 GeV/c* and for the general model (U2 : Uﬁ : U2 = 1:1:1), for all events (red
dots), events produced in the target (blue dots) and in the TAXes (green dots).
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Figure 4.41: Regeneration acceptance (second component in eq. 4.2) as a function of the
coupling, for my = 1 GeV/c* and for the general model (U2 : U} : U = 1:1:1), for all
events (red dots), events produced in the target (blue dots) and in the TAXes (green dots).
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Selection acceptance vs coupling
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Figure 4.42: Selection acceptance (third component in eq. 4.2) as a function of the
coupling, for my = 1 GeV/c* and for the general model (U2 : Uﬁ : U2 = 1:1:1), for all
events (red dots), events produced in the target (blue dots) and in the TAXes (green dots).
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Figure 4.43: Yield per POT as a function of the coupling, for my = 1 GeV/c* and for
the general model (U2 : U3 : U? = 1:1:1), for all events (red dots), events produced in the
target (blue dots) and in the TAXes (green dots).
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4.2.2 Expected yield as a function of the mass

The three acceptances and the yield per POT as a function of the HNL mass, for
a fixed coupling, are shown in Fig. 4.44 to Fig. 4.47. The yields for target and TAX
production are computed for each mass bin and are then normalised to the total
number of HNLs in the sample. By doing this, the total yield shown in Fig. 4.47
(red dots) is the sum of the target- and TAX-produced yields (blue and green dots
respectively) shown in the same plot. The total acceptances plotted in Fig. 4.44 to
Fig. 4.46 (red dots) are the average of the corresponding target- and TAX-related
acceptances (blue and green dots).

At U? = 107°, the HNLs are likely to reach the FV but not as likely to decay in
it. The FV acceptance (Fig. 4.44) increases at large masses, where the HNLs have a
smaller Lorentz factor that makes them more likely to decay in the FV. It is worth
noticing the discontinuity at my ~ 1.70 GeV/c? and my =~ 1.85 GeV/c? in Fig.
4.45 to Fig. 4.47. This is due to the fact that several production modes reach their
kinematic end point around those mass values, as seen in Fig. 1.7, allowing threshold
effects to cause non-smooth trends in the acceptance distributions. At my = 1.70
GeV/c?, the D — Ny mode approaches its kinematic end point and therefore the
small g-value of the process results in the HNL being generated parallel to the D
meson and being highly boosted. This increases the probability of the HNL to
decay in the FV, producing a maximization of the acceptance. On the contrary,
at my ~ 1.85 GeV/c?, two modes approach their kinematic end point: Dg — Ny
and D — Ne. This gives a more negative contribution to the HNL weight than the
previous considered case and therefore the acceptance decreases.

The first increase in the regeneration acceptance (Fig. 4.45) is due to the fact
that very light HNLs have their decay vertices too distant from the Z axis for their
decay products to be more likely in the CHOD geometric acceptance. Therefore,
when the HNL mass increases, fewer regenerations are needed for the decay products
to be in the CHOD acceptance. The following decrease in the trend is due to the
fact that decay products generated from more massive HNLs have higher transverse
momenta and are less likely to be in the CHOD acceptance.

The selection acceptance (Fig. 4.46) is almost flat over the whole mass range,
with changes of about 10-20%. Too many factors are involved in producing the
plotted trend to understand these increases or losses.

The yield per POT (Fig. 4.47) is the multiplication of the three previous ac-
ceptances, where the trend shown in Fig. 4.44 dominates. The sudden changes in
trend due to the production-mode kinematic end-points are propagated from each

acceptance to the yield.
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FV acceptance vs N mass
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Figure 4.44: FV acceptance (first component in eq. 4.2) as a function of the HNL mass,
for U? =107° and for the general model (U? : Uﬁ U2 = 1:1:1), for all events (red dots),
events produced in the target (blue dots) and in the TAXes (green dots).

Regeneration acceptance vs N mass
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Figure 4.45: Regeneration acceptance (second component in eq. 4.2) as a function of
the HNL mass, for U? = 10=% and for the general model (U2 : Uﬁ : U2 = 1:1:1), for all
events (red dots), events produced in the target (blue dots) and in the TAXes (green dots).
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Selection acceptance vs N mass
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Figure 4.46: Selection acceptance (third component in eq. 4.2) as a function of the HNL
mass, for U?> =107% and for the general model (U? : UEL U2 = 1:1:1), for all events (red
dots), events produced in the target (blue dots) and in the TAXes (green dots).
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Figure 4.47: Yield per POT as a function of the HNL mass, for U? = 1076 and for
the general model (U2 : U3 : U? = 1:1:1), for all events (red dots), events produced in the
target (blue dots) and in the TAXes (green dots).
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4.2.3 Expected yield as a function of the momentum

The three acceptances and the yield per POT as a function of the HNL mo-
mentum, for a fixed coupling and mass, are plotted in Fig. 4.48 to Fig. 4.51. The
yield shown in Fig. 4.51 is computed for each momentum bin and is then normalised
to the total number of HNLs in the sample. This means that effectively the quantity
plotted in Fig. 4.51 is the fractional contribution to the yield for each momentum
bin. Thus, the integrated yield of Fig. 4.51 is equal to the yield value shown in Fig.
4.43 for Log(U?) = —6 and the yield value shown in Fig. 4.47 for my =1 GeV/c?.
The same consideration applies to the three acceptances plotted in Fig. 4.48 to Fig.
4.50, which are normalised bin by bin to the total number of HNLs in the sample.
Therefore they are fractional contributions to the acceptances for each momentum
bin and are additive.

The FV acceptance (Fig. 4.48) decreases for large momenta since, for a fixed
coupling and therefore lifetime, HNLs with greater momenta are more likely to travel
beyond the end of the F'V without decaying in it.

The regeneration acceptance (Fig. 4.49) first increases, due to the fact that decay
products generated from low-momentum HNLs have large transverse momenta and
are less likely to reach the CHOD geometric acceptance. The trend then decreases
for larger HNL momenta. At U? = 107°, the HNLs that reach the FV decay at the
beginning of it. This means that, despite their small transverse momenta, their decay
products reach the CHOD plane at distances larger than 1.3 m and are therefore
outside the detector acceptance.

The selection acceptance (Fig. 4.50) first increases, due to the fact that, at low
momentum, losses are present when decay products hit the CHOD plane at distances
from its center between 1.10 m and 1.3 m (the same considerations drawn in Section
4.2.1 concerning Fig. 4.42). The following decrease in the trend is due to the fact
that high-momentum HNLs have their decay vertices too close to the Z axis to pass
the full event selection (as described in Section 4.1.3).

