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Bestimmung der Detektorakzeptanz fiir die Suche nach schweren neutralen

Leptonen am LHCb Experiment:

Diese Arbeit ist Teil einer Suche nach schweren neutralen Leptonen (HNLs) in B-
Zerfillen. Es werden Zerfille der Art B — XutN(— p*rT), wobei N das HNL
ist, untersucht. Dabei werden Daten aus Run 2 des LHCb Experiments benutzt. In
dieser Arbeit werden die Detektorakzeptanz und dazugehorige Effizienzen fiir Zerfélle
im LHCb Detektor berechnet. RapidSim wird benutzt, um Monte Carlo Daten auf Gen-
erator Level zu erzeugen. Zuerst wird es mit den bereits existierenden, voll simulierten
LHCb Daten verglichen. Als néchstes wird RapidSim verwendet, um Effizienzen fiir
HNL Massen, die nicht in den voll simulierten Daten enthalten sind, zu berechnen und
damit die Sensitivitat der Analyse abzuschétzen. Dariiber hinaus wird eine Schéitzung

der Sensitivitdat bei einer Suche nach HNLs in N — p*7~ berechnet.

Determination of the detector acceptance for heavy neutral lepton searches
at LHCb:

This thesis is part of a search for heavy neutral leptons (HNLs) in B decays. The inves-
tigated decays are of the type B — XputN(— p*n¥), where N is the HNL. Run 2 data
from the LHCb experiment is used. In this thesis the detector acceptance and corre-
sponding efficiencies for the decays within the LHCb detector are determined. RapidSim
is used to produce generator level Monte Carlo data. It is first compared to to the exist-
ing fully simulated LHCDb datasets. Next, RapidSim is used to calculate the efficiencies
for HNL masses which are not available in the fully simulated samples and these effi-
ciencies are used to estimate the sensitivity of the analysis. Furthermore an estimate

for the expected sensitivity of an HNL search in N — pu*7~ is calculated.
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1 Introduction

1.1 Motivation

In today’s understanding of physics, the Standard Model (SM) of particle physics is a
very well tested model and provides answers to many fundamental questions. However,
there are some phenomena that cannot be explained within the Standard Model and
there is experimental evidence that physics beyond the Standard Model exists. There-

fore a big focus in modern particle physics is the search for New Physics.

The existence of heavy neutral leptons (HNLs) might be an explanation to some ob-
served phenomena like the mass of neutrinos, dark matter and baryon asymmetry in
the universe. Several attempts to search for HNLs have been performed, but although

a large fraction of the parameter space was explored, no HNLs have been found so far.

There has also been a search for HNLs by the LHCb collaboration. Using Run 1 data,
an analysis in the exclusive channel Bt — u*(N — p*n~), where N is the HNL, was
performed. However, this exclusive analysis was not able to improve limits coming from
other experiments. This thesis contributes to a new analysis that uses Run 2 data to
search for HNLs in the inclusive decay channel B — Xyt (N — pn~), where X stands
for non-reconstructed particles. This search inclusively targets HNLs from various par-
tially reconstructed B meson decays. With this method it is expected to reach a higher

sensitivity than the previous exclusive analysis.

The goal of this thesis is to study the detector acceptance for various HNL masses. The
HNL mass cannot be predicted from theory and in the LHCb Monte Carlo (MC) data
only a few HNL masses are fully simulated. It is important to know the detector accep-
tance for more than these few HNL masses to estimate the sensitivity of this analysis.
The program RapidSim is used to produce generator level Monte Carlo data in the HNL
mass range of 1 to 6 GeV. The efficiencies determined in this thesis are used to estimate

the sensitivity of the analysis.



Moreover, RapidSim is used to determine the detector acceptance for an inclusive HNL
search in N — pm. With the calculated efficiencies the sensitivity of this analysis is

estimated.



1.2 The LHCb experiment

1.2.1 General overview of the LHCb detector

CERN, the European Organization for Nuclear Research, is the home of the largest
and most powerful circular collider ever built: the Large Hadron Collider (LHC). The
LHC has a circumference of 27 kilometers. There are four main experiments observing
pp collisions at the LHC. These are ATLAS, CMS, ALICE and LHCb. This thesis
considers the LHCb detector, which is the smallest of the four main experiments. At
LHCb mainly decays that include hadrons with beauty- or charm quarks are studied
(B and D hadrons). With the LHCb experiment physicists want to perform precision
measurements of loop included processes such as CP-violations and very rare decays in
order to test the Standard Model and search for physics beyond the Standard Model.
Until now LHCb had two runs. Run 1 took place from 2009-2013 with an integrated
luminosity of 3 fb~! and a center-of-mass energy of \/s = 7.8 TeV. Run 2 took place from
2015-2018 with a center-of-mass energy of /s = 13 TeV and an integrated luminosity of
5.9 fb=!. Currently the LHCb detector is shut down and upgraded to make it possible
to operate at a five times higher instantaneous luminosity in Run 3 than in Run 2.
Furthermore the experiment plans to run at 40 MHz readout. The online event selection
will be done entirely by software [11]. A cross section of the LHCb detector can be found
in Fig. 1.1.

