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Auf dem Weg zu einer inklusiven Suche nach Schweren Neutralen
Leptonen am LHCb-Experiment:

Diese Arbeit setzt es sich zum Ziel, Monte-Carlo Daten zu simulieren und
eine vorldufige Machbarkeitsstudie fiir die Suche nach Schweren Neutralen
Leptonen (HNLs), die in B-Meson-Zerfillen am LHCb produziert werden.
Wihrend die Suche nach HNLs in der exklusiven Produktion und Zerfall
(BT — u™(N — ptn7)) durchgefiihrt wurden, hoffen wir, mit unserer
neuartigen Herangehensweise, die vollstdndig inklusive Produktion und Zerfall
(B = pX(N — Xpm) zu betrachten, die Sensitivitdt von LHCb fiir die Suche
nach HNLs stark zu verbessern.

Monte-Carlo-Simulation wird fiir fiinf verschiedene HNL Massenpunkte
zwischen (1.6 — 5.5) GeV, drei verschiedene Lebensdauern von (10, 100 and
1000) ps, alle B-Meson-Zerfille und sowohl Myonen-Paare mit gleichen als
auch ungleichen Vorzeichen vorbereitet und produziert. Diese Proben werden
benutzt, um die inklusive Suche voranzutreiben und die Detektorakzeptanz zu
modellieren. Auferdem wird eine vorldufige Analyse einer kleinen Menge der
produzierten Simulation (drei B%-Datensitze) durchgefiihrt, um die Integriiit der
produzierten Simulation zu verifizieren und eine Abschétzung der Machbarkeit
der Suche nach HNLs am LHCb mit dieser Methode zu geben.

Towards an inclusive search for Heavy Neutral Leptons at the LHCb
experiment:

This thesis aims to set up Monte Carlo simulation and to provide a preliminary
feasibility analysis for the search for Heavy Neutral Leptons produced in B
hadron decays at LHCb. While studies on the exclusive production and decay
channel (BT — p* (N — pt7™)) have been conducted, we hope that this new ap-
proach of a fully inclusive production and decay (B — uX (N — Xum) allows us
to significantly improve the sensitivity of LHCb to Heavy Neutral Lepton searches.

Monte Carlo simulation is prepared for five different Heavy Neutral Lep-
ton mass points between (1.6 — 5.5) GeV and three different lifetimes at (10,
100 and 100) ps, all B hadron production modes and same sign as well as
opposite sign muons in the decay. The simulated samples be used to design the
inclusive search and model the detector acceptance to the signal. Furthermore a
preliminary analysis on a subset of three B? samples is conducted to verify the
integrity of the produced Monte Carlo data and give an estimate of the feagibility
of the Heavy Neutral Lepton search with this method.
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Introduction



1 Motivation

The Standard Model (SM) describes the world of particles to the best of todays
knowledge. However, it cannot be a complete theory of the universe, because it
leaves several questions open, like for example the Baryonic Asymmetry in the Uni-
verse (BAU). Thus, searches for beyond SM physics phenomena are the one of the
major priorities of the High Energy Physics community. LHCb is one of the four
experiments at the Large Hadron Collider (LHC) at the Conseil Européenne pour
la Récherche Nucleaire (CERN), which is dedicated to new physics searches. The
main target of LHCb are indirect searches in quantum loops in B and D hadron
decays.

One promising signature to look for are Heavy Neutral Leptons (HNLs), which
could explain several of the open questions of the SM. A first limit on HNL has been
determined by LHCb exploiting the exclusive channel of the beauty meson decay
Bt — ut(N — p'n~), where N is an HNL. This approach lies well within the
limits explored by other experiments before. This thesis studies the possibility to
extend this approach to the inclusive channels B — X u(N — Xpun). The inclusive
approach takes HNL from all B hadron decays into account and considers all HNL
decay modes including a muon and a pion. This method has the potential to signif-
icantly improve the sensitivity of the HNL search at LHCb.

The main goal of this thesis is to set up the automated Monte Carlo (MC) simulation
to obtain all samples needed for this sensitivity study and an initial validation of a
subset of them. These samples cover five mass points in the range of (1.6-5.5) GeV,
three different HNL lifetimes at (10, 100 and 1000) ps, all B hadrons as production
modes and HNL decays with a pair of same sign as well as opposite sign muons.

This thesis first introduces the concept of HNLs and why they are interesting. Then
an overview of the LHCb experiment and its analysis framework is given. Afterwards
the specific decays, which will be simulated, are presented. In the last part we will
introduce a technique to reconstruct the HNL mass in the inclusive decay channels
and provide a preliminary analysis on a subset of the generated Monte Carlo data.
Finally we will summarise and give an outlook.



2 LHCb

LHCD is one of the four main experiments at the Large Hadron Collider (LHC),
a circular proton collider at CERN, a laboratory for nuclear research located in
Geneva, Switzerland. It has a circumference of 27 km and is the most powerful cir-
cular collider ever constructed. LHCb has had two runs so far, with an integrated
luminosity of 3fb™! at 7.8 TeV collision energy in Run 1 (2009-2013) and 6fb~" at
13 TeV in Run 2 (2015 — 2018). Currently under shutdown, it is being prepared for
Run 3, scheduled to start 2022 with a luminosity five times as high as before.