The yield per POT (Fig. 4.51) is the multiplication of the three previous accept-

alces.
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FV acceptance vs N momentum
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Figure 4.48: FV acceptance (first component in eq. 4.2) as a function of the HNL
momentum, for my = 1 GeV/c?, U? = 107% and for the general model (U2 : Uﬁ (U2 =
1:1:1), for both target- and TAX-produced events.
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Figure 4.49: Regeneration acceptance (second component in eq. 4.2) as a function of the
HNL momentum, for my = 1 GeV/c?, U? = 107 and for the general model (U? : Uﬁ :
U2 = 1:1:1), for both target- and TAX-produced events.
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Selection acceptance vs N momentum

1072

1078

Acceptance

10

=
<
a

................. ,,,,,,,,,,,,,,,,,,, ....... i

0 50

NPT PR SRS S P A
100 150 200 250 300

N momentum [GeV/c]

Figure 4.50: Selection acceptance (third component in eq. 4.2) as a function of the HNL
momentum, for my = 1 GeV/c?, U? = 10=% and for the general model (U2 : Uﬁ (U2 =
1:1:1), for both target- and TAX-produced events.
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Figure 4.51: Yield per POT as a function of the HNL momentum, for my = 1 GeV/c?,
U? =107% and for the general model (U7 : U7 : U? = 1:1:1), for both target- and TAX-

produced events.
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4.3 Sensitivity curves

The expected yield is studied as a function of both the coupling and the HNL
mass. It is then multiplied by the number of POT to be collected to be competitive
with previous experimental results. This is expected to be equal to 10'® POT during
the beam-dump operation mode of 2021-2023. The expected sensitivity is then
computed: the curve is made of all the HNL mass-coupling value pairs for which
Ypor - 10'® = 2.3. This value corresponds to the 90% Confidence Level (CL) in the
hypothesis of zero background, which has been assumed when designing the event
selection described in Section 4.1. Background evaluation studies are presented in
Chapter 5.

The 90% CL contour for the expected sensitivity is shown for the general and
the tau-dominant models (Fig. 4.52 and Fig. 4.53). Expected sensitivity curves
obtained within other relevant theoretical scenarios can be found in Appendix E.

The curves presented here cannot be directly compared or superimposed to the
ones from the PBC report and displayed in Fig. 1.12, since in the latter case the HNL
coupling to muons is removed. For the decay search discussed in this thesis, having
a non-null U 3 is mandatory to be sensitive to pion-muon final states. Moreover,
if the coupling to muon were to be switched off and only U? remained, the only
enabled decay channels for HNLs with mass below the D meson one would be open
channels involving SM neutrinos, which would not be fully reconstructible and whose
phasespace would be limited. NAG62 would not therefore be competitive in the
UZ:U?: U? = 0:0:1 scenario with my < mp, (D; = D, D°, Dg).
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General model (1:1:1)
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Figure 4.52: NAG62 expected sensitivity in the plane coupling vs HNL mass, at 90% CL,
for the general model (U7 : U7 : U2 = 1:1:1).
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Figure 4.53: NAG62 expected sensitivity in the plane coupling vs HNL mass, at 90% CL,
for the tau-dominant model (U? : Uﬁ :U2 = 0:1:10).
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Chapter 5

Background evaluation

5.1 Data set collected in kaon mode

The data set collected during 2016-2018 for N — 7wu decay searches, with the
“muon exotics” trigger described in Section 2.5.4, has been analysed to perform a
data-driven evaluation of the main background sources present in kaon mode. The
whole data set corresponds to 2.4 - 10'7 POT, whereas only a subsample already
reconstructed by the offline NA62 framework was available for analysis at the time
of these studies. The considered subset corresponds to 1-10'" POT. The number of
POT is computed as following:

Fpor—k - Nk3x
N = . 5.1
ror BR(K+ — wtatr—) - Agsr - € - d (5-1)
Here, Fpor_-x = % = 2.44 - 10* is the conversion factor determined by

instantaneous POT rate per spill divided by number of positive kaons entering the
decay volume; N3, is the number of fully-reconstructed K+ — w7t 7~ decays
occurred in the FV in the analysed data sample, computed within the NA62 offline
framework and used as normalisation channel, and BR(K* — 77t 7™) = 0.05583
[28] is the Branching Ratio of the K™ — ntntn~ decay. The quantity Ags, ~
0.15 is the acceptance of the KT — 77w T7n~ event selection (estimated from MC
simulations within the collaboration), while €5 = 0.125 is the probability for a
kaon to decay in the FV. The last factor, d, is the downscaling factor with which the
“muon exotics” trigger has been collected, due to limited bandwidth for data-taking:
for example, a downscaling of 10 means that only one triggered event out of 10 has
been written on disk. The downscaling for the “muon exotics” trigger has varied
throughout the data-taking, from a minimum of 1 to a maximum of 20. Therefore,
the POT computation of eq. 5.1 has been performed run by run (a run being a

data subsample collected in uniform data-taking conditions and downscaling) and
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the results have been added to calculate the total number of POT to which the

analysed subsample for HNL decay searches corresponds to.

5.2 Data-driven method for background evalu-

ation

A data-driven method for background evaluation is a procedure performed to
compute the expected number of background events to a certain process, without the
use of MC simulations, by studying the background source present in the collected
data sample. This procedure consists of defining a region in one or more variables,
such that the distribution of signal events in that region is maximised. This region
is then “blinded” when analysing the collected data sample, and no information
can be retrieved on the background distribution in that region. Each source can
be studied using variables that discriminate the signal against the background, and
defining subregions in the variable distributions, the so-called “sidebands”, which are
dominated by the latter. By studying these distributions, one can extrapolate the
number of expected background events in the blinded region. In searches that aim at
discovering new particles, a hypothesis on the mass of the new particle is made and
the number of expected background events in the blinded region is computed for each
mass hypothesis. The blinded region can then be “unblinded” at the completion of
the analysis, to count the effective number of events inside it, as a function of the
particle mass hypothesis, and set upper limits for this search. The last two steps are
not part of the work discussed in this thesis. In fact, although the signal selection
is considered optimised and frozen, few actions are missing before completing this

search:

e computing the corresponding expected upper limit in no-signal hypothesis as

a function of the HNL mass and coupling;
e computing the trigger and selection efficiencies for this study;
e unblinding the blinded region and counting the number of events present in it;

e setting upper limits to the NA62 sensitivity to N — 7w events.

5.3 Blinded region for background evaluation

The variables chosen to study the distribution of signal events for N — 7pu

searches have been defined in Section 4.1.4 and shown in Fig. 4.39. The region to
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be blinded during the presented data-driven background studies is defined within
0mm < CDA < 60 mm and -15 m < Zgpa < 40 m. Here, CDA is the Closest
Distance of Approach (CDA) between the HNL trajectory (computed from the two
downstream tracks measured by the Straw spectrometer) and the proton trajectory,
assumed as the line connecting the average of the HNL production point in the target
to the one in the TAXes (computed through the MC simulation); whereas Zcpa is
the Z coordinate of the same quantity. The choice of defining a wide blinded region is
motivated by the fact that, at a later stage of the analysis that is not included in this
thesis, multiple signal regions and control regions could be selected within the broad
blinded region used for the studies detailed in this Chapter. At that stage, one could
decide to keep a wide signal region, unique for both target and TAX production,
or choose to separately study the two by selecting smaller signal regions around the
two production points, while exploiting the areas around them for control purposes.
Several signal regions could also be studied and defined according to different HNL
mass hypotheses, with negligible losses in signal acceptance.

It needs to be noted that the data-driven background evaluation for this decay
search is performed separately for N — 7t~ and N — 7~ u* samples, since the
two receive different background contributions. This is due to the fact that the
great majority of particles decaying in the NA62 fiducial volume are positive, and
the experiment is not optimised to detect negative particles.

Fig. 5.1 shows the distribution of N — 7"~ MC signal events in terms of CDA
and Z coordinate of the CDA between the HNL trajectory and the proton line, while
in Fig. 5.2 the same quantities are plotted in the N — 7~ u™ case.

