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Abstract

During the µ− 3e experiment we faced the challenge of reconstructing the paths
of certain low momentum particles that curled back into the detector and cause
additional hits. To face this, a recurrent neural network was used which found the
right track for 87% of these particles.
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1 Standard Model

1.1 Elementary particles and forces

The Standard Model(SM) describes all known elementary particles as well as three of the
four known forces1.
The elementary particles that make up matter can be split into two categories, namely
quarks and leptons. There are 6 types of quarks and six types of leptons. The
type of a particle is conventionally called flavour. The six quark flavours and the
six lepton flavours are separated over 3 generations (each which two quarks and
two leptons in it). Experimental evidence suggests that there exist exactly three
generations of particles. Each particle of the first generation has higher energy
versions of itself with the same characteristics (e.g. e− → µ− → τ−)as in other gen-
erations. Contrary, each following generation has a higher mass than the generation before.

Table 1: Quarks in the Standard Model

Quarks
Particle Q[e] mass

GeV

1. Gen. up u −1
3

0.003
down d 2

3
0.005

2. Gen. strange s −1
3

0.1
charm c 2

3
1.3

3. Gen. bottom b −1
3

4.5
top t 2

3
174

One category consists of quarks(q)(see Table 1). In this, we differentiate between
up-type quarks, with charge −1

3
e, and down-type, quarks with charge 2

3
e. Quarks interact

with all fundamental forces.
Each quark carries a property called colour-charge. The possible color charges are red(r),
green(gr), blue(bl) in which anti-quarks carry anti-colour. Quarks can only carry one
colour, whilst every free particle has to be colorless2. In conclusion we cannot observe a
single quark.
Free particles can achieve being colourless in two ways. Either by having all three colors
present in the same amount (one quark of each color), which creates the characteristic
group of baryons(qqq) and anti-baryons(q̄q̄q̄) or by having a color and its anticolor present,
which creates the group of mesons(qq̄).

1Strong, weak and electromagnetic forces
2Colour confinement
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Table 2: Leptons in the standard model

Leptons
Particle Q[e] mass

GeV

1. Gen. electron e− −1 0.005
neutrino νe 0 < 10−9

2. Gen. muon µ− −1 0.106
neutrino νµ 0 < 10−9

3. Gen. tau τ− −1 1.78
neutrino ντ 0 < 10−9

The other group consists of leptons(l)(see Table 2). They only interact through the
weak and the electromagnetic force. Each generation consists of a lepton of charge -1 and
a corresponding EM neutrally charged neutrino. The electron has the lowest energy of all
charged leptons. This makes the electron stable while the higher generation particles
decay to lower energy particles.

The leptons of one generation, namely the charged lepton and its corresponding
neutrino are called a lepton family. A lepton of a family counts as 1 to its corresponding
lepton family number whilst a anti-lepton counts as -1.

Table 3: Fundamental forces

Force Strengh Boson Spin Charge mass
GeV

Strong 1 gluon g 1 0 0
Electromagnetism 10−3 photon γ 1 0 0
Weak 10−8 Z boson Z 1 0 80.4

10−8 W boson W± 1 ±1 91.2

The particles of the SM interact through the 3 fundamental forces of the SM. In these
interactions, particles called bosons are being exchanged which are the carriers of their
respective force (see Table 3).
As mentioned above, only quarks can interact through the strong force, in which they
exchange gluons. Gluons are massless and EM neutrally charged. The strong force has
the biggest coupling strengh of 1 (though it decreases with higher energies as a result of
gluon-gluon self interaction loops, which interfere negatively in perturbation theory)3. A
gluon carries colour charge and hence can change the colour of a quark but it conserves its
flavour. The strong interaction has an underlying gauge symmetry of SU(3). Therefore, it
can be derived that color charge is conserved through the strong interaction4.
The electromagnetic(EM) force is propagated through the photon. It carries zero
charge and no invariant mass. Exclusively charged particles can interact through the
electromagnetic force. The coupling strength is α ≈ 1