The LHCD detector [3] is a single-arm forward spectrometer covering the pseudora-
pidity range 2 < 1 < 5, designed for precision measurements of charm and beauty
hadrons in the search for New Physics.

2.1 Tracking System

The LHCD detector implements different systems for track reconstruction: the VEr-
tex LOcator (VELO) and the tracking stations. Figure 2.1 shows a side view of the
detector. The VELO, seen on the very left, is used to obtain precise track coordi-
nates of charged particles close to the interaction point. This is especially useful to
detect displaced secondary vertices that are frequent in beauty and charm decays.
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Figure 2.1: Schematic of the LHCb detector [3].



The Trigger Tracker (TT) upstream of the magnet and the three tracking stations
(T1-T3) downstream of the magnet provide further information for track recon-
struction. The TT station gives a first approximation of the particle momentum,
while the three tracking stations downstream provide more precise measurements.

2.2 Particle Identification System

Particle IDentification (PID) in LHCb is done by the RIng CHerenkov imaging de-
tectors (RICH), a calorimeter system consisting of an Electromagnetic CALorimeter
(ECAL) and a Hadronic CALorimeter (HCAL). Additionally, there are two further
detectors, the PreShower detector (PS) and a Scintillating Pad Detector (SPD).

RICH1 1is used to identify low momentum particles and therefore placed directly
after the VELO and upstream of the magnet. RICH2 on the other hand is used to
identify higher momentum particles and therefore placed downstream of the track-
ing stations. They are used for hadron separation. Downstream of RICH2 we have
the calorimeters that are used to identify electrons and neutral particles.

Especially important for the data simulated and analysed in this thesis are the
Muon chambers (M1-M5), because we encounter muons in all final states. M1 is
placed upstream of the calorimeters and used to improve the pr measurement for
the online trigger. M2-M5 are located downstream of the calorimeters.

2.3 Trigger and Analysis Framework

The LHCb detector receives about 40 million proton—proton collisions per second,
which results in a huge amount of data, roughly 1 TB per second. Because we cannot
physically store all of this data, LHCb implements three trigger stages, the Level
Zero Trigger (L0), which is implemented in hardware, and two High Level Triggers
(HLT1 and HLT2), that are implemented in software, to filter the data and keep

Trigger Reconstruction Stripping
_ —_—
Moore Brunel Davinci
’ -
I .:‘:Re-recnns\ruainn “Restrpping l

H H 2 oy . ,/"{ ™~ Ve > N ~
Particle simulation Digitisation [ storage | Storage Storage
—_—
Gauss Boole | ‘ ruLsTReaM | | ‘ FuLLsTREAM | | CHARM.MDST ‘ DIMUON.DST ‘ ‘ ‘
\ l
Generation Decay Propagation . .
Pythia/ POWHEG/... EvtGen Geant4 Analysis Ntuple making
PR
ROOT/Numpy/... Davinci

Figure 2.2: Data flow at LHCb [8].



only events that contain interesting information. The software stage of the trigger
is implemented in MOORE. This and the further data flow are shown in Figure 2.2.
Particle trajectories, calorimeter clusters and muon and RICH signals are recon-
structed offline in BRUNEL. Afterwards, this reconstructed data is further filtered
through sets of selections called stripping, which is done in DAVINCI.

To test certain decays before looking for their signatures in real data, events are
simulated, we also call this Monte Carlo simulation. The particle simulation in the
LHCDb data flow is handled by GAUss. GAUSS is responsible for supervising the
simulation process. First, it calls a Monte Carlo generator like PYTHIA [12, 13],
then it calls EVTGEN [11], which simulates the decays of the long-lived particles,
such as B or D hadrons. GEANT4 is then used to simulated the propagation and
interaction of particles through and with the detector. The simulated events are
then converted to signals that mimic real data by the BOOLE application, so that
the Monte Carlo events can also be processed by the trigger, reconstruction and
stripping just like data from the experiments. One of the goals of this thesis is to
set (GAUSS up to simulate events of HNL production and decays.



3 The Standard Model of Particle Physics

The Standard Model (SM) of particle physics is currently the most accurate model
we have to describe the interactions of subatomic particles through three of the four
fundamental forces of nature, electromagnetism, the weak and the strong interac-
tion.! Each of these three forces is described by a field in Quantum Field Theory
(QFT) and corresponds to the exchange of particles called bosons.

The SM is comprised of six quarks and six leptons. Three of the leptons are charged
and three of them carry no charge. Furthermore, the SM contains the bosons that
mediate the corresponding forces, the gluon for the strong interaction, the photon
for the electromagnetic interaction, and the W /Z bosons for the weak interaction.
The most recent addition to the SM is the Higgs Boson, which allows particles to
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Figure 3.1: Elementary particles in the SM [10].

!The fourth fundamental force is gravity. As far as we know, gravity is best described by
General Relativity (GR), which has yet to be unified with the Standard Model.



have mass. Its experimental discovery completes the SM as seen in Figure 3.1.