The LHCDb detector is a single-arm forward spectrometer. In the LHCb detector the
z-axis is defined parallel to the beam axis. If the beam goes from the interaction point
towards the muon stations M1-M5 (see Fig. 1.1) the beam goes downstream. If it goes
in the opposite direction it goes upstream. In fig. 1.1 the y-axis points up and the x-axis,
which points away from the center of the LHC accelerator ring and is parallel to the

ground, points out of the figure. The pseudorapidity is defined as
n = —In[tan(0/2)] (1.1)

where 6 is the horizontal angle in the z-y-plane. The LHCb detector covers a pseudora-

pidity range of 2 < n < 5.

1.2.2 Tracking System

An important part of the detector is the Vertex Locator (VELO). The VELO is used
to identify the decay vertex of B and D mesons. It covers the angular acceptance of the

detector in 2 < n < 5. The VELO measures the distance between the collision point, the



so-called primary vertex, and the decay point of the B/D hadrons, the secondary vertex,
with a resolution of 10 ym. Further information for track reconstruction is obtained via
the Trigger Tracker (TT), which gives first estimates of the particles momenta and
measures the trajectories of low-momentum particles that might not be tracked in the
tracking stations due to deflection in the magnets. The tracking stations (T1-T3), which
are separated into Inner Tracker (IT) and Outer Tracker (OT), measure momenta of the
particles. The Inner Tracker has a resolution of about 50 um in x direction. The Outer
Tracker has a spatial resolution of about 200 pum for reconstructed ionising particle
beams [12].

1.2.3 Particle Identification System

At LHCD the RICH detector (RIng CHerenkov imaging detector) identifies various differ-
ent particles utilizing Cherenkov radiation. The RICH system is made of two detectors,
which are placed at different positions. While RICH1 is upstream of the magnet hav-
ing the function to identify low momentum particles, RICH2 identifies particles with

higher momenta and thus it is placed downstream of the tracking stations. In the LHCb
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Figure 1.1: The LHCb detector [10]



calorimeter system there are the Scintillating Pad Detector (SPD), the PreShower (PS),
the Electromagnetic CALorimeter (ECAL) and the Hadronic CALorimeter (HCAL).
They measure the energy of electrons, photons and hadrons that have high transverse
momentum. The information from ECAL and HCAL are crucial for particle identifi-
cation. At the end of the detector there are the muon stations (M1 - M5). M1 has
the function to improve the pr measurement and is therefore placed upstream of the
calorimeters. M2-M5 are placed downstream of the calorimeters and are used to measure

the path of the muons.

1.2.4 Trigger System

The LHCD detector records a huge amount of data (ca. 1 TB per second). It is not
possible to store all this data, thus triggers are needed. The first trigger, the level zero
trigger, L0, is included in hardware and used to select particles which deposit energy
in the calorimeters and have high transverse energy, Er, and transverse momentum,
pr. There are two other triggers, High Level Triggers (HLT1 and HLT?2), which are
implemented in software. HLT1 and HLT2 fully reconstruct the events and also verify
the hardware trigger decision. After the reconstruction there are two possible cases:
signal candidates can be Trigger On Signal (TOS), which means that the particle that
triggered the trigger decision belongs to the signal , and Trigger Independent of Signal
(TIS), which means that the triggering particles do not belong to the signal decay.

1.2.5 Monte Carlo Simulations

In many cases physicists work with simulated data of certain decays before looking at
the real data. In that way one can develop and test the analysis strategy beforehand
and see how the data should look like if one e.g. is investigating phenomena beyond
the Standard Model. In a Monte Carlo simulation one randomly produces data that
should describe the data measured in the experiment. At LHCb Monte Carlo events
are generated within the GAUSS framework. PYTHIA is used to produce proton-proton
collisions and EVTGEN simulates the further decay of unstable particles from the proton-
proton collision. GEANT4 is used to simulate the interaction with material. Other

applications are used to simulate the detector and the trigger (see Fig. 1.2).
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Figure 1.2: LHCb data flow [6]

1.3 The Standard Model of Particle Physics

The Standard Model (SM) of particle physics is a theory that classifies and describes
the behaviour of subatomic particles and three out of the four fundamental forces: the
weak interaction, strong interaction and electromagnetic interaction. It is a very well
tested theory, but still there are some phenomena that cannot be explained within the
Standard Model like the mass of neutrinos or the existence of dark matter.

Within the Standard Model there are two different classes of fundamental particles:
Fermions and bosons. All matter and anti-matter particles are fermions and therefore
have a half-integer spin. There are twelve matter particles and twelve corresponding
anti-matter particles, which have the same mass, but opposite charges and quantum
numbers. Six of them are quarks and the other six are leptons. Of those six leptons
three are charged and three don’t carry charge. In the Standard Model the forces
are described by Quantum Field Theories, where the interactions are mediated by the
exchange of gauge bosons. For the weak interaction this boson is the W/Z boson, for
the electromagnetic it is the photon and for the strong interaction the gluon. The Higgs
boson is a recent addition to the Standard Model. It is responsible for the mass of
particles. The bosons all have spin 1, except for the Higgs boson, which has spin 0. In
this thesis natural units are used, which means ¢ = h = 1. At low energies, quarks exist
only in bound states due to confinement. Hadrons are particles that consist of several
quarks. If the number of quarks in a hadron is odd (usually three), it is called a baryon.
If the number is even (usually two - a quark-antiquark pair), it is called a meson. In

this thesis, the focus lies on B mesons.