137
, contrary to the strong force the

3Mark Thomson - Modern Particle physics - 10.5.2
4E.g. through Gell-Mann matrices
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coupling constant increases with higher energies5. This difference stems from the fact
that photon-photon interaction loops are not allowed whereas gluon-gluon interaction
loops are. In perturbation theory this results in only positive terms being added to the
coupling strength. The underlying gauge symmetry is of SU(1). The electromagnetic
force also conserves flavour.
The weak force has two types of bosons. The bosons of the weak force are the only bosons
to have an inertial mass.
First we will discuss the EM neutrally charged Z boson6. Even though the Z boson
belongs to the weak force it, it also has an electromagnetic part additionally to the weak
force part7. It follows directly, that the Z boson couples weaker to uncharged particles.
The other boson of the weak force is the W boson8. In the classical SM, the only way
particles can change flavour is through the weak force by emitting or absorbing W boson.
It is important to notice that, besides of having an invariant mass, the W boson is the
only boson with a non zero charge (QW± = ±1e). In the gauge symmetry of the weak
force the W± are actually the creation and annihilation operators of said symmetry9.
An important characteristic of the weak force is that it exclusively couples to left-
handed(LH) particles and righthanded(RH) antiparticles (describing chirality states)10.
The chirality operators for left- and righthandedness are:

LH: 1
2
(1− γ5), RH: 1

2
(1 + γ5)

As a consequence RH particles and LH anti-particles cant couple to the W bo-
son at all. This also results in charged RH particles and LH anti-particles to couple to
the Z boson only through the electromagnetic part of the itself, while uncharged RH
particles and LH anti particles (e.g. RH ν, LH ν̄) don’t couple with the EM force nor the
weak force.

1.2 Interaction rules

Now we will establish the general rules for interactions in the SM.

Baryon number is conserved
As we already established before, the only interaction that can change flavour is the weak
force through the W boson. We directly see that all other interactions baryon number
has to be conserved. So any up-type quark can be changed to a down-type quark and
backwards by emitting or absorbing a W boson. In the end however, there are still 3
quarks which form a baryon11, even though it changed its type and charge. A well known
example is the beta decay, where a down quark in a neutron decays into a an up quark
to form now a proton(e.g. see Figure 1a). We easily see that the baryon number is
conserved.

5Mark Thomson - Modern Particle physics - 10.5.1
6Discovered at Super Proton Synchrotron accelerator - Cern - 1983
7Z → EMpart +W 3, Modern Particle Physics - Blababla
8Discovered at Super Proton Synchrotron accelerator - Cern - 1983
9W± = W1 ± iW2

10In the ultrarelativistic limit helicity and chirality eigenstates are the same
11I exclude qq̄ pair-antipair production to form a pentaquark(qqqqq̄) and other exotic states
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(a) Feynman diagram of the β-decay
(b) Feynman diagram of a µ-decay

Lepton family number is conserved
According to the SM lepton family number is conserved. As all interactions beside the W
conserve particle flavour, it is easy to see that lepton family number is conserved.
Whenever a lepton interaction with a W boson, it just changes a lepton to its corresponding
lepton neutrino and or the other way around (e.g. see Figure 1b).
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2 LHCb Experiment

2.1 LHC

The Large Hadron Collider (LHC) is a proton-proton synchrotron situated nearly 200 m
below the surface in a tunnel. The ring of superconducting magnets has a total length of
27 km containing two beam pipes filled with protons that are brought to collision at several
points. Those collisions occurred at a total centre-of-mass energy of

√
s = 7 TeV in 2011

and 8 TeV in 2012. After an upgrade, the energy has been increased to the centre-of-mass
energy of 13 TeV in 2015 and 2016. The proton beams interact simultaneously in four
detector points in the LHC ring which experiments built around, ATLAS, CMS, LHCb
and ALICE. Two of them, CMS and ATLAS, are more general-purpose experiments with
a toroidal structure covering the whole space around the interaction point and operating
at the full collision rate. With another goal in mind, there is also ALICE, an experiment
designed to study gluon-plasma and high-density events. For a fraction of the running time,
the LHC is filled with lead-ions in order to create lead-proton or lead-lead interactions.