5.4 Invariant mass resolution for Monte Carlo sig-

nals

The evaluation of the expected number of background events as a function of the
HNL mass hypothesis makes use of the two-track reconstructed invariant mass, so
the mass resolution for MC signal events is studied as a function of the true HNL
mass, in the range from 0.25 GeV/c? to 1.96 GeV/c? and in steps of 10 MeV/c?.
The chosen step value is small enough to ensure good granularity when producing
the acceptance and yield plots as a function of the HNL mass (Section 4.2.2), and
the expected sensitivity curves (Section 4.3).

The plot in Fig. 5.3 shows the distribution of the two-track reconstructed invari-
ant mass as a function of the true HNL mass, for all MC signal events. As seen in
this plot, the mass resolution increases at larger masses.

To study the HNL mass resolution, a distribution of the reconstructed invariant
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Figure 5.1: Signal region for N — np~ Figure 5.2: Signal region for N —
events: CDA vs Z coordinate of the CDA 7~ ut events: CDA vs Z coordinate of
of the HNL trajectory with respect to the the CDA of the HNL trajectory with
proton line. This plot refers to two-track respect to the proton line. This plot
reconstructed MC' events produced both in refers to two-track reconstructed MC
the target and the TAXes, after all selec- events produced both in the target and
tion cuts, generated from all HNL masses, the TAXes, after all selection cuts, gen-
U2 =1075 and for the general model (U2 : erated from all HNL masses, U?> =106
UE : U2 = 1:1:1). The blinded region is and for the general model (U? : U3 :
visible in red. U2 = 1:1:1). The blinded region is vis-

ible in red.

mass of all events corresponding to a certain value of the true MC mass is plotted
and fitted with a Gaussian function. This is repeated for all MC true mass values;
the RMS of each fitted subsample is then plotted as a function of the corresponding
HNL true mass (Fig. 5.4). The distribution shown in Fig. 5.4 is fitted with a linear
function, and the parameters of the fit are used to compute the mass resolution
of each HNL mass hypothesis considered to evaluate the expected number of back-
ground events. As seen in Fig. 5.4, the larger the reconstructed invariant mass,
the more the mass resolution is distant from the fit. This is due to lower statistics,
caused by the fact that fewer events pass the full selection. This could be solved
by producing more MC events at larger masses, which could not be done due to
time constraints. The goodness of the fit has been crosschecked by studying the
distribution of residuals as a function of the fitted values, and confirming that there
is no correlation between the two.

The reason why the mass values shown in Fig. 5.3 and Fig. 5.4 start from 0.5
GeV/c? is related to the background evaluation procedure and it is explained in
Section 5.5.1.
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Figure 5.3: Two-track reconstructed in- Figure 5.4: Mass resolution as a func-
variant mass as a function of the true tion of the true HNL mass (from the MC
HNL mass, for all MC signal events. simulation), for all MC' signal events, fit-

ted with a linear function.

5.5 Main background sources

Three processes give the most relevant background contributions to the HNL
decay searches detailed in this thesis, mimicking the N — mu signal. A detailed
description of all three, together with their evaluation procedures, is given in the
following, for the N — 7"~ data sample. The N — 7~ u™ sample has not been
treated within this thesis.

5.5.1 Kaon-induced background

One of the main background sources to N — mu searches is the one originating
from beam K+ — 77 t7~ decays. For the N — 7+ u~ sample, this occurs when one
negative pion decays in flight via 7= — pu~ v, and one positive pion goes undetected,
whereas, in the N — 7~ u™ case, the background sources is due to one positive pion
decaying via 7t — p*w, and one positive pion going undetected. The result, in
both cases, is that 7mu pairs are present in the final state, with the two tracks being
in time because they come from the same decay.

The kaon-induced background becomes negligible when the HNL masses con-
sidered are larger than the kaon mass, about 0.5 GeV/c?. Restricting the HNL
mass range above this value has the advantage to eliminate this background source
without impacting the NA62 sensitivity to this decay search, as shown in Fig. 4.52
and Fig. 4.53. The expected sensitivity curves presented in Chapter 4 show the

HNL mass region below the kaon mass as well, for completeness.
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5.5.2 Combinatorial background

The combinatorial background to N — 7u searches consists of two opposite-
charged tracks, identified as a pion and a muon, uncorrelated in time. In the case
of the N — 7 u~ sample, the positive pions either come from the beam itself or
originate from beam K+ — 7t7% decays, while the negative muons come from the
so-called “beam muon halo”. This is a halo of particles that contains positive muons,
either present in the beam itself or generated in beam kaon and pion decays, and
negative muons originating in the showers produced by the interaction between the
SPS primary proton beam and the T10 target.

The combinatorial background to N — 7~ u™ events originates from beam K+ —
7tntn~ decays (negative pions), while positive muons are generated in beam kaon

and pion decays.

Sideband definition

To evaluate the combinatorial background, where the two tracks are uncorrelated
in time, two sidebands have been chosen in the time difference distribution of the
two tracks, where the track time measurement is provided by the CHOD.

Due to the nature of the background source, the time distribution of the two-track
difference is expected to be uniform, since the beam intensity is stable throughout
a single spill.

Fig. 5.5 shows the two-track time-difference distribution for all MC signal events
outside the blinded region defined in Section 5.3, for the N — 71~ sample. In Fig.
5.6, the same quantity is plotted for all data events outside the blinded region.

As seen in Fig. 5.6, a peak is present between -2 ns and 2 ns: these are time-
correlated tracks and, therefore, they do not constitute the combinatorial back-
ground. The distribution in the range [-4, -2] ns and [2, 4] ns is uniform, thus it is
expected to be populated by this background, with the signal being negligible. The
two peaks around -6 ns and 6 ns are due to time cuts at the trigger level. The fact
that no events are present below -7 ns and above 7 ns is due to the presence of time
cuts in the full event selection.

The sidebands are defined between -4 ns and -2 ns, and between 2 ns and 4 ns.
The data distribution in the sidebands is assumed flat and is propagated as such in
the blinded region. The total width of the two sidebands combined is equal to the
width of the region where the MC signal peaks. Since the distribution difference
between the peaks around +6 ns and the sidebands is approximately 50% (as seen
in Fig. 5.6), a conservative systematic error will be associated with the expected

number of combinatorial background events computed in the following paragraphs.
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U? =10-° and for the general model (U? :
Up:U2=1:1:1), in the N — npu~ case.
FEach event is weighted for the quantity
defined in Section 3.8.

Contribution from positive beam pions

The combinatorial background component to N — 7"y~ events produced by
positive beam pions and negative halo muons can be eliminated by studying the
momentum distribution of the downstream tracks, for all events in the combinatorial
sidebands. The particle identification for both tracks is provided by the MUV3,
while the electric charge is measured by the Straw spectrometer. The momentum
distribution for positive pions is shown in Fig. 5.7 for the MC signal sample, and in
Fig. 5.8 for the data. The negative muon momentum distribution is plotted in Fig.
5.9 for the MC signal sample and in Fig. 5.10 for the data.

Moreover, the transverse position at the GTK3 station (Z = 102.4 m) is plotted
in Fig. 5.11 (Fig. 5.12) for all positive pions with momentum between 70 GeV/c
and 80 GeV/c, for all MC signal (data) events within the combinatorial sidebands.
The shape of the distribution shown in Fig. 5.12 indicates that all these tracks cross
the GTKS3 station and, therefore, suggests that they belong to the beam. This does
not happen in the case of MC signal events (Fig. 5.11), since the HNLs for these
decay searches are produced at the target or at the TAXes and do not cross the
GTKS3 station.