1.3.1 Neutrinos and Neutrino Oscillations

In the Standard Model, there are neutrinos in three lepton flavors: tau neutrinos (v, ),

electron neutrinos (v.) and muon neutrinos (v,). In all previous experiments neutrinos



were found to have a left-handed helicity, which means that their spin and momentum
are anti-parallel. Usually particles exist in the left-handed and the right-handed (spin
and momentum parallel) state. The heavy neutral leptons searched in the analysis to
which this thesis contributes to are right-handed neutrinos. Neutrinos can oscillate.
This means that e.g. a tau neutrino v, doesn’t have to stay a v, forever, instead it
can oscillate into an electron neutrino v, or an muon neutrino v,. A first experimental
hint for neutrino oscillations was found in the 1960s when the Ray Davis’s Homestack
experiment detected a deficit in the flux of solar neutrinos compared to predictions from
the Standard Solar Model. However a clear evidence for neutrino oscillations was only
found in 2001 at the Sudbury Neutrino Observatory [7]. Neutrinos oscillate because their
weak eigenstate, a quantum state produced by the weak interaction, is not the same as
their mass eigenstate, which means that the weak eigenstates don’t have a well defined
energy. In the Pontecorvo Maki Nakagawa Sakata matrix (PMNS matrix) information
about the mismatch between those quantum states is given. A similar matrix is the
CKM matrix, which describes the mismatch of the eigenstates of quarks when they
propagate and interact with the weak interaction. While the CKM matrix being close

to unity shows a clear pattern, the PMNS matrix doesn’t. Neutrinos propagate as a

mass - =2.3 MeV/c? =1.275 GeV/c? ~173.07 GeV/c? 0 ~126 GeV/c?
charge —» 2/3 u 2/3 C 2/3 t 0 0
spin > 1/2 y 112 g 112 7 1 9 0
Higgs
up charm top gluon boson
~4.8 MeV/c? =95 MeV/c? =4.18 GeV/c? 0
-1/3 d -1/3 S 113 b 0 \
1/2 12 g 12 / 1 %
down strange bottom photon
0.511 MeV/c? 105.7 MeV/c? 1.777 GeV/c? 91.2 GeV/c?
-1 -1 1 0
1/2 e 1/2 u 1/2 T 1 ;
electron muon tau Z boson
3 <2.2 eVic? <0.17 MeV/c? <15.5 MeV/c? 80.4 GeV/c?
= 0 0 0 +1
= L ])e 12 1)].1 12 ])T 1 W
. electron muon tau
neutrino neutrino neutrino W boson

Figure 1.3: Elementary particles in the Standard Model [9]



Particle Quark content Mass |[MeV| Mean lifetime [s |

Bt ub 5279.2 1.6 x 10712
B0 db 5279.5 1.5 x 10712
BY sb 5366.3 1.5 x 10712
BFf cb 6276.0 4.6 x 10713
7t ud 139.6 2.6 x 1078
0 uii/dd 135.0 8.4 x 10717
pt ud 775.4 4.5 x 1072
P° uti/dd 775.5 4.5 x 1072
D+ cd 1869.6 1.0 x 10712
DO ct 1864.8 41 %1071
D+t cd 2010.3 6.9 x 1072
D*0 ctl 2007.0 3.1 x 10722
D*+ cs 1968.5 5.0 x 10713
D+ cs 2112.3 3.4 x 1072

Table 1.1: Different mesons that appear in beauty decays, their quark content, mass
and mean lifetime (charge conjugates are implied) [§|

linear coherent superposition of the mass eigenstates. If the mass of the neutrinos in
their mass eigenstate is not the same for all mass eigenstates, a phase difference between
the different components occurs which leads to the existence of neutrino oscillations. If
the mass of the neutrinos in their eigenstates is not the same, the mass cannot be zero
for all neutrinos. Even though the mass of the neutrino is unknown until now, upper
limits can be set (m, < 0.8 eV at 90% CL [1]). It is clear that the neutrino mass is

much smaller than the masses of other SM particles. It is unknown why this is the case.

1.3.2 Heavy Neutral Leptons

Heavy neutral leptons (HNLs), also known as sterile neutrinos N, are hypothetical
particles that are part of the compact Neutrino Minimal Standard Model (vMSM). If
they exists, heavy neutral leptons interact with Standard Model fields the same way as

the known SM neutrinos:

LuNL, int = W+NCZ (1 —=rs)¢, (1.2)

Gp

+ 4COS (gw> Z Uany ( 75) Vo + .C.