2.2 Detector

The Large Hadron Collider beauty (LHCb) is one out of four experiments situated at the
LHC at CERN [6]. The LHCb is designed to perform high-precision measurements of
particles containing b and c quarks to study rare decays and CP violation. In contrast to
the other experiments located at the LHC, the LHCb is a single-arm forward spectrometer.
This allows for measurements in the region of the pseudorapidity range 2 < η < 5, the
predominant flight direction of bb-production.

Figure 2: A schematic view of the non-bending plane of the LHCb detector. Particles are
produced in the collision point on the left side inside the vertex locator and are bent by the
magnet afterwards.
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2.2.1 Vertex locator

An important aspect of the b and c physics is the tracking of the particles close to the
interaction point in order to precisely determine the primary and secondary vertices of
heavy mesons. At the LHCb this is achieved with the vertex locator (VELO), a series of
modules with sensors made up of lightweight, radiation-hard silicon-strips. Each sensor is
able to either measure the azimuthal coordinate or the radial distance to the beam axis, a
single module contains both complementary sensors. The tracker is located about 8 mm
from the aligned beam and is placed inside a beam-pipe independent vacuum system.

2.2.2 Tracking system

In addition to the VELO, several other tracking stations measure the tracks and bending
of the particles. In front of the 4 Tm dipole magnets, the Tracker Turicensis is installed. It
consists of four layers of silicon-strip detectors and allows for the detection of low-momenta
particles which will be bent away in the magnetic field.

After the dipole magnet, the three tracking stations T1, T2 and T3 are placed. Each
of them consists of an inner tracker situated close to the beam pipe and an outer tracker,
covering the largest area of the tracker plane. The inner tracker is a silicon-strip detector
covering the area with a high density of tracks. Another detector technique is used in
the outer tracker as it covers a greater area without the need for the same precision as
required in the inner tracker. In this case four layers of straw tubes filled with gas are
used as drift chambers.

2.2.3 RICH

In b physics it is important to have a good discrimination between charged particles, e.g. K
and π. In order to achieve a good particle identification, there is a ring imaging Cherenkov
detector (RICH) on each side of the magnet, which measure the Cherenkov emission
angle θc. The Cherenkov radiation is detected by pixel hybrid photon detectors. As the
angle of the radiation relative to the particles flight direction depends on the velocity of
the passing particle only, using additionally the information about the momentum from
the tracker allows to determine the mass of the particle and therefore its identity. The
Cherenkov angle also depends on the materials refractive index the charged particle is
passing through. In order to cover a large momentum range with a good angle resolution,
the RICH detectors are filled with materials of different refractive indices.

2.2.4 Calorimeter

A calorimeter measures the total as well as the differential energy loss by completely
absorbing it through interactions with the material. For the LHCb, a classical architecture
of an electromagnetic calorimeter (ECAL) in front of a hadronic calorimeter (HCAL)
was chosen. Both are optimized for particle identification, mostly for e/π and π0/γ
discrimination, as well as for a fast readout. The information will be used, among others,
in the first trigger stage (see Sec. 2.3).

In front of the ECAL, a scintillator pad detector is placed to detect the pass-through
of charged particles followed by a pre-shower detector. The ECAL itself is built of a
sampling scintillator/lead structure (shashlik technology) and has a total depth of 25X0.
As the hit density rapidly drops with increasing distance from the beam pipe, the ECAL
is split into three different sections with appropriate cell sizes.
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The HCAL of the LHCb is a sampling calorimeter with a special structure. It consists
of lead/scintillator tiles directed parallel to the beam-pipe. Each thin row consisting of
several tiles has a neighbour-row with inverted lead/scintillator tiles. The scintillation
light is detected by photomultiplier tubes and collected by fibres. The total length equals
to 5.6 hadronic interaction lengths.