Any particle comprised of two or more quarks is called a hadron, and we differ-
entiate between baryons and mesons. Baryons consist of an odd number of quarks
(mostly three), while mesons consist of an even number of quarks (mostly a quark
antiquark pair). Since we will look at B meson decays, our decay products will only
consist of other mesons and leptons. Table 3.1 gives an overview over the mesons
that occur in the inclusive decays introduced later in this thesis and lists their basic
properties.

Table 3.1: Different mesons that appear in beauty decays, their quark content and mass
as well as mean lifetimes (charge conjugates are implied)[15].

Particle name Symbol Quark content Mass [MeV | Mean lifetime |

B meson Bt ub 5279.2 1.6 x 1072

B meson B° db 5279.5 1.5 x 10712
Strange B meson BY sb 5366.3 1.5 x 10712
Charmed B meson B[ cb 6276.0 4.6 x 1071
Pion nt ud 139.6 2.6 x 1078

Pion w0 ut/dd 135.0 8.4 x 10~17

Rho meson ot ud 775.4 4.5 x 107
Rho meson o° ut/dd 775.5 4.5 x 107

D meson Dt cd 1869.6 1.0 x 10712

D meson DO cu 1864.8 4.1 x 10713

D meson D** cd 2010.3 6.9 x 10721

D meson D0 cu 2007.0 3.1 x 1072
Strange D meson D+ cs 1968.5 5.0 x 10713
Strange D meson ~ Dit cs 2112.3 3.4 x 1072

For this thesis, we will focus on neutrinos, very light particles that, because they
do not carry a charge, only interact with the other particles of the Standard Model
via the weak interaction, which makes them very hard to detect. While the SM is the
most tested theory in physics, it fails to explain some fundamental observations, like
solar and atmospheric neutrino oscillations, Baryonic Asymmetry in the Universe
(BAU) and Dark Matter (DM). The addition of sterile right-handed neutrinos could,
with some constraints, solve all three of those [6].



4 Heavy Neutral Leptons

An extension of the SM that could solve the three main problems mentioned before
could be the compact Neutrino Minimal Standard Model (v MSM)[4]. It requires
the addition of new sterile neutrinos N, also called Heavy Neutral Leptons (HNLs).
The theory behind HNLs is summarised very well in [5]. HNLs are singlets with
respect to the SM gauge group with gauge charges of zero. The HNL couples with
the SM fields the same as SM neutrinos as shown in Equation 4.1.

Gr — . _
LuNL, int = mWJNC ; UanY" (1 =) £,
_Gr

* 4 cos(bw)

Z,NeY Uiy (1= 75) va + hec., (4.1)

We see that there are two parts of the equation, the interaction of the HNL with
charged leptons ({,) via a W boson, and the interactions with uncharged leptons
(neutrinos v,) via a Z boson. The Fermi constant G and the Weinberg angle 6y,
describe the strength of the coupling, N¢ denotes the HNL, U* is the mixing angle,
and 7" and ~; are the Dirac matrices. In both terms of the Lagrangian, we sum
over the three lepton families (a = e, p, 7).

This coupling is strongly surpressed by the small mixing angles U,y, where again
a = e, i, 7. The mixing probability is given by the square of this matrix, U2y .

The three important variables for this analysis will be the lifetime 7, U,y and the
HNL mass munr,. We can calculate each of them from the other two, as mentioned
in [5]. The smaller the mixing angle U,y, the larger is the lifetime, and the smaller
the HNL mass, the larger the lifetime as well.

In the LHCb experiment we will be looking at the mixing of HNLs with muons
specifically, so we will be studying U, in correlation with the HNL mass. In prac-
tice, we will want to simulate HNLs at different mass points and lifetimes, study
the signal and determine the reconstruction and selection efficiency and background
contributions. This will give an estimate of the feasibility of such a search in data
from the experiment. Concluding that the search is feasible in a certain region of
the U,y mass space we will call being sensitive to said region. Searching in actual
data from the experiment we may either find a particle, or if we do not find one,
conclude with a certain confidence that we can exclude the region we searched in
from further searches.
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5 Decay Structure

In this thesis we will study the HNLs produced in B meson decays. B mesons decay
via the weak interaction, which entails the radiation of a W boson, which in turn
can decay to a charged lepton and a neutrino, in this case the HNL, as shown in
Figure 5.1.

First, we will distinguish between exclusive production and inclusive production
of the HNL. The exclusive production is defined in Figure 5.1, where the B meson
decays via the weak interaction radiating a W boson, which then decays further.
Specifically, the decay channel we will be defining as exclusive is BT — u™(N —
ptm™) (and its charge conjugate).

In the inclusive production as shown in Figure 5.2, we will now allow any type
of B meson to produce an HNL, but ultimately ignore the additional hadronised
final states that come with it. The entire selection of inclusive B decays we will
simulate Monte Carlo data for is shown in Figure 5.4a.

Figure 5.1: Feynman diagram of the exclusive production and exclusive decay of HNL. An
initial B meson decays via the weak interaction radiating a W boson, which
decays into a lepton and an HNL. The HNL then decays again into a muon
and a pion.