The only difference is that the coupling is strongly suppressed by the mixing angles

Uasn. In this equation G is the Fermi constant and 6y, the Weinberg angle, which gives

10



the strength of the coupling. The HNL is N¢ and U*y is the matrix that includes the
mixing angles between the active neutrinos and the HNL. The Dirac matrices are 5 and
~*. The interaction of the HNL with charged leptons (¢,) via a W boson is described
in the first part of the equation. In the second part the interaction of the HNL with
uncharged leptons (v,) via a Z boson is described. The sum runs over all lepton flavors
(o = 7, u,e.) The HNL mass my, the HNL lifetime 7 and the mixing angles U,y are

dependent on each other:

1
-« I' o m3 U2y (1.3)

where I' is the decay width. The mixing probability between active neutrinos and the
HNL is given by U2,. Tt is not possible to predict the mass, U,y or the lifetime of the
HNL from theory, they are correlated input parameters to the theory|3|.
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2 Determination of the detector

acceptance

2.1 Definition of the fiducial volume

The analysis to which this thesis contributes to aimes to search for HNLs in B —
XptN(— p*r¥F). To estimate and optimize the sensitivity before looking at the data,
full Monte Carlo data is produced. However, these fully simulated Monte Carlo samples
are only available for few HNL masses and lifetimes (see Table 2.1). The analysis is
split into semileptonic decays, leptonic B, decays and leptonic BT decays. An exact

definition of these decays is given later.

| decay channel | HNL masses [GeV] | HNL lifetimes [ps] |
semileptonic decays || 1.6, 2, 3, 4 100, 1000
leptonic B, 1,1.6,2,3,4,5,5.5,6 | 0,10, 100, 1000
leptonic B* 1,2,3,4,45,5 0, 10, 100

Table 2.1: masses and lifetimes for which fully simulated MC samples are available

However, to estimate the sensitivity of this analysis samples at more masses and lifetimes
are needed. Omne possible solution would be to generate more full Monte Carlo data,
but this would be very time-consuming. Therefore another approach is taken: For the
sensitivity estimates it is required to know what fraction of simulated signal decays is
reconstructed in the detector. This is the so-called total efficiency. For this analysis it
is decided to split the total efficiency into two parts: The reconstruction efficiency and
the fiducial volume efficiency. The fiducial volume efficiency is defined as the region of
p, pr and n of the particles of the signal decay that can be reconstructed with high
efficiency. The fiducial volume efficiency can be calculated at generator level since p, pr
and 7 are measured with very good precision at LHCb. A cut on the reconstructed p
has the same efficiency as a cut on the true p. The fiducial volume cuts used in the HNL
analysis can be found in Table 2.2. The cuts on the pseudorapidity of the particles are

placed according to the geometry of the detector. The cuts on p and pr are optimized
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taking into account the existing trigger selections. The optimization was performed by

Maurice Morgenthaler, a master student of the Heidelberg LHCb group.

’ particle H Tmin ‘ Mmax ‘ pr |GeV]| ‘ p [GeV] ‘

min 1 p || 2.0 45 | >1.1 >10.0
both o || 2.0 [ 4.5 | >0.3 >3.0
T 20 |45 | >1.0 >3.0
HNL 20 (45 | >20 >28.0

Table 2.2: fiducial volume cuts

The reconstruction efficiency is defined as the number of signal decays in the fiducial
volume on reconstruction level after offline and trigger cuts have been applied divided

by the number of signal decays in the fiducial volume at generator level.

#signal decays on reconstruction level after F'V, offline and trigger cuts
€reco =

2.1
#signal decays on generator level after FV cuts (2.1)

The trigger and offline cuts used in this analysis are given in Table 2.3 and Table 2.4.

’ Level H Trigger line H TOS (see sec. 1.2.4) on ‘
LO Muon or DiMuon o
HLT1 || TrackMuon o
HLT2 || Topo(Mu)2Body B — pumw
ExoticaRHNu
MajoranaBLambdaMuDD (only SS muons, prescale 20%)

Table 2.3: trigger cuts

Tracks pr >0.25 GeV, X7k <4y Pyhost <0.35

Muons | p =3 GeV, x2p 12, PID, -0, PID,-PIDx, ~0

Pion p >2 GeV, x3p >10, InMuonAcc = 1, isMuon = 0, ProbNNy >0.1
N = pm || m >1.5 GeV, pp >0.7 GeV, x3,,/dof <10, x3,4ppy >100,
DIRApy >0.996, DIRAg >0.996

B — pum || m <6.5 GeV, x2,, <4,

DIRApy >0.99, (Bvtx - Nvtx), >-1(+4) mm for SS(OS)

Table 2.4: offline cuts

The offline cuts select HNL candidates with a momentum pointing back to the primary
vertex and the B decay vertex. The cuts on the pion and the muon guarantee well
reconstructed trajectories in the tracking system and good particle identification.

The fiducial volume efficiency is the number of signal decays at generator level after the

fiducial volume cuts divided by the number of signal decays without any cuts.
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#signal decays on generator level after FV cuts

€Ery = (22)

#signal decays on generator level

Multiplying the reconstruction efficiency and the fiducial volume efficiency leads to the

total efficiency of the reconstructed signal decays in the fiducial volume:

NFV Nreco
Ntotal NFV

(2.3)

€total = €EFV * €reco =

Here N is the number of signal decays.