The combinatorial background component induced from positive beam pions to
the N — wtu~ events is then eliminated from the sample, by adding a cut that
rejects all events with positive pions in the [70, 80] GeV/c momentum range and
whose X,Y coordinates at the GTK3 plane lay within a rectangle of 80 x 60 mm?
centred at (X,Y’) = (0, 0). This cut is performed at an affordable cost in terms of

signal acceptance.
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Figure 5.7: Momentum distribution for
positive downstream tracks not associated
with the MUVS, in the combinatorial side-
bands, for MC signal events at different
masses, U> =10"5 and for the general
model (U? : U2 : U? = 1:1:1), in the
N — 7tu~ case. Each event is weighted
for the quantity defined in Section 3.8. No
peak at 75 GeV/c is observed.
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Figure 5.9: Momentum distribution
for negative downstream tracks associated
with the MUV3, in the combinatorial side-
bands, for MC signal events at different
masses, U? =105 and for the general
model (U? : Ug : U2 = 1:1:1), in the
N — wtu~ case. Fach event is weighted
for the quantity defined in Section 3.8.
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Figure 5.8: Momentum distribution for
positive downstream tracks not associated
with the MUVS, for data events in the
combinatorial sidebands, in the N —
7t u~ case. The peak at 75 GeV/c in-
dicates the beam pion component to this
background source.
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Figure 5.10: Momentum distribution
for negative downstream tracks associated
with the MUV3, for data events in the
combinatorial sidebands, in the N —
7" case.

From this point on, the plots shown and the studies detailed in the following

assume that all data events contributing to this component are rejected.
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Figure 5.12: Tranverse position at the
GTKS3 station for positive downstream
tracks not associated with the MUVS and
with momentum between 70 GeV/c and 80
GeV/c, for data events in the combinat-
orial sidebands, in the N — wtu~ case.
The distribution shape suggests that these

tracks are positive beam pions that cross
the GTKS station.

Uz :UZ2=1:1:1), in the N — npu~ case.
FEach event is weighted for the quantity
defined in Section 3.8. The MC signal
events do not come from the beam and,
therefore, do not cross the GTKS3 station.

Reconstructed invariant mass distribution

After rejecting all events presenting the combinatorial background component
induced from positive beam pions, the distribution of the two-track reconstructed
invariant mass can be studied for all events inside the combinatorial sidebands and
the blinded region. This is done in order to evaluate the expected number of com-
binatorial background events for each HNL mass hypothesis.

Fig. 5.13 shows the two-track reconstructed invariant mass distribution for all
data events inside the combinatorial sidebands and the blinded region, for the N —
7~ sample, while the same distribution is plotted in Fig. 5.14 for all events inside
the sidebands.

The comparison of the two plots suggests that the distribution shown in Fig.
5.13 is likely to have been drawn from the one plotted in Fig. 5.14.

The number of events in the sidebands and the blinded region is computed from

Nsp : Ns = Ngspi+Br : Ns+BrR, (5.2)

where Ngp is the number of events in the sidebands (in the ranges [-4, -2] ns and
[2, 4] ns), Ng is the number of events in the signal region (between -2 ns and 2 ns),
Nspipr is the number of events in the sidebands and inside the blinded region (as

shown in Fig. 5.13), and Ng,pg is the number of events in the signal region and

108



Events in sidebands and blinded region Events in sidebands

3 1 3 16
= [ =
S osf g M
z ™% T o
= c
2 o6l ¢ 10
w r w
: 8
0.41 6
0.2f 4
L 2
of 0 LLI
06 038 1 12 14 16 18 06 038 1 12 14 16 18
Reconstructed invariant mass [GeV/é] Reconstructed invariant mass [GeV/é]
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Figure 5.15:  Two-track reconstruc-
ted invariant mass distribution for data
events in the combinatorial sidebands, res-
caled to the number of events in Fig. 5.13,
in the N — wpu~ case.

inside the blinded region.
Since the sideband width is equal to the signal region width, and the data dis-
tribution can be assumed flat at first order in the sidebands (as plotted in Fig. 5.6),

it follows that
NspiBr - Ns

Nsypr =
Nsp

= Nspinr. (5.3)

The distribution in Fig. 5.14 is therefore rescaled to Ngpipr (since NN—; =1),
in such a way that its integral in equal to the one in Fig. 5.13. Fig. 5.15 shows
the reconstructed invariant mass distribution for data events in the combinatorial

sidebands, after rescaling it to the number of events in Fig. 5.13.
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Evaluation of the expected number of background events

A scan on the HNL mass hypothesis is performed on the distribution plotted in
Fig. 5.15, starting from my = 0.5 GeV/c?, in steps equal to the smallest value of the
true mass resolution found in the plot in Fig. 5.4. For each HNL mass hypothesis, its
corresponding mass resolution (o) is then computed via the fit described in Section
5.4. A 1o- or 20-wide window is then opened, centred on the considered HNL mass
hypothesis, and the expected number of background events for each mass hypothesis
is calculated by computing the integral of the bins included in the mass window,
and considering that the bins on its boundaries are counted accordingly to the bin
fraction included in the window.

Background evaluations with both a lo- or 20-wide mass window are provided,
since the limits that are put on the HNL coupling as a function of the HNL mass
may be more or less stringent, according to the mass window width and the method
used for estimating the background (either data driven or from MC simulations).
Results of background evaluation for both widths are presented in this thesis, to
allow for future comparisons when upper limits are set for this search (which is not
part of the work discussed in this thesis).

The expected number of combinatorial background events for each HNL mass
hypothesis, for the N — 7" u~ sample, is plotted in Fig. 5.16 (Fig. 5.17) for a

lo-wide (20-wide) mass window.
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Figure 5.16: Number of expected com- Figure 5.17: Number of expected com-
binatorial background events for each binatorial background events for each
HNL mass hypothesis, for a lo-wide mass HNL mass hypothesis, for a 20-wide mass
window, in the N — w+u~ case. The blue window, in the N — w+tu~ case. The blue
area indicates a 50% conservative system- area indicates a 50% conservative system-
atic error assigned to the background eval- atic error assigned to the background eval-
uation and due to the assumption of uni- uation and due to the assumption of uni-
formity for the event distribution in the formity for the event distribution in the
combinatorial sidebands. combinatorial sidebands.
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5.5.3 Muon-induced background

The muon-induced background comes from beam and halo muons interacting
with the collimators and magnets along the beamline, upstream the fiducial volume,
and generating showers of particles. Pairs of in-time ee, ey and pp of zero total
charge are produced in these showers and can be misidentified as signal pion-muon

pairs.

Sideband definition

To evaluate the muon-induced background, a sideband has been chosen in the
distribution of the Z coordinate of the two-track vertex, for those events whose
two-track time difference (as measured by the CHOD) is between -2 ns and 2 ns.
The choice of this time constraint comes from the fact that events outside this
time window are of combinatorial origin, and including them in the muon-induced
background evaluation would produce a double counting in the estimate. The com-
binatorial background source is studied in Section 5.5.2.