12
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Figure 5.2: Feynman diagram of the inclusive production and inclusive decay of HNL. Any
type of B meson decays weakly, hadronising in a different meson, while the W
boson decays into an HNL and a lepton. The HNL is allowed to decay to a
muon and any meson with a pion in the final state.

The HNL then decays, unlike the SM neutrino, into a charged lepton and a virtual
W boson, which again decays into some quark-quark pair or a charged lepton and a
neutrino. The neutral decay via a Z boson can also happen, but is not prevalent for
munt, < 5 GeV and much harder to detect, because it contains a second neutrino in
the production chain instead of a charged lepton. We want to scan the U,y-mass
space for the occurence of an HNL. Specifically, in LHCb, we are looking at Uy,
and only considering final states that contain muons.

In the exclusive production as defined in Figure 5.1, we reconstruct the B me-
son from the wpup invariant mass and the HNL from the p7 invariant mass. In the
inclusive production modes, we lose the ability to reconstruct the B meson candi-
dates fully, since we ignore the hadronised final states relating to the B meson.

We will further distinguish between exclusive and inclusive decay of the HNL. Ex-
clusive decay of the HNL means that we only consider final states with one muon
and one pion (N — pum). The HNL decays into a lepton and a W boson, and we
only consider the final states where the W boson hadronises as a pion. Here, we can
reconstruct the HNL candidate fully using the g7 invariant mass. In the inclusive
decay of the HNL, we still reconstruct the HNL candidate as pum, but include all final
states that include at least one pion. This means that we underestimate the HNL
mass and need to correct for the missing particles of the heavier hadronisations, a
technique for this is introduced in chapter 8.

13



5.1 Exclusive Production and Exclusive Decay

The earliest result of an LHCb search for HNL’s was by the LHCb collaboration in
[1], which looked at the exclusive channel (B~ — p~ (N — 77 u~)) and searched for
peaks in the 77~ as well as in the 77y~ p~ invariant mass. This analysis was done
on same sign muons, because that decay channel has a significantly lower background
than the one with opposite sign muons, since B meson decays with same sign muons
are strongly surpressed in the standard model. No signal was found and the analysis
allowed to exclude the values for UiN and HNL mass shown in Figure 5.3.

102 7
—— Exclusive search at LHCb
Previous limits

10—3 -

10—4 ol

2
N

=
<
o]

1 2 3 4 5 6
my [GeV]

Figure 5.3: Parameter regions of the HNL search for exclusive production and decay ex-
cluded at a 90 % confidence level, showing HNL mass | GeV | against the mixing
probability U, ELN. The red line shows the exclusion limit for this analysis, the
grey shaded area shows limits determined by other experiments previously, and
the yellow shaded area shows the region of the U 3 n-mass space where the HNL
would explain BAU [4].

The advantage of this strategy are clear peaks in the 7y~ and 7~ ™ invariant
masses, but as a tradeoff, statistics are low.

5.2 Inclusive Production and Exclusive Decay

The next idea was to leave the HNL decay exclusive, but include a lot of other B
meson decay channels in the search, allowing B — Xpu~ N(— w"p~). Still, this

14



analysis is designed to be done on same sign muons. Since we ignore the particles
X above, we lose the peak in the mpup invariant mass and cannot reconstruct the B
meson candidate anymore.

Production BR for ty = 1 ns
Calculations from K.Bondarenko etal, 05/18) —— B* spu*N
104 \\\ Ifnplomonu?d by lEPFL+Huid‘ull\m'g Bc-u*N
AX github.com/MartinoBorsato/ cHNLdecay — BOsm-utN
—— Bt mu*N
10-%
—— BY%sp u*N
—— Bt =putN
n: 108 Bt D%utN
@ The Exclusive o BOeDTHN > — Run 1 exclusive (published)
. B*=D"u*N = Run 1 exclusive (RapidSim)
10710 BO=D~"u*N 1076 4 — Run 2 inclusive (RapidSim)
-== BY=D;p*N e BeopN
12 L T Bl
10 107 b-cuN
b-uuN
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107 T T T T 10-8
1 2 3 4 5 6 7 8 9 1 > 3 2 5 5
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(a) B branching ratios for all inclusive channels, (b) Inclusive production and exclusive decay,
plotted against the HNL mass. showing preliminary simulation of the sen-
sitivity with inclusive production and exclu-

sive decay of HNLs.

Figure 5.4: B branching ratios and inclusive production sensitivity.

As can be seen in Figure 5.4a, including these other production channels gives a lot
of extra statistics, especially in the lower mass region below 3000 MeV. Simulating
the inclusive production with a fast parametric simulation of the LHCb experiment
(RAPIDSIM [9]) gave an estimate for sensitivity at the limits of previous experiments.
Analysis for this mode is currently being carried out by a collaboration between the
Ecole polytechnique fédérale de Lausanne (EPFL) and Heidelberg University, for
which the Monte Carlo data produced in the scope of this thesis is essential for
studying the inclusive B decay channels.