2.2.5 Muon system

The muon system is responsible for the identification of muons and provides a standalone,
fast signal to the trigger in case of muons with high transverse momentum (pT) passing
it. The whole system is composed of the five stations M1–M5. M1 is placed in front of
the calorimeters to improve the pT resolution whereas the others are located downstream.
The stations are separated by iron absorbers to prevent any non-muons from passing
through the detectors. All systems provide spatial resolved hit information with decreasing
segmentation scale for increasing distance to the beam pipe. M4 and M5 are mostly used
for penetration testing and offer only sparsely location informations.

2.3 Trigger

At the nominal LHC conditions, the bunch crossing frequency can reach up to 40 MHz
which leaves 25 ns in between two crossings. This high frequency has to be reduced down
to 1 kHz in order to be able to store the data for offline analysis. Two trigger-systems, a
low-level trigger (L0) and a high-level trigger (HLT) consisting of two stages, HLT1 and
HLT2 select which events to keep.

The L0 stage is a hardware implemented trigger and consists of a custom electronics
set-up built with FPGA. It takes information from three different sources into account.
The first is a pile-up system inside the VELO, estimating the number of events that
occurred during the collision. Information from the calorimeter is used to estimates the
transverse energy (ET) of certain particles and decides to keep the event in case of high
ET. The muon system feeds the trigger with information about the pT of muons in order
to trigger on a certain threshold.

The next stage is the HLT1. It reconstructs some parts of the tracks to confirm the L0
decision as well as to further reduce the event rate. This is now low enough to allow the
HLT2 to reconstruct b events and make more refined decisions. The events which pass
HLT2 with a frequency of around 1 kHz are then stored for offline analysis.

A general distinction is made on whether an event passed the trigger because of the
events signature itself (trigger on signal, TOS) or because of some other particles signature
(trigger independent of signal, TIS).

2.4 Software

Once the events are stored, offline tools are used to reconstruct and fit tracks and apply
sets of exclusive selections prior to the data manipulation.

2.4.1 Track reconstruction and fit

For the event reconstruction, information from the tracking system (including the VELO) is
used. First of all, a clustering algorithm determines track seeds by searching for candidates
in a low magnetic field region of the spectrometer. A Kalman filter algorithm is then
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fitted to the data using the track seeds as initialisation. An advantage of reconstructing
and fitting with this algorithm is that the result is equivalent to a least square fit of the
tracks to the hits. For the particle propagation with the Kalman filter, the inhomogeneous
magnetic field as well as multiple scattering occurring from detector material is taken into
account.
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A Appendix

A.1 Preselection
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Figure 3: Variables used in the preselection as described in Sect. ??
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Figure 3: Variables used in the preselection as described in Sect. ??
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A.2 Reweighting

Figure 4: A two dimensional distribution and its projections. Even tough the distributions can
be easily discriminated by looking at their higher order – second order here – correlations, there
projections do not reveal that.

MC

real data

reweighting
5

5Train data
of the clf

Fold 1
Fold 2Clf is very sure that here is green

Clf sees more blue 
→ predicts blue

5 Test data

5 false / 1 true 1 false / 0 true~ 50% true  
   50% false

Figure 5: ROC AUC bias with weights visualized. The reweighter works quite well for this
example and assigns a weight of 5 to the single blue point. Then the data is split in two different
ways (Fold 1 and 2) into training and test data in order to compare two possible outcomes. The
total outcome can be thought as an average of both cases.
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A.3 Selection
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Figure 6: ROC curve of the XGB trained on the MC against the right side band (B mass vertex
constrained > 5600 MeV) of B+→ K+π+π−e+e−.
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