The reason for splitting the total efficiency into reconstruction efficiency and fiducial
volume efficiency is that the total efficiency is mass dependent. Since only data for few
HNL masses is given in the full Monte Carlo simulation it would be imprecise to just
interpolate the total efficiency between these masses. However, since the definition of the
reconstruction efficiency, €,..,, is designed to be approximately flat as a function of HNL
mass, it is possible to interpolate the reconstruction efficiency between the HNL masses
of the available full Monte Carlo samples. The fiducial volume efficiency is dependent
on the HNL mass, therefore more Monte Carlo data is needed for a precise interpolation
between the HNL masses. However, as mentioned earlier generator level simulation is
fully efficient to determinate the fiducial volume efficiency egy. The goal of this thesis
is to produce this additional Monte Carlo data with a fast Monte Carlo generator called
RapidSim and to study the fiducial volume efficiency.

Firstly RapidSim needs to be evaluated to reproduce the full simulation. For this
InLHCbAcceptance cuts (see Table 2.5) are applied to the MC data generated with
RapidSim, because the full MC data is only available with the InNLHCbAcceptance cuts.

’ particle H TJmin ‘ Tmax ‘
both p || 1.59 | 5.3
T 1.59 | 5.3

Table 2.5: InLHCbAcceptance cuts

In order to compare full and fast MC simulation the fiducial volume efficiency in LHCb
acceptance, €pvinrHC), 1S determined. In contrast to the total fiducial volume efficiency,
the fiducial volume efficiency in LHCb acceptance has the InNLHCbAcceptance cuts ap-

plied in the denominator.

#signal decays on generator level after FV cuts

(2.4)

€FVi =
FVinLHCb #signal decays on generator level after INLHCbAcceptance cuts

15



2.2 RapidSim

RapidSim is a fast Monte Carlo generator. It is specialized for the generation of B
hadron decays. It is based upon the TGenPhaseSpace class from RoOT. RapidSim is
much faster than usual Monte Carlo generators because it generates only the decaying
particle and not the underlying event, e.g. for the B production it doesn’t simulate the
pp-collision, but instead takes the B meson spectra from a histogram, in which the B
production spectrum data, that was simulated with PYTHIA, is stored [5]. Whenever the
term "fast Monte Carlo" is used in this thesis, this refers to Monte Carlo data generated

with RapidSim. The documentation of RapidSim can be found here [4].

2.3 Crosscheck of full Monte Carlo data

Producing the generator level Monte Carlo data with RapidSim is a good opportunity
to crosscheck the full Monte Carlo data. In the full Monte Carlo simulation all decay
channels are simulated separately, thus the data sets need to be weighted according to
their contribution. Therefore it is useful to check if RapidSim produces Monte Carlo
samples that are similar to the reweighted full Monte Carlo samples. The first step in
this project is to produce fast Monte Carlo data with the same fiducial volume cuts than
in the full MC samples. Thus the decay B® — 7 u™(N — 7 u') is used. Fast MC
data was generated successfully and the distributions of the different variables match (see
Fig. 2.2, 2.3 and section 5). In this crosscheck it was discovered that in the full Monte
Carlo samples there is the cut 1.59 < n < 5.3 applied on all charged final state particles,
which means that in the investigated decay channel B — X,.m u (N — p77) the cut
is also applied on some of the particles that are not reconstructed, X, (see Fig. 2.1).
This cut was mistakenly applied in the production of the full Monte Carlo samples. This
will have to be taken into account in the final analysis. The effect of this mistake is
studied in this thesis (see section 2.5). To be able to compare the full MC data and the
fast MC data the 7-cut was applied to all X, particles in RapidSim as well, but was

removed for the fiducial volume calculations.
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2.4 The decay B —» 7~ ut (N — wput)

After checking that RapidSim reproduces the distributions of the full simulation rather
well, first only the fiducial volume efficiency in LHCb acceptance for the decay B® —
7 put (N — 7~ pt) is studied. To determine how much the efficiencies from full and fast

Monte Carlo data differ, the relative difference A, was calculated for every HNL mass
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Figure 2.4: in plot: fiducial volume efficiencies in LHCb acceptance for decay B® —
7 put (N — 7 pt) calculated with full MC data and with fast MC data. In
table: relative differences and pull at different masses for the same decay

that is included in the full MC sample as follows

fast full
A, — SFVinLHCb — CFVinLHCb (2.5)
r fast :
€FVinLHCb

In this formula e} . is the fiducial volume efficiency in LHCb acceptance calculated
from the full MC samples and e{;‘l‘fﬁnL ey is the one calculated from the fast MC data.
If the relative difference is smaller than 5% the HNL search will not be limited by
this uncertainty, thus it has been shown that RapidSim is valid to evaluate the fiducial
volume efficiencies in this channel. The results of the calculation of the fiducial volume

efficiency in LHCb acceptance is shown in Figure 2.4.