The sideband is defined between 102.4 m and 120 m. This choice is motivated by
the fact that the number of MC signal events in it is negligible with respect to the
one in the complementary region, namely the FV (between 120 m and 180 m), as
seen in Fig. 5.18, whereas the number of data events in this region is non negligible

and the muon-induce background is expected to populate it (Fig. 5.19).
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Figure 5.18: Distribution of the Z co- Figure 5.19: Distribution of the Z co-
ordinate of the two-track vertex, for data ordinate of the two-track vertex, for data
outside the blinded region and with two- outside the blinded region and with two-
track time difference (as given by the track time difference (as given by the
CHOD) between -2 ns and 2 ns, for all CHOD) between -2 ns and 2 ns, in the
MC' signal events outside the blinded re- N — 7T p~ case.

gion, at different masses, U?> =107% and
for the general model (U? : Uﬁ U2 =
1:1:1), in the N — wtu~ case. Fach
event is weighted for the quantity defined
in Section 3.8.
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Background components

The radial position of the two-track vertex with respect to the Z axis is plotted
as a function of its Z coordinate, both for MC signal events (Fig. 5.20) and for
data (Fig. 5.21). From the comparison between Fig. 5.20 and Fig. 5.21, several
background components are visible in the data distribution, which are not present
in the MC signal distribution.

A component is visible in Fig. 5.21, at low Z coordinate and with vertex radial
position spread between ~ 10 ¢cm and ~ 60 cm. This component originates from
muon interactions upstream of the FV, at the final collimator (Z ~ 103 m) and at
the CHANTI (Z = 105 m), which produce in-time pairs of final state particles, and
it is not expected to populate the blind region (as defined in Section 5.3).

Another contribution can be seen in Fig. 5.21, at Z ~ 150 m and vertex radial
position greater than 50 cm. Since this value of Z corresponds to the position
of LAV5, this background component is likely to come from beam pions and halo
muons that interact with the LAV5 material, producing particle showers. In these
showers, ee/pue in-time pairs of opposite charge are produced and misidentified as
7 pairs (due to the presence of an in-time signal in the MUV3). This background
component only occurs in the LAV5, which has a greater radius than all the following
LAV stations, therefore leaving part of its geometric acceptance “uncovered”.

This component ca be identified and removed at no extra cost for the signal
acceptance (Fig. 5.20) by rejecting all events with vertex radial position greater
than 50 cm.

From this point on, the plots shown and the studies detailed in the following

assume that all data events contributing to these two components are not considered.

Fit to the sideband distribution

After excluding the combinatorial and the LAV5-produced components in the
muon-induced background, the plot shown in Fig. 5.22 is obtained. The slope of the
distribution for Z in the range [110, 120] m is the one expected to propagate in the
blinded region, therefore the distribution of the number of events per bin which lay
in the [110, 120] m region is fitted with a Poissonian function. The mean number of
events in the sideband (between 102.4 m and 120 m) and in the FV (between 120

m and 180 m) can be computed as

Nsprpv = pup-C - Lsp ry, (5.4)

where pp - C' is the mean number of events per meter in Fig. 5.19; in fact, up is

the mean number of events per bin (from the Poissonian fit), C' = 4 = 5.55 m™ is
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Figure 5.22: Distribution of the Z co-
ordinate of the two-track vertex, for data
outside the blinded region and with two-
track time difference (as given by the
CHOD) between -2 ns and 2 ns, after the
LAV5-produced component has been ex-
cluded, in the N — 7wt u~ case.
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Figure 5.21: Distribution of the two-
track vertex radial position as a function
of its Z coordinate, for all data events out-
side the blinded region and with a CHOD
two-track difference in the range [-2, 2] ns,
in the N — wtpu~ case.

the conversion factor between the bin width (B) of the plot in Fig. 5.19 and meters,

and Lgp py is the length of the region considered for the computation (Lgp = 17.6

m for the sideband, and Lpy = 60 m in the FV case). These two quantities are

used to compute the number of events in the FV and inside the blinded region, as

described in the following paragraph.



Reconstructed invariant mass distribution

The distribution of the two-track reconstructed invariant mass can be studied
for all events inside the sideband, for the N — 7tpu~ sample (Fig. 5.23). This is
done in order to evaluate the expected number of muon-induced background events
for each HNL mass hypothesis.

The number of events inside the F'V and blinded region is computed from the

proportion

Nsp : Npv = NspyBr : Nrv4Br, (5.5)

where Ngp and Ngy have been computed in the previous paragraph, Nsp.pg is
the number of events in the sideband, inside the blinded region and whose two-track
time difference is in the range [-2, 2] ns, and Ngy, g is the number of the same
events expected inside the FV and blinded region. Since Ngp, gg is found to be 0,
an upper limit of 2.3 events at 90% Confidence Level (CL) is assumed.

The distribution in Fig. 5.23 is rescaled in such way that its integral is equal to

Npyipg = JspseNev — 6.9 a9 shown in Fig. 5.24.
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Figure 5.23:  Two-track reconstruc-

ted invariant mass distribution for data
events in the sideband, with CHOD two-
track difference in the range [-2, 2] ns and
vertex radial position smaller than 50 cm,
in the N — ntp~ case.
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Evaluation of the expected number of background events

With a procedure analogous to the one described in Section 5.5.2, a scan on the

HNL mass hypothesis is performed on the distribution plotted in Fig. 5.24.

The expected number of muon-induced background events for each HNL mass

hypothesis, for the N — 77~ sample, is plotted in Fig. 5.25 (Fig. 5.26) for a



lo-wide (20-wide) mass window.
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Figure 5.27: Total number of expected
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pothesis, for a lo-wide mass window, in
the N — = case. The blue area indic-
ates a 50% conservative systematic error
assigned to the combinatorial background
evaluation and due to the assumption of
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Figure 5.28: Total number of expected
background events for each HNL mass hy-
pothesis, for a 20-wide mass window, in
the N — w7~ case. The blue area indic-
ates a 50% conservative systematic error
assigned to the combinatorial background
evaluation and due to the assumption of
uniformity for the event distribution in the
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5.5.4 Total number of expected background events

The total number of expected background events for each HNL mass hypothesis

is then computed by adding the contributions from all the background sources de-
scribed in Section 5.5. The results are plotted in Fig. 5.27 (Fig. 5.28) for a 1o (20)

mass window, in the N — 7" u~ case.



5.6 Summary on background evaluation

Estimates on the total number of expected background events for each HNL mass
hypothesis (in a 1o and 20 mass window) have been detailed for a reconstructed
data sample collected in kaon mode for the HNL decay searches presented in this
thesis and corresponding to 1- 10" POT.

Three main sources of background have been considered: kaon-induced, combin-
atorial and muon-induced. The estimates discussed in this Chapter are restricted
to HNL mass hypotheses above the kaon mass, to eliminate the kaon-induced back-
ground source.

Due to time constraints, the results presented here are not final. The evaluation
discussed in this thesis shows that the level of background is negligible with a stat-
istics of 10'" POT. Therefore, the zero-background hypothesis is achieved over an
HNL mass range of about 2 GeV/c?.