5.3 Inclusive Production and Inclusive Decay

The last idea is to look at the inclusive decay as well. Until now, we have only
allowed the B meson to decay to anything including a muon in the final state, while
the HNL was forced to decay to a muon and a pion (N — pm). Now we also want
to allow the HNL to decay to other hadrons that contain a pion in the final state,
which will happen via the hadronic decay mode as shown in Figure 5.2. The result-
ing production and decay will then look like B — Xpu~N(— Xu™).

The branching ratios of the HNL decay are shown in Figure 5.5. As we see, the
exclusive channel does not contribute a significant amount to the larger mass states,
where we get more contributions from the heavier particles. We want to simulate
HNLs up to 5500 MeV this way, which should give us further gain in the sensitivity,

15
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Figure 5.5: Branching ratios of the different HNL decay modes. We will not be studying
the N — p~ptv, and N — p~etr,, since they are hard to detect, but it is
obvious that the inclusive channel gives us a lot more statistics, especially in
the higher mass regions.

an improvement over Figure 5.4b. Since we are being inclusive, we will also simulate
MC for the channels with opposite sign muons and study the background contri-
butions to figure out whether or not a search in data would be feasible. Table 5.1
summarises the results from above. In the following we will discuss why the strategy
of inclusive production and inclusive decay offers new opportunities.

Table 5.1: Different production and decay modes for the HNL in beauty decays.

Exclusive prod + decay Inclusive production Inclusive prod + decay

B = u N—=rtp") B =Xy N(—=7ru) B —Xu N—puX)
Displaced 7t~ Displaced 7t pu~ Displaced 7t~

Peak in 77y~ ™ mass  Peakinwtp—p—mass  Peakinwtp—p—mass
Peak in 77y~ mass Peak in 7y~ mass Pealcdn = mass

. . Same sign muons
Same sign muons Same sign muons

(and opposite sign)
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The main difference between these channels is that for the inclusive decays we
lose the peak in the 7"~ p~ mass and then with the inclusive production and
decay also the peak in the 7+u~ mass. This means that we have to reconstruct
the HNL mass using a partial reconstruction as described in chapter 8. In return,
using the inclusive production gives us a large improvement in coverage of the U 3N—
mass space, at the loss of some efficiency, so the hope for this analysis is to further
improve the sensitivity by using not only inclusive production but also the inclusive
decay. As can be seen in Figure 5.4a, we gain a lot of coverage of the lower mass
space, up to higher branching ratios, and most of all, more statistics through this
inclusive approach. In the decay, we also gain a significant amount of statistics, as
can be seen in Figure 5.5. In the following, we describe the generation of Monte
Carlo simulation of the inclusive events as described above, and give a preliminary
analysis of the produced Monte Carlo data.

17



6 Simulation

The main part of this thesis is the setup to simulate Monte Carlo data for all the
inclusive channels shown in Figure 5.4a and Figure 5.5 at LHCb. To do this, I use a
program written by Fabian Thiele [14], which calculates the branching ratios. Then
I procedurally generate the information at different lifetimes and masspoints of the
HNL needed by GAUSS to be able to study the decays most efficiently.

Table 6.1: B mesons, muon signs, HNL masspoints and HNL lifetimes we want to simulate
Monte Carlo data at.

B meson BT, B°, Bf, B?

[ Sign Same Sign (SS, p*ut) and Opposite Sign (OS, ptu™)
HNL Masspoints (1600, 2000, 3000, 4000, 5000 and 5500) MeV
Lifetimes (10, 100 and 1000) ps

While the requirements listed in Table 6.1 would make for a total of 144 different
production and decay modes, some of them are unphysical and have to be discarded
in the process. For example, as can be seen in Figure 5.4a, the two BY channels will
have non-zero branching ratios only for HNL masses below mpgny, = 4000 MeV, and
higher mass points will therefore have to be discarded. In addition, it is important
to distinguish between the neutral B meson decays and the charged B mesons, as
they have to be set up slightly differently in software.

Writing an automated process to calculate all branching ratios, check if they are
physical, discard unphysical conditions and set up simulation for all others was the
main work of this thesis. This process produces a total of 114 simulation points for
all different production and decay channels. They are tested locally and small test
samples of 20 events are produced.

The samples are generated with PYTHIA [12, 13] for the production of the B meson,
and the decay of the hadrons is forced to the HNL channels with EVTGEN, while
neglecting polarisation (PHSP). The Bl decays use the special BCVEGPY produc-
tion mode [7].

Then we request a small sample of three B° lifetimes for a preliminary test, which

the analysis of this thesis is based on as well. These samples are B?, SS, 3000 MeV
for (10, 100 and 1000) ps respectively.

18



At the time of writing, larger Monte Carlo data samples for all 114 simulation
points is produced, however, this thesis will only provide preliminary analysis of a
subset of three of these simulation points.

A sample configuration will be shown below, specifically for one of the simulation
points we will analyse later, B°, SS, 3000 MeV and 100 ps.

Table 6.2: BY decay branching ratios for SS muons, mgny, = 3000 MeV and mny, = 100 ps.