2.5 Semileptonic decays

Given that for the decay B® — 7 u™(N — 7 u™) the fiducial volume efficiencies
in LHCb acceptance, €pvinrmce, from the fast and full MC simulation fit very well
together, more decays are included. Since the analysis is split in semileptonic decays,
leptonic B, decays and leptonic BT decays, the efficiencies are also calculated separately.
The reason for the splitting is to gain a higher sensitivity. The leptonic decays are fully
reconstructable and therefore have a much smaller background. The semileptonic decays

are dominant at low HNL masses and the leptonic decays are dominant at higher masses.
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Figure 2.5: The decays in the red box are the semileptonic decays used in this analysis
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Figure 2.6: in plot: fiducial volume efficiencies in LHCb acceptance for semileptonic
decays calculated with full MC data and with fast MC data. in table: relative
differences and pulls at different masses for semileptonic decays

For simplicity, only the 10 dominant semileptonic decay channels are considered in this
analysis. The list can be seen in Fig. 2.5.

The fiducial volume efficiencies in LHCb acceptance, €pvi,rucs are calculated success-
fully and they fit to efficiencies calculated from the full MC data.

As one can see in Figure 2.6 there is a pull of 4.4 ¢ at 1.6 GeV. Although the pull is high,
this is considered acceptable since the relative difference of 2.6 % is still small enough.
The high pull comes from the high number of events that are available in the full and
fast MC samples at 1.6 GeV, which leads to a very small uncertainty:.

19



After seeing the agreement between the fiducial volume efficiencies in LHCb acceptance
in full and fast MC samples, more fiducial volume efficiencies in LHCb acceptance for
the masses in between the HNL masses from the full MC samples are calculated. The
result can be seen in Fig. 2.7. The shape of Fig. 2.7 can be explained by the branching
ratios of the different semileptonic decays. Up to 3 GeV there are several decay channels
that include a D meson as X,i,. D mesons have masses of ~ 1.9 GeV, while B mesons
have masses of ~ 5.3 GeV (see Table 1.1). In the decay B — Du(N — pm) the mass
of the D meson already takes up a big part of the phase space, therefore there is not
much energy left for the primary muon so it does not always reach the threshold for
the fiducial volume cuts. Above a HNL mass of 3 GeV there are no semileptonic decays
that have a D meson as X, possible. The leftover decays have m and p as X,.im.
These particles are much lighter than the D meson. The primary muon now has more
energy left than before and can more often reach the threshold for the fiducial volume
cuts.Thus the efficiency increases.

In order to compare full and fast MC samples the 1 cut on X,,;,, that was mistakenly
applied to full MC simulation was also applied in the fast MC simulation. The effect of
this additional cut is investigated. For this investigation the fiducial volume efficiency
was calculated, once with the n cut on X, applied in the numerator and once without
the n cut on X,,;, in the numerator. The result can be seen in Fig. 2.8. The effect
is small, but visible. With the 1 cut on X, applied the fiducial volume efficiency is
slightly lower than the fiducial volume efficiency without the n cut on X,,,,,. If the cut is

not applied there will be a higher number of signal decays in the fiducial volume and the
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Figure 2.7: fiducial volume efficiencies in LHCb acceptance calculated with full and fast
MC data for semileptonic decays
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Figure 2.8: fiducial volume efficiencies calculated from full and fast MC samples for
semileptonic decays with and without X, cut

efficiency increases. The relative differences between the fiducial volume efficiencies with
and without the n cut on X, in the numerator increases by a maximum of 4.7%, but
the increase has a mean of 2.2%. Also the fiducial volume efficiency in LHCb acceptance
with and without the n cuts on X, are compared to the fiducial volume efficiencies
in LHCDb acceptance calculated from full MC samples. The result is that if the n cuts
on X, are not applied the relative differences between the efficiencies from full and
fast MC samples increase by 1.4% to 4.0% (mean: 2.2%).
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Figure 2.9: in plot: fiducial volume efficiencies in LHCb acceptance calculated from full
and fast MC samples for B, decays. In table: relative differences and pulls
at different masses for B, decays

2.6 B, leptonic decays

The fiducial volume efficiency in LHCb acceptance is also calculated for the B. decay
Bf — pt(N — 7 pt).

For 1, 1.6, 5 and 6 GeV the pull is larger than 3 o and at 6 GeV almost 5% relative
difference is reached. However, for other HNL masses the relative differences are low.
With the relative differences mostly being low, these high pulls are acceptable. It is
known that the B, pr spectrum is not correctly simulated in RapidSim.

More full Monte Carlo data is produced in order to investigate the effect of the incorrect
B. pr spectrum since MC data without any cuts is needed for this. However, the new
full MC sample is relatively small, containing only 50000 events. The difference between

the B. pr spectrum from full and fast MC data can be seen in Fig 2.10.
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Figure 2.10: py distribution of B, from full, fast and reweighted fast MC samples

Using this new fully simulated MC data without cuts and fast MC data from RapidSim,
2D histograms where obtained from the log(pr) and n distributions of the full and fast
Monte Carlo samples. By dividing the number of events per bin from the histograms
obtained with full and fast MC data, a weight can be assigned to pr and 7 regions
for which enough events are available. By taking the sum of the weights before and
after the fiducial volume cuts, the fiducial volume efficiency can be calculated. This is
done for the HNL masses given in the full MC sample. As one can see in Fig. 2.11,

the reweighted efficiencies do not vary significantly from the unweighted efficiencies.