Additional studies could be performed to make a more robust background eval-
uation to N — mu decays. MC simulations of several processes could help in un-
derstanding the origin of backgrounds in more detail. Different distributions could
be studied, to verify the assumptions made in the background evaluation procedure
detailed in this Chapter. Cuts could be optimised to further help discriminating the
MC signal sample against the main background sources and to gain more handles

against background processes that could become significant at higher statistics.
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Chapter 6

Conclusions and outlook

6.1 Conclusions

The studies detailed in this thesis discuss the sensitivity to HNL decays to pion-
muon final states at the NA62 experiment at CERN. The work presented here has
been performed in the theoretical framework of the ¥MSM, in a specific scenario
where the HNL coupling to electrons is neglected and the one to 7 leptons is enhanced
with respect to the muon one. By analyzing the data sample collected in 2016-2018
in kaon operation mode, NA62 can set more restrictive limits on U2 as a function of
the HNL mass, within the tau-dominant scenario.

In this thesis, the NA62 full Monte Carlo simulation implemented to produce
HNL decays to pion-muon final states, where the HNLs are generated in D meson
decays, has been detailed. It is available as an official tool in the NA62 framework
and it will be used for future HNL production searches and decay searches to two-
body, fully-reconstructible final states.

A thorough event selection optimised for these searches has been discussed as
well. The expected sensitivity curve to N — mu decays at NA62 has been produced,
for the chosen theoretical scenarios.

In addition to the full MC simulation and expected sensitivity studies, a data-
driven background evaluation has been performed on a partial data set (correspond-
ing to 1107 POT) collected in 2016-2018 for the searches presented in this work.
It is shown that the zero-background hypothesis is achieved for such statistics over
a wide range of HNL masses, from about 0.2 GeV/c? to 2 GeV/c%

It is shown that the zero-background hypothesis is achieved for such statistics
over a wide range of HNL masses, from about 0.2 GeV/c2 to 2 GeV/c2.
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6.2 Outlook

The MC simulation implemented for this work simulates HNL production from
D mesons and decay to two-body, fully-reconstructible final states at NA62. It
could be extended to also account for HNL production from K and B mesons, and
to simulate HNL decays to three-body final states.

The libraries developed within the official analysis framework allow to produce
expected sensitivity curves for any theoretical scenario within the Neutrino Minimal
Standard Model.

If the analysis framework were to be expanded with optimised event selections,
expected sensitivity curves in any theoretical scenario could also be studied for
several other two-body, fully-reconstructible HNL decay modes, which are already
implemented in the full MC simulation. These could be used to analyse the 10'® POT
data sample that will be collected by NA62 in 2021-2023 in dedicated beam-dump
operation runs, to set upper limits for different HNL decay searches.

A project called MadDump currently exists and is being developed to simulate
MC events for beam-dump experiments and to allow for the study of several long-
lived, feebly-interacting particles. This includes the simulation of their production
via different processes, their decay to selected final states and their propagation
through the detector of the beam-dump experiment chosen for the event generation
[66].

The results produced with the MC simulation coded for the study discussed in
this thesis could be compared to the ones produced by the MadDump software, in
the case of HNLs generated from D mesons and decaying to pion-muon final states,
to test for the validity of both tools.

This could eventually result in the migration to the MadDump software by the
NAG62 collaboration, to perform broader HSM and DF searches during the beam-
dump operation in 2021-2023.
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Appendix A

Heavy Neutral Lepton production

modes

For convenience, the formulae used to compute the BRs of all HNL production
modes listed in Section 1.3.1 are detailed here. Further information can be found
in [12]. The used system of units is natural.

It must be noted that the HNL is a Majorana particle within these theoretical
models. This means that charge-conjugated processes contribute to the HNL pro-
duction as well. Each BR detailed in the following should be divided by two if the
HNLs were Dirac particles.

Two-body, leptonic decays of D mesons:

_ QTHG%J%MHM]%IVHIZIU@IQX

BR(H — Nl,) g
m
LU MR eMp M MY
MZ T ME T MZ M2, (A.1)

o8-

Mg Mp M
where H refers either to the D or Dg meson, 74 is the meson lifetime, G is the
Fermi coupling constant, fy is the relevant hadronic decay constant and Vj is the
corresponding CKM matrix element, both shown in Table A.1; |U,|* is the HNL
coupling to the specific lepton it is produced in pair with (o« = e, u,7), and My,

My and M, are the meson, HNL and lepton masses.
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H x| K | D | Ds| n | 7
fH[MeV] 130.0 | 159.8 | 222.6 | 280.1 | 156.0 | -58.5
Vy Vid Vs Vea V.s | None | None

Table A.1: Hadronic decay constants and CKM matriz elements for several HNL pro-
duction modes [28, 67].

D—K"Y D—70 DY K ‘ DY—x
¥ ¥ ¥ ¥

0.745 ‘ 0.648 ‘ 0.736 ‘ 0.637 ‘ -0.495

fD*)KO

fD*)ﬂ'O

fDOaK ‘ fDO —T

-0.435 | -0.495 | -0.435

Table A.2: Hadronic form factors for several HNL production modes involving pseudo-
scalar mesons [28, 67].

Three-body, semi-leptonic decays of D mesons into pseudo-scalar mesons:

27’H|Ua‘2|VHH/’2G%

BR(H — H'I,N) = B
H

qmaz
dg*(f2(q* (M} + M7) — (M} — MP)*)+
qmin
2f  fo (M3 (2M} — 2M3, — AENMy — MP + M3 + ¢*)+
M3(4ENMy + MP — M3 — ¢*))+
[I((AENMp + M} — MR — ¢*)(2M}, — 2M}, — AExMy — MP + My + ¢°)—
(M} +2M — ¢*)(¢* — MP))),

(A.2)

where H refers either to the D, D° or D° meson, H' refers to either m, 7°, K or
K° My is the pseudo-scalar meson mass, Ey is the HNL energy in the mother rest
frame and Vg g is the corresponding element of the CKM matrix, as shown in Table
A.1; ¢* is the squared invariant mass of the leptonic pair NI; ¢2,, = (My + M;)?
is the minimum invariant mass of the H'l pair, corresponding to the case where

H'l is produced back to back with respect to N (in the mother rest frame); ¢2, .
(My — Mp)? occurs when H' and [ are produced back to back and N is generated
at rest (in the mother rest frame); f_(¢*) and f, (¢*) are the relevant hadronic form
factors whose values are shown in Table A.2, where their kinematic dependence has

been neglected.
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Three-body, semi-leptonic decays of D mesons into vector mesons:

QTH’UaP’VHVPG%’ %
3213 M

dmaz f22 QQ _ w?
/ dqz(? (QQ—MJ%/—MfJFWz Mz

)
o (M + M) (¢" = My + M) <% _ q2> n

)

)

BR(H — VI,N) =

Amin
13
% 0% —w?
2f2M2( _qZ) (M2 +Ml2_q2+w2 +
PV A4M2 N M2

Q4
2 2 2 2yas2 2

2f1fo(q? (2w — Q) + Q* (M3 — MP))+

f2f5 wQQQ Q4M2

T\ MR = MO+ =yt o 2(ME = MP)* = 2¢° (M5 + M7)
\%

Q2 _ 2 )

faf3 <QQW2 M2 + 2w (M — M) + (MR — M} — ¢%)

FHON G — M3+ MP) — 2ME(q* — (M3 — MP)*)+
2w ( MY — ¢* — MP) + 2w'q?)),

where H refers either to the D, D or DY meson, V refers to either K% (895) or
K*(891), My is the vector meson mass, Vg is the corresponding CKM matrix
element (Table A.1), and

w? =M% — ME + M} — M} — 2MyEy, (A.4)

0 = Mj — My — ¢% (A.5)

form factors f; can be expressed through the axial and vector form factors shown in
Table A.3 as

I

fi= s (A6)
fo=(My + My)fs', (A7)

B f3
fo= g (A
o= (M (21 = 7 = ) + Mul ! = £) (A.9)

and

fs = f3+ fa (A.10)
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0 0 0 0
AN AN AN A Ay 2N Ay

0.398 ‘ 0.470 | -1.240 ‘ 0.660 ‘ 0.400 ‘ 0.470 | -1.240 ‘ 0.660

Table A.3: Hadronic form factors for several HNL production modes involving vector
mesons [28].