Branching ratio B Decay Products

0.4906
0.0477
0.2903
0.1714

HNL p* #7

]
HNL p* pT
HNL p* DT
HNL p* DT

We can see in Table 6.2 that the wu channel is prevalent, but especially the
hadronic channels have quite a large contribution to the overall event rate as well.

Table 6.3: HNL decay branching ratios for SS muons, mgny, = 3000 MeV and mgni, =

100 ps.

Branching ratio HNL Decay Products

0.1297
0.3323
0.1536
0.3844

e uai
e pT
e DF
e D;F

For the HNL as seen in Table 6.3, in this specific case, the exclusive channel only
makes up 13 % of the total branching ratio, with the D** and p channels contributing
over 30 % each, so we gain a lot of events here.
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7 Selection Criteria

We will be using a selection process developed by the analysis team at EPFL and
Heidelberg for the inclusive production of the HNL, but not the inclusive decay. In
the selection process, we are looking for a final state of wuu, where the m and one of
the muons come from the HNL in the exclusive decay, while in the inclusive decay
we allow the 7 to be product of a further decay product of the HNL. The second u
originates from the B meson that starts the decay, so it is displaced with respect to
the mpu.

Table 7.1: L0 trigger selection.

Trigger decision Cut Value
*) and - > 1.5 GeV
LODiMuon pr(p®) and pr(p™) 2 e
nSPD < 900
+ - > 1.8 GeV
LoMuon pr(p) orpr(p™) 2 ¢

nSPD < 600

At the first level (L.0), described in Table 7.1, we trigger using the transverse
momentum of either one of the muons or both of them, meaning any candidate
has to pass either LODiMuon or LOMuon, and on the number of track hits in the
Scintillating Pad Detector (SPD), to lower computation time for higher level triggers
and filter out busy events.

Table 7.2: HLT1 trigger selection (HIt1TrackMuon).

Cut Value

p(1) > 6000 MeV
pr(p) > 1100 MeV
p Track x?/ dof <3

1 Ghost probability < 0.2

g Minimum IP-y? w.r.t. PV > 35

In the software level online selection we place stronger requirements. The HLT1
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trigger as shown in Table 7.2 requires one muon with a large momentum, a good track
quality (small ghost probability, small track x?), and a high impact parameter (IP).
This impact parameter is defined as the closest distance between the extrapolated
track and the position of the primary vertex (PV). We want the IP to be large for
the muons to make sure that they are coming from a displaced decay (like in our
case the B or HNL).

Table 7.3: HLT?2 trigger selection (Hlt2MajoranaBLambdaMu).

Cut Value

ms € {1500, 6500} MoV
B Vertex x?/ dof <4

B DIRApy > 0.99

my > 1500 MeV
PTN > 700 MeV
Ny?-separation from PV > 100

N Vertex x?/dof < 10

D > 2000 MeV
pr. > 250 MeV
7 Track x?/ dof <4

7 Minimum IP-y? w.r.t. PV > 10

DPu > 3000 MeV
pr, > 250 MeV
p Track x?/dof <4

g Minimum IP-x? w.r.t. PV > 12

1 Ghost probability < 0.5

4 PIDg <0

w PID, <0

4 PID,, >0

At the second level of HLT2, shown in Table 7.3, we place requirements on all

three tracks, and require large enough momenta, large impact parameters and good

particle identification.

On top, we also reconstruct the B and HNL candidates,

which we require to have good enough vertex and track quality, a fitting mass, and
that the HNL vertex is well-separated from the PV.
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Table 7.4: Offline trigger selection.

Trigger decision Cut Value

(N Vertex - B Vertex) > —1mm (SS)

Stripping (N Vertex - B Vertex) > 5mm (OS)
GEC nTracks < 300
N Vertex x?/dof <8
7 isMuon =
Preselection 7 inMuonAcce =
m ProbNNpi > 0.05

1 Ghost probability < 0.35

Stripping and preselection are described in Table 7.4. In stripping, we place a
requirement on the displacement of the N and B vertex for OS muons because the
SM background is much larger for OS muons, as described in section 5.1, as well as
another general cut on track number, to reduce combinatorics.

Finally, in the preselection, we place a stronger requirement, on the N-Vertex fit, as
well as require that the pion is in the muon acceptance and that it is not identified
as a muon. We also require that ProbNN (a neural net measure that calculates a
probability for a particle to actually be the the particle it is identified as, based on
track fits) triggers on the muon, and a low muon ghost probability.
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8 Corrected Mass Technique

In this chapter we discuss the reconstruction of the HNL mass. Looking at the
inclusive decay as described in chapter 5, we will have unreconstructed particles
in all inclusive final states. The only particles we can properly reconstruct in the
final state is the pum system. We therefore neglect the other products of the HNL
decay and reconstruct them using the corrected mass approach |2| described in this
chapter. This will give us a lower bound for the HNL mass.

HNL p(r) Boost

Figure 8.1: Schematic of the corrected mass approach. We boost to the HNL mass frame
to be able to drop its momentum in the following calculations.

The decay products of the HNL will be a muon-pion pair and a third particle X.
We measure a muon-pion pair and miss a particle we will call X. Looking at the
decay of these two products in the HNL rest frame (p = 0), we can calculate the
HNL mass as shown in Equation 8.1.