15
pr of B. [GeV]

20

Therefore the effect of the incorrectly simulated B, pr spectrum is negligible.
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Figure 2.11: in plot: fiducial volume efficiencies in LHCb acceptance calculated from full
and fast MC samples for B, decays with reweighted fast MC samples. In
table: relative differences and pulls at different masses for B, decays
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Figure 2.12: Fiducial volume efficiencies in LHCb acceptance from full and fast MC
samples for B, decays

The fiducial volume efficiencies in LHCb acceptance are calculated for 100 HNL masses.
The result can be seen in Fig. 2.12.

The shape of this distribution can be explained. With increasing HNL mass the decay
products of the HNL, p and 7, will become more energetic and will more often reach
the threshold needed for the fiducial volume cuts and the efficiency increases as well.
But if the HNL mass gets close to the B. mass there is less energy left for the primary
muon so it stops to reach the threshold for the fiducial volume cuts more and more and

the efficiency decreases.

2.7 BT leptonic decays

For the decay BT — p™ (N — 7~ u™) the fiducial volume efficiencies in LHCb acceptance
are calculated as well. A similar result as for the B, decay is obtained. The relative
differences are always reasonably low, though sometimes a pull of >3 o is reached.
Similar to the B, case this is not a problem. The higher pulls come from a high number

of signal decays which leads to a very small uncertainty.
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Figure 2.13: in plot: fiducial volume efficiencies in LHCb acceptance calculated from
full and fast MC samples for BT decays. In table: relative differences and
uncertainties at different masses for Bt decays

Also for BT the fiducial volume efficiencies in LHCb acceptance are calculated for var-
ious HNL masses in between HNL masses available in the full MC simulation. The
shape of the distribution can be explained with the same argumentation as for the B,
channel: When the HNL mass increases, the decay products of the HNL will become
more energetic and the efficiency rises. But with a heavy HNL the primary muon gets

less energy and the efficiency drops again when the HNL gets heavier.
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Figure 2.14: Fiducial volume efficiencies in LHCb acceptance from full and fast MC
samples for B* decays
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Figure 2.15: fiducial volume efficiencies for semileptonic decays, leptonic B, decays and
leptonic BT decays

2.8 Fiducial volume efficiencies

Given that the fiducial volume efficiencies in LHCb acceptance, €pvinrmacs, calculated
from full and fast MC samples agree very well for all channels, the fiducial volume
efficiencies, epy, are calculated. As expected, the fiducial volume efficiencies are much
lower than the fiducial volume efficiencies in LHCb acceptance, because there are much
more signal decays in the denominator since there are no cuts anymore. The shape of
the efficiency distribution stays the same. The fiducial volume efficiencies for all the

channels can be found in Fig. 2.15.

2.9 Expected number of signal decays including an
HNL

With the previous calculated fiducial volume efficiencies one can now calculate the num-
ber of signal decays that include an HNL in the fiducial volume acceptance. The number

of signal decays is calculated as follows:

Naoeays = L - 2BX Ja R (B, = Xu*N)-BR(N = 77 ) -epv (2.6
€pp—BEX fu

with L being the luminosity, o(pp — B*X) the pp — B*X cross section, BR(b —

XuN) the branching ratio of the B meson decay, in which the HNL is produced and

BR(N — pm) the branching ratio of the decaying HNL. The branching ratios are taken

from a paper by Bondarenko et al. [2]. The cross section is given in a B. pr range of
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Figure 2.16: Number of signal decays in the fiducial volume that include an HNL

0-40 GeV and an 7 range of 2-4.5, therefore a normalization with the efficiency of this
parameter space €,, ,p+x is needed. Since only the decays that are actually within the
fiducial volume are of interest, a multiplication with the efficiency of the fiducial volume
is needed. The cross section is given for pp — B*X, but not only B* mesons are used in
this analysis. Therefore a reweighting with the fragmentation fraction ]{_z is needed. As
one can see in Fig. 2.16 at low HNL masses the semileptonic decays have a really high
number of signal decays. In general the leptonic B, decays always have higher numbers
of decays than the leptonic Bt decays.