Two-body, semi-leptonic decays of 7 leptons into pion or kaon:

27, U, G Vi 02
167

MENE MG (L M3
((“Mz) e \a) ) (A1)

() (),

where H refers either to 7 or K, M, is the 7 lepton mass and U? is the HNL coupling

BR(t — HN) =

to the 7 leptons.

Two-body, semi-leptonic decays of 7 leptons into p mesons:

27—T|UT’2G%|Vud|29§M§ y

B N) =
R(T — pN) =Y
M2N\?  M? M3 —2M?
(R ) R

)

where M, is the p meson mass, V,4 can be found in Table A.1 and g, = 0.102 GeVZ.
Three-body decays of 7 leptons:

27, |Ua|*GZLM2E M} —M? _E
BR(T — vl N) = 7o Ual G N(HM—z—N)x

273 M? M,

M? 5 5
1— \/ B3 — M3,
< M2+ M3 — 2ENMT) NN

(A.13)

BR(T — ValoN) =

2r|UPGEM? (| M} y
43 M2 + M}, — 2ExM,

M3 + M?
\/ B3 — M?, <(MT — Ey) (1 — %) - (A.14)

M2+ M2 — M2 —2ENM.,\ (3(M, — Ex)*+ E2% — M%
M2 + M2 — 2Ex M, 3M, '
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Appendix B

Heavy Neutral Lepton decay

modes

For convenience, the formulae used for computing the partial decay widths of all
HNL decay modes listed in Section 1.3.2 are detailed here (the BR of each mode
can be computed by normalizing each partial decay width to the total decay width).
Further information can be found in [12]. The used system of units is natural.

It must be noted that the HNL is a Majorana particle within these theoretical
models. This means that charge-conjugated processes contribute to the HNL pro-
duction as well. Each partial decay width should be divided by two if the HNLs
were Dirac particles.

Two-body decays of HNLs:

(N — 7v,)

9 2032, £2 \f3 M2 2
— |Ua| GFfT(' N <1 - 721') ’ (Bl)
327 MN

where M, is the pion mass and f, can be found in Table A.1;

2|Ua|2G2 f2 M3 |V |2 M2 2 M2 M2
I'(N — Hl,) = %;NH ihM%-né 1+=1)], (B2

where H refers to either K or m and a = e, pu, T;

2|U.[2G2 12, M3, M2,\?
['(N — H'v,) = H 11— (B.3)
327 M%

where H' refers either to the n or the n” meson and fy is found in Table A.1;
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AL CHGEMEVadl?

T(N = plg) =

(= pla) 82

M2\ M M? — 202

“ag) T\t ) (B4)

\/(1 SEE) (- )

where M, is the mass of the p meson;

2

21U 2 G2 g2 M3 |V 2 20> M?

T(N — p°l,) = Va9, QN’ ™ 2lf1-=—2) , (B.5)
167 M7, M?, M2,

where Mo is the mass of the p° meson.
HNL three-body decay modes:

T(N =) vy :G%MJ%EJUP- (B.6)

aﬁ‘”” 19273 £ el '

- G2 MU, |?
(N = lazslgrs) = %(1 — 827 + 82°% — 2% — 122" log 2%), (B.7)
™
ma:v[Mla,MlB} .
where x = — and M, , are the masses of the 1, leptons, respectively;
GLMRIUP

D(N — v,lgls) = ((C1(1 = 8ap) + C30as)((1 — 142® — 22" — 122°) x

19273
V1 — 422 + 122 (2* — 1)L) + 4(Co(1 — 645) + Cubap) X

(22(2 + 102 — 120" v/T — 422 + 62*(1 — 222 + 2x4)L)) ,

(B.8)
Wherex:]\%,
1—322 — (1 —2?)V1 — 4x2
Lzlog( v—(-) x) (B.9)
22(1 4+ V1 — 422
1 . 2 . 4
0121(1—48111011, + 8sind,,"), (B.10)
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1
Gy =5 sin 0,,%(2sin 0, — 1), (B.11)

1
Cy =71+ 4sin6,” + 8sind,"), (B.12)

1
Cy = 5 sin 0,2(2sin 0, + 1). (B.13)

Here, 6, is the Weinberg angle.
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Appendix C

Heavy Neutral Lepton
phenomenology within additional

scenarios

Two extra scenarios that can be interesting to study are an “electron-dominant”

one and a “muon-only” one. The former is described by
2.772.772 10 -1 -
Us:U,:U-=10:1:0 (C.1)

and it is complementary to the tau-dominant scenario. In this case, the electron
coupling is enhanced with respect to the muon one, while the coupling to third
generation leptons is neglected.

In the muon-only scenario, only the mixing to second generation leptons is

present, while the other two are suppressed:
Uz: U2 U2=0:1:0. (C.2)

Fig. C.1 and Fig. C.2 display the BRs of all HNL production modes detailed in
Section 1.3.1, whereas Fig. C.3 and Fig. C.4 show all HNL decay modes described
in Section 1.3.2, for the electron-dominant and the muon-only scenarios. Here, the

choice of setting U? = 1 is arbitrary and it is only used when plotting the BRs.
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N production modes vs N mass (10:1:0)

N mass [GeV/¢]

Figure C.1: BRs for HNL production modes as a function of the HNL mass, for normal
hierarchy of the active neutrino masses and for the electron-dominant model (U* = 1 and
UZ:UZ: U2 =10:1:0).

N production modes vs N mass (0:1:0)

N mass [GeV/d]

Figure C.2: BRs for HNL production modes as a function of the HNL mass, for normal
hierarchy of the active neutrino masses and for the muon-only model (U? = 1 and U? :
Uz : U2 =0:1:0).
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N decay modes vs N mass (10:1:0)
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Figure C.3: BRs for HNL decay modes as a function of the HNL mass, for normal
hierarchy of the active neutrino masses and for the electron-dominant model (U* = 1 and
UZ:UZ: U2 =10:1:0).

N decay modes vs N mass (0:1:0)

1 15 2.5
N mass [GeV/d]

Figure C.4: BRs for HNL decay modes as a function of the HNL mass, for normal
hierarchy of the active neutrino masses and for the muon-only model (U? = 1 and U? :
Uz : U2 =0:1:0).

129



As described in [12], three additional benchmark scenarios can be interesting,
where one of the three specific-flavour couplings is enhanced with respect to the
other two. A detailed explanation on how the coupling ratios were obtained can be
found in [12].