MunL = 4/ By — Pin, = Eune = Eus + Ex
= \Jm2 + ph 4k

=\ P, Ph Mk, R (8.1)

Here, Eyis, myis and pyis denote the energy, mass and momentum of the muon-pion
pair, and Ex, mx and px denote energy, mass and momentum of the missing par-
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ticle or particles respectively. We can split both momenta into their parallel and
perpendicular components with respect to the HNL flight direction.

By conservation of momentum, we can equate pys, = px, = pi, as shown in
Figure 8.1. Now we can obtain a lower bound on the HNL mass by dropping the
momentum parallel to the HNL flight direction in both the pum and the missing par-
ticle system. We drop the parallel momentum because we cannot calculate it. The
boost of the HNL is unknown, and while the perpendicular momentum does not
depend on it, the parallel momentum does.

MHNL > \/m315+p3_+ \/m?x —l—pi

MHNL >4/ mgis —Q—pi +p1 if m?x < pi (82)

Here, p, is the momentum component of both p(um) and px perpendicular to the
flight direction of the HNL and my;s is the invariant mass of the um system. Simula-
tion shows that the mass peaks quite well with this technique, even though dropping
the mass term is not necessarily appropriate for larger neutral particles.

We use the pp vertex instead of the B° vertex to reconstruct the corrected mass
as well, because large displacements of the HNL decay vertex and the fact that we
only reconstruct the p from the B, but the pum system from the HNL substantially
deteriorates the resolution on the position of the B vertex.

This effect can be seen in Figure 8.3, where using the reconstructed B° vertex
(turqoise) to reconstruct the corrected mass leads to an asymmetric distribution,
where the HNL mass is underestimated and we get sparingly little events above the
true HNL mass. Using the true BY vertex (orange) for the reconstruction gives us a
nicer peak, but since we do not have this to make use of in real data, using the pp
vertex is the best choice. We can see that using the pp vertex (blue) overestimates
the HNL mass in comparison to the true B vertex, an effect that seen more clearly
in Figure 8.4. A visualisation of this can be seen in Figure 8.2.

Putting both the underestimation because of the missing momentum and the overes-
timation through use of the pp vertex together gives us a nice symmetrical resonance,
even if this does not agree perfectly with the true HNL mass distribution, which has
a less broad tail towards higher masses.
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Reco B vtx

~

True B vtx Y o X

pp vertex

T

Figure 8.2: Schematic showing the difference between the pp vertex, the true B vertex and
the reconstructed B vertex. The latter is poorly reconstructed since we only
reconstruct it from one muon and the interpolated flight direction of the HNL,
reconstructed from the mu system.

Corrected HNL Mass Inclusive Bd
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Figure 8.3: Comparison of reconstructing the HNL mass via the true B vertex, the recon-
structed B vertex or the pp vertex.

We will now look at both the exclusive and inclusive decay channel and compare
how the HNL mass peaks with and without the corrected mass technique. Both of
these samples produce the HNL inclusively. Note that here we are going to look at
the exclusive HNL decay channel N — pum versus the inclusive channel N — Xy,
where the inclusive sample does not contain the exclusive one. The samples here
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are produced with Myy, = 3000 MeV. The samples for the three different lifetimes
of (10, 100 and 1000) ps are merged together.

Corrected HNL Mass Exclusive Bd Corrected HNL Mass Inclusive Bd
3 I I LHCb Stnulation "] 2 0.0014 | ' ' LHCh Stulation "]
2 N [ Corrected mass 2 [ Corrected mass
g 0.0121 Mass 1 Eonek Mass ]
€000} 1 2
= 1 =o0.0010F -
2 r ] Z
S 0.008 | b 3} o ]
3 r 1 A 0.0008
0.006 - ] 0.0006 F -
0.004 7 0.0004 | 7]
0.002 F —L\g ] 0.0002 F 7
0.000 bt Wl ——L] (FUU] PR T EEERA S LSS
2000 3000 4000 5000 2000 3000 4000 5000
Mass [MeV] Mass [MeV]

Figure 8.4: Corrected mass vs pm invariant mass plot inclusive and exclusive MC. Both
histograms show the invariant mass of the HNL, on the left for the exclusive
channel and for the inclusive channel on the right. We see that for the inclu-
sive channel we underestimate the true HNL mass and need to correct for the
missing momentum as explained above.

The mass distributions behave as expected. For the exclusive sample, that does
not include any missing particles, we slightly statistically overestimate the HNL
mass because we are using the pp vertex instead of the B° vertex to reconstruct the
flight direction of the HNL. This means the flight direction of the HNL is not per-
fectly reconstructed, which leads to the alignment with the um system being slightly
off. This effect does not stem from the corrected mass formula itself, since we do
not have any missing particles to correct for in the exclusive decay channel.

For the inclusive decay channel that will often have a missing particle, we see that
the the normal mass distribution does not peak well and underestimates the mass
quite significantly. Correcting with Equation 8.2 gives us a nice peak at the gener-
ated mass of Munt, = 3000 MeV.