This fits to what is expected from theory. In Fig. 2.17 one can see the branching ratio

of the decays. The shape is similar to the shape of Fig. 2.16.
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Figure 2.17: Branching ratios of different decay channels, data from [2]|, plot by Dr.
Martino Borsato

2.10 Expected sensitivity

Furthermore, RapidSim is used to calculate an estimate of the expected sensitivity of
the analysis. The number of reconstructed HNL decays Npnr reco 1S calculated as a

function of the HNL mass and lifetime via

NHNL,reco = Ndecays * €reco (27)

where Ngecqys is the expected number of signal decays including an HNL for a given
coupling U,y and mass my and €,.., the reconstruction efficiency. For the reconstruction
efficiency an estimate based on Maurice Morgenthalers calculations is used. When the
number of reconstructed HNL decays is bigger than three, there will be a peak in the
invariant mass of the decay products of the HNL (u7) which will be detected with 95%
CL. However, if zero signal decays are observed in a specific my-U,y area in the data
and the expected number of signal decays is bigger than three, this area can be excluded.
Previous experiments have already set stringent limits in a huge area of the parameter
space. The expected limits are calculated separately for each decay channel and under
the assumption of zero background. The results of previous limits and the expected
sensitivity calculated here can be seen in Fig. 2.18. As one can see, the leptonic B,

and BT decay channels will most likely not set a new world-best limit. However, for the
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Figure 2.18: Expected sensitivity for semileptonic decays, leptonic B, decays and lep-
tonic BT decays

semileptonic decay channel at masses below 3 GeV the sensitivity is good. Depending on
the background a new limit might be set in this area. The background is expected to be
small because the signal signature is well distinguishable from Standard Model processes
due to the um peak from the decaying HNL, the displacement of the HNL vertex and the
required mass of the pum (m > 1.5 GeV). The analysis distinguishes between signal decay
in which both muons have the same sign (SS) and the opposite sign (OS). In the same
sign case the background can be reduced even more. In leptonic B, and leptonic B™
decays the background is further minimized because the B meson can be reconstructed
from its decay products, pumr.

Even though the background might be too large to set a new limit, this analysis will
have a much better sensitivity than a previous exclusive HNL search at LHCb that was
done on Bt — pu"N(— p~7") in 2013 (see Fig 2.18). Furthermore, in this analysis
only Run 2 data is used. It is expected that the sensitivity of this analysis can be further

improved when Run 3 data is available due to the higher data rate.
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3 Towards an inclusive search for
heavy neutral leptons in

N — ptn—

It is also possible to search for HNLs only using as signature a displaced N — pu*m—.
This means that the HNL can come from all decays that include an HNL. This analysis
has not been done so far. In the low HNL mass range 1-6 GeV the dominant decays
that include an HNL are the previously studied B decays. In the following, an estimate
of the sensitivity of this search is presented.

Like before, the total efficiency is split into fiducial volume efficiency and reconstruction
efficiency. In Table 3.1 one can see the used fiducial volume cuts. They are tighter than
in the current analysis in order to reduce the background. Since this analysis will be
even more inclusive than the current analysis, there will be more background. For the
reconstruction efficiency the same estimate as in the current analysis is used, because full
MC samples have not been produced yet. As a result, the used reconstruction efficiency
is smaller than it should be. A solution for this would be to produce full MC samples
with the cuts needed for the N — pu7m analysis, but this exceeds the time limits of this

thesis.
particle Nmin | Mmaxz | P [GGV] pr [GGV]
i 2 5 >10 >0.5
T 2 ) >10 >0.5
HNL |- - - ~1

Table 3.1: Fiducial volume cuts
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Figure 3.1: Expected sensitivities for current analysis and possible future N — pm anal-
ysis

As one can see in Fig. 3.1 the sensitivity of the possible future N — pm analysis is the
most areas slightly better than in the current analysis. However, in the relevant my area
of less then 3 GeV of the semileptonic decay channel, the sensitivities for the current
analysis and the possible future N — pm analysis are almost the same. As mentioned
above, the reconstruction efficiency for the possible future N — p7 analysis is probably
too low, but at the same time the background rate is expected to be higher. Therefore
it is possible that this analysis will reach a better sensitivity as the current analysis, but

more research is needed to make more precise predictions about this.
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4 Conclusion

In this thesis fast Monte Carlo samples are set up to study the LHCDb sensitivity to

heavy neutral leptons produced in B decays.

The simulated data fits very well to the full Monte Carlo data. A cut that was mis-
takenly applied in the full Monte Carlo data is found and its effect is studied. The
calculated fiducial volume efficiencies in LHCb acceptance fit well to the fiducial volume
efficiencies in LHCb acceptance that are calculated from full Monte Carlo data at the

given HNL masses.

The data produced with RapidSim is used to calculate the fiducial volume efficiencies for
many masses in the mass range between 1 and 6 GeV. Detailed plots of the behaviour
of these efficiencies are now available. Additionally, it is calculated how many signal

decays that include an HNL are expected to be in the fiducial volume region.

Furthermore, the fiducial volume efficiencies are used to calculate the expected sensitiv-
ity that this analysis will possibly reach. Although the sensitivity of this study might
not be good enough to set a new world-best limit, a huge improvement in comparison
to the previous HNL search at LHCb has been made. In addition to that, RapidSim is
used to calculate the expected sensitivity for an HNL search in N — p™7~, which is a
possible future analysis. The results show that it is likely that this analysis will lead to
better sensitivities as the current one. More research needs to be done in order to give

more precise answers to this.
This thesis shows that RapidSim is a good tool that can also be used for possible future

studies. In suitable cases one can avoid producing fully simulated Monte Carlo data

which is often time-consuming by using RapidSim.
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5 Appendix

Plots from the comparison between full MC data and fast MC data for the decay B —
Tt (N = ptrT)
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