The three scenarios, called “model I”, “model II” and “model II1”, are described

by the following ratios:

2.772 07172 _ . .
U2:U2:U2=52:1:1, (C.3)
2.7172.0072 _ 1. .
U2:U2:U?=1:16:3.38, (C.4)
U2:U2:UZ=0.061:1:4.3. (C.5)

Fig. C.5 to Fig. C.7 show the BRs of all HNL production modes detailed in
Section 1.3.1, while all HNL decay modes described in Section 1.3.2 are plotted in
Fig. C.8 to Fig. C.10, for the three described benchmark scenarios. Here, the choice
of setting U? = 1 is arbitrary and it is only used when plotting the BRs.
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N production modes vs N mass (52:1:1)

N mass [GeV/d]

Figure C.5: BRs for HNL production modes as a function of the HNL mass, for normal
hierarchy of the active neutrino masses and for model I (U? =1 and U? : Ui (U2 =52:1:1).

N production modes vs N mass (1:16:3.8)
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Figure C.6: BRs for HNL production modes as a function of the HNL mass, for nor-

mal hierarchy of the active neutrino masses and for model II (U* = 1 and U? : Uﬁ :
U2 =1:16:3.8).

131



N production modes vs N mass (0.061:1:4.3)

N mass [GeV/d]

Figure C.7: BRs for HNL production modes as a function of the HNL mass, for nor-
mal hierarchy of the active neutrino masses and for model III (U? = 1 and U? : Uﬁ :
U2 =0.061:1:4.3).

N decay modes vs N mass (52:1:1)
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Figure C.8: BRs for HNL decay modes as a function of the HNL mass, for normal
hierarchy of the active neutrino masses and for model I (U? =1 and U? : Uﬁ (U2 =52:1:1).
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N decay modes vs N mass (1:16:3.8)
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Figure C.9: BRs for HNL decay modes as a function of the HNL mass, for normal hier-
archy of the active neutrino masses and for model Il (U? =1 and U? : Uﬁ U2 =1:16:3.8).

N decay modes vs N mass (0.061:1:4.3)
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Figure C.10: BRs for HNL decay modes as a function of the HNL mass, for nor-
mal hierarchy of the active neutrino masses and for model III (U? = 1 and U? : Uﬁ :
U2 =0.061:1:4.3).
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Appendix D

Status of searches and future
prospects for additional

benchmark scenarios

D.1 Electron-dominant scenario

A status of decay searches with HNLs coupling only to first generation leptons is
discussed in the following. Further details can be found in the Beyond the Standard
Model (BSM) working group of the Physics Beyond Collider (PBC) project [40].

Existing bounds within this scenario (Fig. D.1), for masses below the D meson
mass, arise mostly from beam dump experiments (PS191 [68] and CHARM [30]),
while those above the D meson mass are dominated by DELPHI [69], BELLE [70]
and CMS [71]. The allowed range of couplings is bounded from below by the BBN
constraint [47] and the see-saw limits [40].

The PS191 CERN experiment was specifically designed to search for neutrino
decays in a low-energy neutrino beam, while CHARM performed a search for heavy
neutrinos by dumping 400 GeV/c protons from the CERN SPS on a thick beam
dump and looking for visible decays with electrons in the final state.

The Belle experiment searched for heavy neutrinos in leptonic and semileptonic
B mesons decays, in a range of masses between the kaon and the B meson mass.

The most stringent limits above the B meson mass have been put by DELPHI
in hadronic Z° decays.

CMS searched for HNLs in three prompt, charged-lepton samples in any com-
bination of electrons and muons, collected at a centre-of-mass energy of 13 TeV.

On a 10-15 year timescale, many PBC projects can contribute to the electron-
dominant benchmark case, as shown in Fig. D.1: MATHUSLA200, FASER,
CODEX-b and SHiP. Fig. D.1 shows also projections from the Long Baseline Neut-
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rino Experiment (LBNE) near detector as a 5-year sensitivity and from FCC-ee.

Electron coupling dominance: U*: Up: U; = 1:0:0
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Figure D.1: Sensitivity at 90% CL to HNLs with coupling to the first generation lepton
only, for a scenario in which U? : Uﬁ : U2 = 1:0:0. Current bounds (filled areas), 2021-
2023 projections for NA62, and 10-15 years prospects (solid and dotted curves) for PBC
projects (SHiP, MATHUSLA200, CODEX-b and FASER). Projections from FCC-ee and

LBNE are also shown. BBN and see-saw model constraints are visible [40].

D.2 Muon-dominant scenario

Current bounds for the case of HNL with coupling only to the second lepton
generation and masses in the MeV-GeV range are shown in Fig. D.2. Also in this
case the allowed range of couplings is bounded from below by the BBN constraint [47]
and the see-saw limit [40]. For masses below the D meson mass, the existing limits
arise mostly from the same beam dump experiments contributing to the sensitivity
for electron-flavor dominance described in Section E.1 (PS191 [68] and CHARM
[30]). Moreover, NuTeV [32] and E949 [38] also contributed to set existing bounds.
Above the D meson mass, current bounds are set by DELPHI [69], Belle [70], CMS
[71] with the same analysis used to set bounds for the electron-dominance scenario,
and by LHCD [72].

The NuTeV experiment at Fermilab searched for HNLs decaying into muonic
final states, using 800 GeV/c protons interacting with a berillium target and a
proton dump, while the E949 collaboration performed HNL production searches in
K™ — u™N decays.

Fig. D.2 also shows the 90% CL exclusion limits from MATHUSLA200, FASER,
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CODEXDb and SHiP in a 10-15 years time scale.

Muon coupling dominance: U% Uj:U3 = 0:1:0
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Figure D.2: Sensitivity at 90% CL to HNLs with coupling to the second generation
lepton only, for a scenario in which U? : UE : U2 = 0:1:0. Current bounds (filled areas),
2021-2023 projections for NA62, and 10-15 years prospects (solid and dotted curves) for
PBC projects (SHiP, MATHUSLA200, CODEX-b and FASER). Projections from FCC-ee

02

and LBNE are also shown. BBN and see-saw model constraints are visible [40].
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Appendix E

Expected sensitivity curves within

additional scenarios

Expected sensitivity curves can also be produced for the additional theoretical
scenarios described in Appendix C, namely the electron-dominant and muon-only
ones (Fig. E.1 and Fig. E.2), and model I, II and III (Fig. E.3, Fig. E.4 and Fig.
E.5).

Electron-dominant model (10:1:0)

iy 4 bogegeegd bogepeeed boeyeepes boeyeepes A brpepre: oopengeehepeegeefegee

02040608 1 12141618 2
N mass [GeV/cz]

Figure E.1: NAG2 expected sensitivity in the plane coupling vs HNL mass, at 90% CL,
for the electron-dominant model (U2 : Ug :U2 = 10:1:0).
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Muon-only model (0:1:0)

02040608 1 121410618 2

N mass [GeV/d]

Figure E.2: NAG2 expected sensitivity in the plane coupling vs HNL mass, at 90% CL,
for the muon-only model (U? : Uﬁ 1 U2 = 0:1:0).

Model I (52:1:1)
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Figure E.3: NAG2 expected sensitivity in the plane coupling vs HNL mass, at 90% CL,
for model I (U2 : Uﬁ (U2 = 52:1:1).
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Model Il (1:16:3.8)

02040608 1 12141618 2
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Figure E.4: NAG2 expected sensitivity in the plane coupling vs HNL mass, at 90% CL
for model IT (UZ : U} : UZ = 1:16:3.8)

Model 111 (0.061:1:4.3)

Log(UZ)
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Figure E.5: NAG2 expected sensitivity in the plane coupling vs HNL mass, at 90% CL
Jor model Il (U2 : U2 : U2 = 0.061:1:4.3)
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