We now want to examine the dependence of the mass as well as the resolution
of the mass peak on the displacement of the HNL from the B° (or in our case the
pp) vertex. To do this, the displacement was binned in five bins with equal statistics,
and for each the median of the distribution and the resolution of the mass peak were
determined. In Figure 8.5 we can see that the simulated mass calculated with the
corrected mass technique is quite close to the true mass of the HNL, but does not
change a lot with the displacement, except for a slight downwards trend. There are
a few outliers, but in general the mass agrees quite well with the true mass, a little
less so for large displacements.

For the resolution, shown in Figure 8.6 of the mass peak, things look different,
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Corrected Neutrino Mass in five equal stat bins
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Figure 8.5: Displacement vs mass, calculated via the median of the MC in the correspond-
ing bin. Histograms of each bins mass distribution can be found in Appendix A.

here we see a strong correlation between the width of the peak and the displace-
ment of the HNL. This is mainly because we are using the pp vertex to reconstruct
the HNL flight direction. The shorter the displacement, the larger the error on the
flight direction will be, leaving us with statistically more frequent wrong reconstruc-
tions and therefore a wider HNL mass peak.
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Resolution vs Displacement (five equal stat bins)
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Figure 8.6: Displacement vs mass peak resolution, calculated as the average of the lo
quantiles around the median.
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O Event rate ratio

Lastly, we want to look at the ratio of inclusively vs exclusively decayed events in
correlation with the displacement of the HNL. Again, we will be using the inclusive
production channel, and differentiating between the exclusive and inclusive decay of
the HNL. This measure is interesting because we want to see how much statistics
we gained through the inclusive channels, so it makes sense to look at the ratio of
generated events after selection.

Event rate ratio five bins equal stat
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Figure 9.1: Displacement vs event rate ratio inclusive vs exclusive MC.

Again we can see a rather strong correlation, for small displacements we have a
lot more inclusive data than for large displacements, where the ratio drops down to
just about 20 %.

In the HLT2 as shown in Table 7.3, we place a rather tight cut on the B° Track
x2. This selection was developed for the inclusive production and exclusive decay of
the HNL and is not optimised for the inclusive decay. We plotted the B Track x>
against the displacement, seen in Figure 9.2, searching for a trend of larger Track
x? for larger displacements in the inclusive sample. Because we reconstruct the B

30



meson candidates from the um system as shown in Figure 8.2 and are looking at
large displacements, we expect the reconstructed B vertex to be worse in the inclu-
sive than in the exclusive decay. Looking at Figure 9.2, we see the expected trend of
larger x? for larger displacements for the inclusive decay (barring an outlier in the
first bin), which possibly means that we are missing quite a lot of events through
this cut.

Displacement vs Bd chi2

% 1.2 L ! S LHICb ISiIlmIl;;til()lnl -
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E [ | =~ Inclusive MC ]
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0.8 — [ i
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0.4:— ] i_:_+ | —

L { 1‘_

1 10 100 10°
Displacement [mm]

Figure 9.2: Displacement vs B%y? inclusive vs exclusive MC. Extended plots of the distri-
bution of the x? for each displacement bin can be found in Appendix B.

This issue will have to be investigated further outside the scope of this thesis. A
new selection will have to be developed that takes into account the specifications of
the inclusive decay channel.
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10 Comments and Outlook

The main work of this thesis is the setup of the production of Monte Carlo data
for the production of Heavy Neutral Leptons (HNLs) from B mesons, where we
both use the fully inclusive production mode of all B hadron channels, and also the
inclusive decay modes. Monte Carlo data was simulated at five HNL mass points
in the range of (1.6 — 5.5) GeV, at three different lifetimes of (10, 100 and 1000) ps
and for same sign as well as opposite sign muons in the decay.

This Monte Carlo simulation is especially important since it is not only used for
the study of the fully inclusive channels, but also for the ongoing analysis of the
inclusive production and exclusive decay. Furthermore the thesis provides a pre-
liminary analysis to verify the integrity of the produced simulation. It is presented
using three samples of B® meson decays with a Heavy Neutral Lepton mass of
mynL = 3000 MeV, with same sign muons and three different lifetimes, (10, 100 and
1000) ps, respectively.

The fully inclusive channel is particularly interesting because it provides higher
statistics to potentially significantly improve the sensitivity of the HNL search at
LHCb. The drawback of the more inclusive approach is larger backgrounds contri-
butions, which have to be studied and an appropriate selection of the data has to
be developed to reduce them as much as possible while still retaining proper signal
quality.

The invariant mass of the HNL is an important variable to separate signal and
background and determine the signal yield in the analysis. We validate an approach
to compute a corrected mass to compensate for the momenta of the missing particles
in the reconstruction of the final state.

This thesis is a crucial step towards the evaluation of the sensitivity of HNL searches

for LHCb. The generated Monte Carlo samples will be used by the Heidelberg LHCb
group to continue this study.
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A Additional mass
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Figure A.1: BY corrected mass in five displacement bins with equal statistics, displacement
larger the larger the binnumber. We can see that the peak gets sharper for

larger displacements.
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B Additional chi2 plots
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